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FUTURE MEETINGS

DETROIT, MICHIGAN—OCTOBER 17-22, 1982—HEADQUARTERS AT THE DETROIT PLAZA

The detailed Call for Papers published in the December 1981-May 1982 issues of This Journal. Final program pub-
lished in the August 1982 issue of This Journal.

Planned symposia for the Detroit Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery: Economic Trade Off Consideration on Batteries for Electric Vehicles, Advanced Batteries for Mobile Applica-
tions, Batteries for Electric Vehicles: Near Term, Thin Film, and Novel Structural Batteries, General Session; Battery/
Energy Technology/New Technology Subcommittee—Reliability and Failure Analysis of Battery Storage Arrays; Corro-
sion—Automotive Corrosion, Crevice Corrosion, General Session; Corrosion/Energy Technology—Corrosion in Fossil
Fuel Systems; Dielectrics and Insulation/Electronics—Automotive Microelectronics and Reliability; Electrodeposition
—Electrodeposition in Automotive Applications, General Session; Electronics/Dielectrics and Insulation—First Inter-
national Symposium on Very Large Scale Integrztion Science and Technology, Joint General Session, Joint Recent
News Papers Session; Electrothermics and Metallurgy—The Metallurgy and Chemistry of Silica Reduction, Thermal
Management of Batteries and Electronic Devices; Electrothermics and Metallurgy/Corrosion—Materials Aspects of
Turbine Technologies; Energy Technology—General Session; Energy Technology/Battery—Porous Electrodes: Theory and
Practice, Progress in Advanced Electric Vehicle Technology; Energy Technology/Battery/Corrosion/Physical Electro-
chemistry—Advanced Electrolytes for Energy Systems; Energy Technology/Battery/Physical Electrochemistry—Ilon In-
sertion Electrodes; Industrial Electrolytic—Optimization of Industrial Electrochemical Processes, General Session;
Physical Electrochemistry—General Session; and Physical Electrochemistry/Battery/Corrosion—Reactions in High
Temperature Batteries and Fuel Cells,

SAN FRANCISCO, CALIFORNIA—MAY 8-13, 1983—HEADQUARTERS AT THE ST. FRANCIS HOTEL

The detailed Call for Papers published in the July-November 1982 issues of This Journal. Final program published
in the March 1983 issue of This Journal,

Planned symposia for the San Francisco Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery—Cell Design and Optimization, Cell Testing and Reliability; Corrosion—General Session; Dielectrics and Insu-
lation/Electronics—Dielectric Isolation, Plasma Processing, Silicon Nitride Thin Films in the Electronics Industry; Di-
electrics and Insulation/Electronics/Corrosion/Electrothermics and Metallurgy/Energy Technology—Materials and Pro-
cessing for Photovoltaics; Dielectrics and Insulation/Electrothermics and Metallurgy—High Temperature Adhesives;
Electronics—Automated IC Manufacture, Defects in Semiconductors, Growth and Processing of 111-V Compound Semi-
conductors; Electronics/Dielectrics and Insulation—Joint General Session, Joint Recent News Papers Session; Elec-
trothermics and Metallurgy—Materials Processing in Space, The Science and Technology of Nucleation and Growth of
Particles from the Gas Phase; Electrothermics and Metallurgy/Corrosion/Dielectrics and Insulation—Protective Coat-
ings; Electrothermics and Metallurgy/Physical Electrochemistry/Battery/Energy Technology—New Solid Electrolytes
for Energy Conversion; Energy Technology—Extraction of Minerals from the Ocean, Novel Photoelectrochemical Syn-
thetic Routes, General Session; Energy Technology/Battery/Dielectrics and Insulation—Conducting Organic Polymers
in Energy Conversion and Storage; Industrial Electrolytic—Anode and Cathode Matzrials, Science and Engineering of
Membranes and Separation; Organic and Biological Electrochemistry—Mechanism and Modeling of Electrochemical
Membrane Processes, Structure and Reactivity in Organic Chemistry and Electrochemistry, General Session; Physical
Electrochemistry—Electrode Process IV, Fourth International Symposium on Molten Salts, General Session; and Physi-
cal Electrochemistry/Corrosion—In Situ Nonelectrochemical Techniques for the Study of Electrode Reactions.

WASHINGTON, DC—OCTOBER 9-14, 1983—
HEADQUARTERS AT THE SHERATON-WASHINGTON HOTEL

The detailed Call for Papers published in the December 1982-May 1983 issues of This Journal. Final program pub-
lished in the August 1983 issue of This Journal.

Planned symposia for the Washington Meeting include the following Divisions, Group, Subcommittee, and subjects:
Battery—Advances in Battery Materials and Processes, New Solid Electrolytes for Energy Conversion, Nonaqueous Sys-
tems for Energy Conversion, Reactive Metal-Air Batteries, Redox Batteries, General Session; Corrosion/Physical
Electrochemistry—Hydrodynamic Aspects of Corrosion, General Session; Corrosion/Electrodeposition—New Ma-
terials for Electrical Contacts and Convectors; Corrosion/European Federation of Corrosion—Fundamental As-
pects of Corrosion Protection; Dielectrics and Insulation/Corrosion/Electronics—Device Packaging and Corrosion; Di-
electrics and Insulation/Electronics—Resist and Patterning Technology, Thin Film Interfaces and Interactions; Electro-
deposition—Nonaqueous Processes, General Session; Electronics—Business Aspects of Semiconductors, Low Tempera-
ture and Transient Processing; Electronics/Dielectrics and Insulation—Interconnects and Contacts, Joint General Ses-
sion, Joint Recent News Papers Session; Electrothermics and Metallurgy—Electrodeposition of Refractory Metals, New
Advances in Aluminum Refining; Electrothermics and Metallurgy/Corrosion—High Tempsrature Erosion and Corrosion;
Electrothermics and Metallurgy/Dielectrics and Insulation/Electronics—Ninth International Conference on Chemical
Vapor Deposition; Energy Technology—Current Voltsge Characteristics of Diodes Including Solar Cells, Requirements
for New Applications for Emerging Energy Storage Systems and Conversion, General Session; Energy Technology/Bat-
tery—Energy Storage for Photovoltaic Systzms; Emergy Technulogy/Battery/Industrial Electrolytic/ Physical Electro-
chemistry—Oxygen Cathodes in Aqueous Systems; Energy Technology/Dielectrics and Insulatien—Surface Charge
Measurement, Control, and Modification of Inductiial Processes; kndustrial Electrolytic—Fuel Salts in Industrial Pro-
cesses, General Session; Physica! Electrechemistry—-The Use of Comnputzrs in Experimental Electrochemistry, General
Session; New Technology Subcommittee.-—Reindustrialization of Arerica, Crisis in Graduate Education; and New Tech-
nology Subcommittee/Battery/Corrosion—Reliability of Implantabie Devices.
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ABSTRACT

A lead-acid battery stored in an acid-starved condition, rather than in a totally flooded state, shows a well-behaved
and predictable decline in open-circuit voltage with time. The voltage-time curves of such batteries can be used to
determine the rates of the predominant self-discharge reactions and to study the reaction mechanisms. An abrupt
change in the slope of the curve indicates a change in the dominant self-discharge process. Acid-starved automotive
(SLI) batteries with antimonial-lead grids show a slope change at 1.85 V/cell. This apparently corresponds to a change
in the grid corrosion mechanism. Measurements of gas evolution from these SLI batteries show that the rate of
hydrogen evolution is dependent on the acid concentration whereas the rate of evolution of carbon dioxide is inde-
pendent of acid concentration. Oxygen reacts rapidly at the negative plate.

The self-discharge of lead-acid battery plates was
first reported in 1882 by Gladstone and Tribe (1), who
asked, “Why should a lead plate covered with peroxide
and immersed in dilute sulfuric acid, run down so
slowly that it requires many hours or even days be-
fore its energy is so seriously reduced as to impair its
value for practical purposes?” Since then the reactions
which limit the shelf life in lead-acid batteries have
been well defined (2-4).

At the positive electrode, they are
Oxygen evolution:
PbO; + HSO4 => PbSO4 + H20 + 1% Oz [1]
Hydrogen recombination:
PbO; + Hy + H2SO4 => PbSO4 + 2H20 [2]
Oxidation of organic contaminants:
PbO; + organics + HaSO4 => PbSO4 + H0 + CO2
+ oxidized organic products [3]
Grid corrosion:
PbO; + Pb + 2H2SO4 => 2PbS0O4 + 2H0  [4]

[A variety of other corrosion reactions can occur as
well (5).]

Oxidation of grid alloying metals, such as anti-
mony:

5PbO; + 2Sb + 6H2SO4
=> (SbO3)2 SO4 4+ 5PbSO4 + 6H,O  [5]
(Similar reactions can be written for other metals.)
Sulfation of “apparent PbO”:
PbO + H2SO4= PbSO4 + H20 [6]
At the negative electrode, two more reactions can occur
Hydrogen evolution:
Pb + H2S04 => PbSO4 + Hs [7]

* Electrochemical Society Active Member.
Key words: batteries, voltage-time curves, gas evolution.

1393

Oxygen recombination:
Pb 4 HsSO4 + % Oz => PbSO4 + H0 [8]

Which of these many reactions will dominate the
self-discharge process is a complex question. The an-
swer will depend on the design of the battery and the
materials used. Studies have been published on the
effects of grid alloys (6-10), impurities (11), forma-
tion conditions (12), expander composition, and phos-
phoric acid concentration (13). Various experimental
methods have been devised to measure self-discharge
rates both for the battery as a whole and for the in-
dividual reactions (2, 3, 13-15).

Self-discharge in batteries stored in a damp, rather
than a wet, condition is of particular interest for sev-
eral reasons. First, the ratio of acid to active material
is smaller than in a wet battery, so that a smaller
percentage of the active material reacts during stor-
age. Secondly, the acid concentration is diluted during
storage, since all the self-discharge reactions use acid
and generate water. Dilution reduces the rates of self-
discharge of the active material (reactions [1] and
[71), a result which is particularly beneficial to the
negative plate. It also alters the products which are
formed by grid corrosion (reaction [4]). Finally, the
damp storage increases the rates of oxygen and hydro-
gen recombination (reactions [2] and [8]) by permit-
ting gas transport between plates through the vapor
phase (13). In wet batteries, the rates of these reac-
tions are severely reduced because of the low solubility
of oxygen and hydrogen in battery acid.

Since the acid is diluted by self-discharge and since
the open-circuit voltage is a function of the acid con-
centration, measuring the change in battery voltage
with time is a simple method of determining the rate
of self-discharge in acid-starved lead-acid batteries.
Voltage measurements are nondestructive and thus al-
low continuous monitoring of the battery’s condition
without sacrificing information on its performance
after storage. This technique has been used previously
to study self-discharge in sealed, acid-starved lead-
acid cells (13).

In the present work, voltage measurements were
used to study the self-discharge process in automotive
(SLI) lead-acid batteries stored in an acid-starved
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condition. Additional information about the self-dis-
charge process in these batteries was obtained by (i)
using gas chromatography to analyze the gases evolved
during storage and (ii) using microprobe laser Raman
spectroscopy to analyze the corrosion products formed
on the positive grid.

Experimental Method

Voltage measurements were made to =1 mV using
a Keithley Model 178 voltmeter with 10 mQ input
impedance. A Hewlett Packard 4328A milliohmmeter
was used to measure internal cell impedance by a
four-probe a-c method. The acid activities were cal-
culated from open-circuit voltages using on-line
BASIC programs written for a Honeywell 66/40 com-
puter.

Gas analysis was done with a dual column Varian
3760 gas chromatograph equipped with dual thermal
conductivity detectors and a Valco CV-6-HPa six-port
valve. Samples were injected with a Precision Sam-
pling A-2, 100 ul syringe with built-in valve for seal-
ing in gas samples.

Chromatograms were integrated and recorded with
a Varian CDS 111C data system and A-25 recorder.

‘Gas volume measurements were made with a 500
ml burette and leveling bulb. A three-way stopcock
directed flow either from the battery head space to the
burette or from the burette to exhaust.

Gas analysis samples were taken by syringe through
latex tubing. Fifty ml were injected at room tempera-
ture and pressure into the chromosorb 104 column of
the GC. After the Hj peak eluted, the valve was manu-
ally switched and the COs, O, and Ny eluted. The
valve changed the relative position of the two columns
without changing flow direction. Column reversal was
necessary to prevent irreversible adsorption of the
CO; on the sieve 5A column. A sample chromatogram
is shown in Fig. 1.

Matheson Gas Incorporated certified standard gas
mixtures were used for calibration of the gas analyses.
Linear regression of the peak areas was used for CO,,

Column 1

Column 2

Column 1

_

Column 2 o e ; ;
0 2 4 3

Fig. 1. Gas analysis with column sequence reversal. Column 1:
4 ft. X 1/8 in. SS 80/100 mesh chromosorb 104. Column 2: 6 ft. X
1/8 in. SS 60/80 mesh molecular sieve 5A. Column temperature:
30°C. Flow rate: 20 ml/min He. Range: 0.05 mV. Detector: thermal
conductivity, 155 mA, 120°C. Sample: 50 ml.

v/o Attenuation
1. Hydrogen 50.0 X4
2. Valve change —_ X4
3. Carbon dioxide 1.0 X4
4. Oxygen 03 X4
5. Nitrogen 10.0 X8
Helium Balance
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O3, and N». Because the peak area of Hy was not linear
with concentration, these results were taken from a
graph.

Laser Raman microprobe observations were con-
ducted using an Instruments SA, Incorporated MOLE!
at Walter C. McCrone Associates, Incorporated. For
general observations a 1 yum diam beam of radiation
(514.5 nm) from an argon ion laser operated at 100
mW power output was employed. A magnification of
100 x was used during these examinations.

Although observations of «-PbO; Raman spectra
from pasted plate sections were made using the gen-
eral observation conditions, confirmatory Raman spec-
tra from an authenticated sample of a-PbO; required
the use of minimum laser power (~5 mW) and a 10
pm radiation beam diameter. The pasted plate con-
figuration apparently provides sufficient heat dissipa-
tion to prevent decomposition at the observation point.

Results and Discussions
The open-circuit voltage of a lead-acid cell is re-
lated to the activity of the electrolyte by the Nernst
equation for the double sulfate reaction

Pb + PbO; + 2H2SO4s = 2PbS04 + 2H20

RT Qa
E=E 4 —In—
F Aw

where a, is the activity of HoSO4 and ay is the activity
of Hzo.

If complete dissociation of the bisulfate ion is as-
sumed, then a, = 4 y*3m3 where y* is the mean ionic
activity coefficient of sulfuric acid and m is the molal-
ity of the electrolyte. The values of a, and ay used
in these calculations were calculated from the data
of Harned and Hamer (16-18) at 25°, 45°, and 55°C.
Thermodynamic equilibrium was assumed because of
the slowness of the self-discharge process.

In all the self-discharge reactions listed above, the
reactants are sulfuric acid, gases such as Hy and Og,
and solids such as PbO,, Pb, and Sb. The only excep-
tion is the soluble organic material in reaction [3].
Since the activities of all solids and of gases at atmo-
spheric pressure are 1, the rate of self-discharge
should be pseudo-first-order with respect to sulfuric
acid, if we assume that reaction [3], the oxidation of
organic contaminants, is insignificant.

The kinetic equation for such a first-order reaction
may be written as

Ina, —In (@a)o = — kT

where t is the time, k is the rate constant, a, is the
acid activity at time t, and (a,), is the initial acid
activity. Activities are used in this calculation instead
of concentrations because of the high initial acid con-
centration and the wide concentration range covered
during the shelf life of the battery. According to this
equation a plot of In a, as a function of time should be
linear with a slope of — k.

Typical plots of In a, as a function of time are shown
in Fig. 2 for commercial acid-starved automotive
(SLI) batteries. The curve is approximately linear
between In a, values of 0 and —7. Deviations from
linearity can occur early in the shelf life (In aa > 0)
for several reasons. First, the battery is equilibrating
from the formation charge with respect to both tem-
perature and acid concentration. Second, residual
atmospheric oxygen, which entered the battery during
manufacture, may be discharging the negative plate.
Finally, a newly formed cell contains “apparent PbO”
and «-PbO; in the positive plate (12, 19), both of
which self-discharge at a higher rate than g-PbO;

:Mdolecular Optics Laser Examiner®, Instruments, SA, Incorpo-
rated.
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= Linear Region 25°C

1(days) —

Fig. 2. Typical self-discharge curves for commercial acid-starved
lead-acid SLI batteries stored at room temperature.

(20, 21). These initial reactions typically last several
weeks.

Once the slope in the linear region is established,
the rate constant of the self-discharge reactions can
be determined. At higher temperatures, the linearity is
excellent, with a least-squares fit of the data giving
correlation coefficients of 0.999 or better. At room
temperature the plot shows a slight curvature, but the
linearity is sufficient to allow calculation of the self-
discharge rate.

The precision of the measurement is also encourag-
ing. In Fig. 2, the curves shown for three batteries
with the highest, lowest, and mean self-discharge
rates represent the total spread in the data for the
19 batteries tested. All the batteries were of the same
type and from the same production lot. Since the In
a, is calculated from the battery voltage divided by
6, each curve represents an average of the six cells
in the battery. The individual cell voltages also show
a small distribution.

The slope of the curves increases suddenly at a In
a, of —7, which corresponds to a battery voltage of
11.1 (1.85 V/cell). An abrupt slope change of this
type indicates a change in the predominant self-dis-
charge mechanism. This change appears to be common
in acid-starved SLI batteries. We have observed simi-
lar slope changes at about the same voltage in each
of the several types and brands of commercial SLI
batteries we have tested.

One possible explanation for this sudden slope
change is that a new corrosion reaction is occurring.
Thermodynamic and kinetic studies of lead corrosion
in sulfuric acid have established that lead corrosion

20 MU's
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mechanisms change with changing voltage and acid
concentration (5, 22, 23). According to Harned and
Hamer (18), 1.85V corresponds to a positive plate
potential of approximately 900 mV (vs. Hg/HgsSO4/
H>804). Constant potential corrosion studies by Pav-
lov et al. (24) have shown that «-PbO; is the principal
corrosion product from 900 to 1200 mV in 1N HySO,.
Below 900 mV, tetragonal PbO and PbSO4 are the
principal products, along with minor amounts of
PbO - PbSOy4, 3PbO - PbSOy4 - H20, orthorhombic PbO,
and «-PbO2. Formation of tetragonal PbO is also
favored by reduced hydrogen and sulfate ion activities
(22, 25).

This hypothesis is supported by our observations of
the corrosion layers formed on the positive plates of
acid-starved SLI batteries during storage. Figures 3a
and b show cross sections of lead grids removed from
batteries stored at 45°C for 50 days and 9 months,
respectively, after the critical 11.1V level was reached.
The grid in Fig. 3b has a thick corrosion layer at the
lead interface which has only just begun to form in
the sample in Fig. 3a. Under cross-polarized light,
this layer looks red, suggesting that it is tetragonal
PbO. The dense corrosion layer in the center of each
picture is black under cross-polarized light, which
suggests that it is «-PbOs. Analyses of the two samples
by laser Raman spectroscopy confirmed these con-
clusions. Tetragonal PbO was identified at the Pb
interface in Fig. 3a and in the inner corrosion layer
in Fig. 3b. In the center of the adjacent black corro-
sion layers in both samples, weak signals were ob-
served which matched the signal from a prepared
sample of a-PbO;. g-PbO, may also be present. How-
ever, it appears to be Raman inactive and is there-
fore not observed (26).

An increase in the internal cell impedance accom-
panies the growth of the tetragonal PbO film. This
increased impedance is evident on high-rate dis-
charge. We tested many batteries by discharging
them at 75% of the cold cranking rate and monitoring
the half-cell potentials during discharge. Batteries
stored below the 11.1V level show a substantially
larger IR drop in the positive electrode potential under
lIoad.

All of the SLI batteries we tested had antimonial-
lead grids. Batteries containing other lead alloys or
pure lead may show somewhat different behavior. Ln
acid activity~time curves for sealed, acid-starved lead-
acid cells made with pure lead grids (13) show a
sudden slope change at In a, = —12 rather than —T7.
Furthermore, thick tetragonal PbO layers do not form
at low voltages. Figure 4 show a photomicrograph of
a positive grid taken from a sealed, acid-starved lead-

Fig. 3. Photomicrographs of positive grids taken from an SLI battery stored at 45°C. (a) 50 days after the critical voltage was reached;

(b) 9 months after the critical voltage was reached.
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e |
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Fig. 4. Photomicrograph of positive grid taken from a sealed,
acid-starved cell stored at 45°C to 1.158V.

acid cell stored at 45°C to 1.158V. The black PbO:
layer is present, but only thin regions of tetragonal
PbO are found at the interface. Whether this difference
is due to the use of pure lead grids or to the oxygen
deficient environment in a sealed cell or to some other
factor is an interesting question.

Near the point where the slope change occurs in
the SLI batteries (see Fig. 2), the distribution of
battery voltages gets broader because the individual
cells reach the critical voltage at different times.
Open-circuit voltages below this point often become
unstable and difficult to measure, presumably because
the reaction rate becomes too fast to maintain cell
equilibrium. Thus the fundamental assumption that
the open-circuit voltage is related to the acid con-
centration by the Nernst equation breaks down and
reaction rates cannot be accurately measured below
11.1V.

The effect of storage temperature on self-discharge
is shown in Fig. 5. As would be expected from kinetic
theory and previous studies of self-discharge in lead-
acid batteries (9-13), the rate of self-discharge in-
creases as the temperature increases. The Arrhenius
equation may be applied to these results to obtain the
activation energy of the dominating self-discharge
reaction

tldays) —

Fig. 5. Effect of temperature on self-discharge curves of com-
mercial, acid-starved lead-acid SLI batteries.
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E,

Ink=InA —
RT

where k is the rate constant, A is the Arrhenius con-
stant, E, is the activation energy, and T is the storage
temperature in degrees Kelvin.

According to this theory, a plot of In k wvs. 1/T
should be linear with a slope of —E,/R. Such a plot
is shown in Fig. 6. Although the plot is linear up to
45°C, the point at 55°C is higher than expected, prob-
ably because the same mechanisms that lead to higher
initial self-discharge rates at room temperature are
operating throughout the short shelf life at 55°C. An
activation energy of about 11 kcal/mol is calculated
from a least-squares fit of the data taken at 25°-45°C.
The slope change shown in Fig. 2 for room temperature
also occurs at 40° and 45°C at the same acid activity.
However, at 55°C, the initial slope is so steep that the
slope change is not well defined.

In addition to storage temperature, many other fac-
tors affect the slope of the self-discharge curve. Some
of these factors are common to all lead-acid batteries.
For example, organic impurities in the cell can in-
crease the self-discharge rate by oxidizing at the posi-
tive plate (reaction [3]). Formation conditions can
affect the amounts of «-PbO; and residual PbO in the
positive plate. Both these compounds self-discharge at
faster rates than g-PbO; (reaction [1]). Since a well-
formed battery has less residual PbO, it will have a
better shelf life than a poorly formed battery. The
grid alloy is also an important variable, since metallic
impurities can oxidize at the positive electrode (reac-
tion [5]), plate out at the negative electrode, and in-
crease the rate of hydrogen evolution (reaction [7]).
Thus the self-discharge rates of batteries with an-
timonial lead grids are controlled primarily by hydre-
gen evolution at the negative plate, whereas the self-
discharge rates of batteries with non-antimonial lead
grids are controlled primarily by oxygen evolution at
the positive plate (13). Metallic impurities in the
paste, separator, and electrolyte can also increase the
rate of hydrogen evolution (11).

T N
N
\
%
X N
c N
= N
$
!\1
f
S | | PSS I |
3.01 3.06 31 316 3.21 3.26 3.31 336

IT(°K- 1) x 103

Fig. 6. Arrhenius plot for self-discharge rates in acid-starved
lead-acid batteries. Rate constants were calculated from the slopes
of the curves in Fig. 5.
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In acid-starved lead-acid batteries, several addi-
tional variables influence the slope of the self-discharge
curve. One important variable is the acid volume rela-
tive to the amount of active material in the cell. A
large volume of acid will be diluted more slowly by
the self-discharge reactions than a small volume. This
will in turn decrease the rate constant and increase
the shelf life. The beneficial effect of a large acid
volume must, however, be balanced against two ad-
verse consequences. First, more of the active material
will self-discharge so that more capacity will be lost
and more sulfation will occur over the shelf life.
Second, since the potential and acid concentration will
remain high longer, the initial rate of self-discharge
will be greater. This will produce more rapid sulfa-
tion, a condition that appears to be especially harm-
ful to the negative plate.

The second variable that specifically influences self-
discharge in acid-starved lead-acid batteries is the
amount of oxygen available to the negative plate.
Some self-discharge occurs when oxygen evolved from
the positive plate discharges the negative plate (re-
action [8]). However, rapid self-discharge will occur
if atmospheric oxygen is available. We confirmed this
by removing the vent caps from a freshly made acid-
starved SLI battery. The voltage plunged from over
12 to below 10V in 7 days. Further testing and analysis
confirmed that the negative plate was severely sul-
fated.

Additional evidence that oxygen can react at the
negative plate was obtained by measuring the volume
of the gases evolved from an acid-starved SLI battery
with antimonial-lead grids during storage at 45°C and
analyzing samples of this gas for Oz, N2, Hy, and COs.
The total gas volume and the percentage of each of
the four component gases is shown in Fig. 7. The total
gas volume decreases rapidly with time until, when
the battery reaches an open-circuit voltage of 11.8,
gas evolution stops. The percentage of nitrogen in the
gas samples also decreases rapidly as the air present in
the battery after manufacture is used up. The limiting
value for Ny is an indication of the amount of leakage
in our gas collection line. The amount of oxygen found
is less than 1% throughout the test, with the ratio of
N» to O varying from 94/1 at the beginning of storage
to about 15/1 at the point where gassing stops. Since
the ratio of Nz to Oz in air is 4/1, and since O, is
evolved at the positive plate during storage (reaction
[1]), these results indicate that oxygen is reacting at
the negative plate (reaction [8]).

As the amount of air evolved from the battery de-
creases, the percentages of CO; and H,;, which are
produced by reactions [3] and [6], respectively, in-

Component %
ML Gas/9 hr.

. e 0
Storage Time ——

Fig. 7. Gases evolved from an acid-starved SLI battery stored at
45°C. A—A ml displaced/9 hr day; O—Q, % Hy; m—M, %
N2; @---@, % CO2; O---0, % Os.

LEAD-ACID BATTERIES

1397

crease. By multiplying the percentages of each of
these gases by the total volume of gas evolved over a
9 hr period, the volume of each gas evolved in this
time period was obtained. The number of mols of
each gas was calculated using the general gas law

PV
T RT

where P is the measured atmospheric pressure, V is
the gas volume, R is the gas constant, 82.054 cm3 atm/
deg mol, and T is the absolute temperature.

Since the battery voltage was also monitored during
the experiment, the self-discharge rate could be cal-
culated and compared to the rates of gas evolution.
Figure 8 shows the results. The number of mols of
hydrogen evolved decays exponentially with time, in-
dicating a first-order reaction. A plot of the In of the
number of mols of Hy vs. time is a straight line with
the same slope as the linear region of the In acid
activity-time curve. The amount of COz evolved, on
the other hand, is relatively constant and is independ-
ent of the acid concentration, at least early in the shelf
life. The volume of gases evolved eventually becomes
so small that the uncertainty in the volume measure-
ments increases. This leads to the widely scattered
points shown on the graph.

At room temperature, the amount of gas evolved is
so low that the volume measurement is difficult and
uncertain even early in the shelf life. However, the
percentages of each gas can be determined accurately.
As shown in Fig. 9, the results are quite similar to

n

Innorinas
/

Storage Tme—a-

Fig. 8. Rates of hydrogen and carbon dioxide evolution compared
to the rate of change of acid concentration. M, Ho; X, CO2; @,
H2504.

Storage Time — =

Fig. 9. Gases evolved from an acid-starved SLI battery stored at
25°C. m—M, % Hy; e—e, % N2; @--@, % COy; H---H, %
Os.
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those obtained at 45°C, except that the percentage of
CO; is only about 3-6%, compared to 10-20% at 45°C.
Leakage problems are also more significant. Gas evolu-
tion stops at about 12.3V. These results are consistent
with similar measurements of gas evolution from
sealed, acid-starved lead-acid cells (26).

Conclusions

1. The self-discharge reaction in an acid-starved
lead-acid battery is first order with respect to the
sulfuric acid concentration. The rate of reaction can
be determined by calculating the change in the acid
activity as a function of time from open-circuit volt-
age measurements.

2. An abrupt change in the slope of the In acid
activity vs. time curve indicates a change in the pre-
dominant self-discharge reaction. Such a slope change
is consistently observed in commercial, acid-starved
lead-acid automotive batteries and may be due to the
formation of tetragonal PbO on the positive grid.

3. Oxygen can react rapidly at the negative plate.
Hydrogen evolves early in the shelf life at a rate that
decreases with decreasing acid concentration. Carbon
dioxide evolves at a rate independent of acid concen-
tration.
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Corrosion Rates and Electrochemical Studies of a Depleted Uranium
Alloy Tungsten Fiber Metal Matrix Composite

Patricia P. Trzaskoma*
Naval Research Laboratory, Code 6314, Washington, DC 20375

ABSTRACT

The corrosion rates of a tungsten reinforced depleted uranium alloy metal matrix composite have been measured,
by immersion tests, in three environments (laboratory air, distilled water, and 3.5% NaCl) and compared to the rates of
the matrix alloy (DU-0.75 Ti) alone. The corrosion rates of both specimens are negligible in laboratory air, increase in
distilled water, and are greatest in NaCl for a 30 day period. In all environments the matrix alloy is preferentially
attacked. In distilled water the corrosion rate of the matrix alloy is 3 times greater than the composite whereas in NaCl
the corrosion rate of the composite is 1.3 times greater than the matrix. In electrochemical tests the composite was
simulated by coupling separate samples of the fiber and matrix and the short-circuit (galvanic) currents were mea-
sured. A comparison of the corrosion rates calculated from the galvanic currents and from immersion tests shows the
principal reaction of the composite in NaCl is galvanic coupling of the matrix and fiber.

the fabrication and mechanical testing of metal matrix

The requirements for materials with improved me-
composites, more attention is now directed toward

chanical properties, i.e., strength, hardness, fracture

toughness, for various engineering applications, have
motivated the development of fiber reinforced metal
matrix composites. While much work has focused on

* Electrochemical Society Active Member.
Key words: corrosion, metal matrix composite, depleted ura-
nium-0.75Ti, galvanic corrosion.

the measurement and evaluation of their corrosion
behavior.

The corrosion rate of a metal system consisting of
two dissimilar phases could reasonably be expected
to be different from that of either phase alone. Local
inhomogeneities in composition, structure, and stress
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could result in increased environmental attack of
either phase and bring about the deterioration of the
composite bond. In addition, when the reinforcement
phase is a conducting material, galvanic coupling with
the matrix would result in a greater dissolution rate
of the more active phase. Since galvanic corrosion is
generally observed at metal-metal contact points
(1), this phenomena would also affect the composite
bond. Naturally, these problems would produce a
serious degradation of the desired mechanical proper-
ties.

Depleted uranium (DU) is a surplus product ob-
tained during the enrichment of natural uranium for
nuclear applications. Because of the high strength and
density of DU and its alloys, several non-nuclear ap-
plications have evolved in recent years.

While the corrosion rates of depleted uranium (DU)
alloys in various environments have been measured
(2-5), the corrosion rates of DU composites have not
been extensively studied. The purpose of this paper
is to report recent results on the corrosion behavior of
a composite consisting of tungsten fibers in a matrix
of a depleted uranium alloy. The effect of the tung-
sten fibers on the corrosion behavior of the composite
was determined from immersion studies and electro-
chemical measurement. In the case of immersion
studies, weight losses were measured for the composite
material and for the host uranium alloy (without
the tungsten fiber) in three environments: air, distilled
water, and 3.5% NaCl. Galvanic currents were mea-
sured in NaCl for simulated composites consisting of
tungsten metal coupled to depleted uranium for vari-
ous surface area ratios of the tungsten. By a com-
parison of corrosion rates from environmental tests
and from electrochemical studies, it was possible to
determine the principal mode of corrosion attack for
this system.

Experimental Procedures
Sample Preparation

The composite specimens were cylindrical samples
of depleted uranium-0.75 weight percent (w/o) tita-
nium (DU-0.75 Ti) containing about 50 volume per-
cent (v/o) tungsten fiber. The diameter of the tung-
sten fiber was 508 um (0.020 in.). The composite was
prepared by liquid metal infiltration of the fiber and
is designated DU/50W. The DU alloy specimens, also
cylindrical, were the same composition as the alloy
used in the composite. The nominal composition of
this alloy is 0.75% Ti, 60 ppm C, 14 ppm N, 14 ppm H,
30 ppm O, and the remainder depleted uranium. The
thickness of the samples was about 0.65 cm, and the
diameter was about 2.3 cm and 2.1 em for the com-
posite and alloy, respectively. For the immersion
studies a hole with a diameter of 0.48 cm was drilled
in each specimen so that it could hang freely in solu-
tion. The exposed surface area was approximately 13.1
cm? and 11.1 cm? for the composite and alloy, respec-
tively. Both specimens were obtained from Battelle
Laboratories in Columbus, Ohio.

For immersion studies the samples were degreased
in acetone for 2 hr, rinsed with distilled water, and
cleaned in 1:1 HNO; for 15 min in order to remove
the oxide coating. Finally they were again rinsed in
distilled water, then acetone, allowed to dry 5 min,
weighed, and hung in air or solution.

For the electrochemical measurements the alloy and
composite specimens were mounted in epoxy, polished
through 3/0 SiC paper, rinsed in water, then 95%
ethanol, and placed in an electrochemical cell. Tung-
sten wire, 760 um (0.030 in.) in diameter, was encased
in shrinkable polytetrafluoroethylene (PTFE) tubing
except for a portion to be exposed to solution. The
exposed wire was abraded with 300 grade SiC paper,
and rinsed in distilled water prior to immersion in the
cell. The tungsten wire, type NS-55, was obtained
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from GTE Sylvania. The sodium chloride solution was
prepared from Fisher certified reagent dissolved in
distilled water from a Barnstead still. The pH of the
solution was about 6.

Immersion Tests and Electrochemical Measurements

Immersion tests.—The cleaned samples were weighed
and hung from PTFE thread into beakers containing
the test environment (air, distilled water, or 3.5%
NaCl). At all times the beakers were open to the
atmosphere at temperatures of 22°-25°C. For each sam-
ple 175 ml of solution were used.

The weight loss with respect to time was found by
taking samples from solution at various times, remov-
ing the loose products by gentle rubbing with a rub-
ber scraper, rinsing with distilled water, acetone, dry-
ing, and weighing. The samples were then reimmersed
in their respective solutions and the procedure was
repeated. The weight loss was the difference between
the weight at a given time and the original weight of
the sample.

At the end of 30 days the samples were weighed and
then cleaned in 1:1 HNO; to remove adherent corro-
sion products, rinsed, dried, and reweighed to obtain
the total weight loss. The total weight loss was cor-
rected for the weight change attributable to the dis-
solution of the samples by the nitric acid solution for
the period of cleaning. (The weight loss due to the
dissolution of the base material in 1:1 HNO3 was
found by measuring the weight loss of clean samples
after immersion in this solution for 10 min. The re-
sults, 0.0194 mg/cm2/min for the alloy and 0.5082
mg/cm2/min for the composite, are an average of
triplicate tests.) Thus weight losses, in the various
environments, up to and including 30 days, are due
to loose corrosion products while the total weight
losses are due to both loose and adherent products for
a 30 day period of immersion. In most cases the tests
were run in triplicate.

Electrochemical measurements.—Open-circuit poten-
tials were measured with respect to a saturated calo-
mel electrode, in 3.5% NaCl solution. The potentials
were continuously monitored, up to 3 days, using a
strip chart recorder.

For the galvanic current measurements an epoxy
mounted depleted uranium alloy sample and tungsten
wire (760 um diam) was immersed in solution in the
corrosion cell and coupled through the potentiostat.
The exposed surface area of the depleted uranium
alloy was 3.26 cm2. Using the potentiostat as a zero
resistance ammeter the short-circuit current between
the alloy and tungsten wire was recorded. The current
output was monitored continuously until a constant
value was maintained for 1 hr. This steady current
was interpreted as the galvanic short-circuit current.
This technique for measuring short-circuit currents
has been described in the literature (6). The experi-
ment was repeated using various lengths of tungsten
wire in order to simulate composite samples of various
surface area ratios of fiber. About 500 ml of solution
were used for each test.

Results and Discussion
Immersion Tests

In laboratory air the alloy initially developed a
copper-colored coating, which turned black in a few
days. This coating was also observed on the composite
at the exposed matrix metal areas. For both speci-
mens the weight change was less than a milligram in
30 days.

In water and 3.5% NaCl, a black adherent film, a
fine loose black product, and a powdery voluminous
yellow product formed on both specimens. These prod-
ucts are believed to be UO; and various other hydrated
uranium oxides. The attack was localized beginning
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with a few scattered pits, which enlarged with time
and covered the entire surface of the alloy in the
NaCl solution. Within 12-13 days the attack in NaCl
was sufficient to separate some fibers in the composite
specimens. At the conclusion of the tests fibers along
the edge had actually fallen free.

Figure 1 is a plot of the observed weight loss with
respect to time of specimens in distilled water and
NaCl solution. These points represent the weight
losses due to loose product. The weight loss of the
composite is greater than the alloy in both solutions
(3 times greater in water and 1.5 times greater in
NaCl in 30 days). For both materials the weight loss
is significantly greater in NaCl solution.

Table I shows the total weight losses of samples in
30 days (adherent and loose products) and the ratio of
adherent to total products in both solutions. The total
weight loss of the composite in water is less than that
of the depleted uranium alloy, whereas in NaCl the
total weight loss of the composite is significantly
greater than that of the alloy. Examination of the
ratio of adherent products to total corrosion products
shows that significantly more adherent product is
formed on the alloy than on the composite in water.
This could be due to the fact that the composite has a
lower surface area of uranium, but also suggests a
different corrosion mechanism. In NaCl the product
ratios are comparable for the alloy and composite.
Thus while the overall corrosion rate of the depleted
uranium alloy is greater in water, the loss of material
(loose products) is less than that of the composite. In
NaCl solution the product ratio of the alloy decreases
significantly and the corrosion rate increases sharply.
This suggests that the adherent product provides some
protection to the metal in solution. The corrosion rate
of the composite (total weight loss) is 1.3 times that
of the alloy in NaCl solution.

Electrochemical Tests

Open-circuit potential-time measurements.—The
open-circuit potentials of the depleted uranium alloy,
tungsten fiber, and composite were measured in 3.5%
NaCl for times up to 90 hr. Figure 2 is a plot of this
data. The potential of the alloy changes slightly from
the initial value of —0.805 to —0.800V and remains
constant after 4 hr immersion. A black product formed
on the samples; some fell into solution while the rest
adhered to the surface. This product was discontinuous
and fluctuations in the potential after 5 hr were as-
sociated with loose product falling into solution. Some
gas evolution was observed on the metal. The initial
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Fig. 1. Weight loss of DU-0.75Ti and DU/50W due to loose cor-
rosion products in distilled water and 3.5% NaCl solution.
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Table I. Weight losses of specimens immersed in distilled water
and 3.5% NaCl for 20 days

Adher-

All ent Loose )
prod- prod- prod- Ratio
ucts ucts ucts (adher-

Environ- (mg/ (mg/ (mg/ ent:

Sample ment cm?) cm?) cm?®) total)

DU-0.75Ti Distilled H-O 6.16 5.53 0.63 0.90
DU/5vW 2.38 0.42 1.96 0.18
DU-0.75Ti 3.5% NaCl 34.14 11.14 23.00 0.33
DU/50W 43.56 859 34.97 0.20

potential of the tungsten fiber is —0.380V and reaches
a steady value of —0.250V in about 15 min. The points
on the tungsten curve in Fig. 2 are the results of
triplicate runs. No visual changes were observed on
the tungsten surface in these tests. The potential of
the composite stabilizes in about 2 hr at a value of
—0.775V. Patches of a black product appeared on the
surface and the fluctuations in potential after 10 hr
were once again associated with the product falling
into solution.

The close agreement between the open-circuit po-
tentials of the alloy and composite (—0.800 and
—0.775V, respectively) indicates the anodic reaction on
the composite in NaCl is the dissolution of uranium.
This is borne out by observations from immersion
studies. However, the slightly more anodic open-cir-
cuit potential of the composite suggests the combina-
tion of metals affects the kinetics of the anodic reac-
tion. This effect could be due to an increase of reaction
sites on the alloy surface in the composite or a shift of
the cathodic reaction to the tungsten surface. The
large open-circuit potential differences between the
alloy and fiber indicate that significant galvanic effects
should take place on the composite.

Galvanic current measurements.—Galvanic currents
were observed upon coupling the alloy and tungsten
wire in NaCl solution. In Fig. 3 the short-circuit gal-
vanic current between the alloy and fiber is plotted
for various surface area ratios of fiber. In every case
the current decreases with time and stabilizes in from
1 to 3 hr. The stabilized current is taken to be the
galvanic current of the couple. As the surface area
ratio of the fiber increases, the galvanic current in-
creases. The potential of the couple, also measured
during the tests, is shown in Fig. 3. These potentials
are comparable to that of the composite in NaCl
solution. Therefore, it is concluded that the experi-
mental arrangement simulates the situation of a com-
posite sample in solution. The potential of the couple
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Fig. 2. Open-circuit potentials of DU-0.75Ti, tungsten fiber, and
DU/50W in 3.5% NaCl solution.
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Fig. 3. Galvanic current between DU-0.75Ti and tungsten fiber
in 3.5% NaCl for various surface area ratios of fiber.

becomes slightly more anodic as the surface area ratio
of fiber increases.

Figure 4 shows a plot of galvanic current vs. the
surface area ratio of fiber. The galvanic current is ob-
served to increase linearly with increasing surface
area ratio of fiber. A current of 0.100 mA is associated
with the actual surface area ratio of tungsten in the
composite (0.38). (The actual surface area ratio of
fiber in the composite was determined by counting
the fibers and multiplying by the surface area of each
then dividing by the total surface area.) Assuming
that alloying with small amounts of titanium does not
influence the thermodynamics of the uranium equi-
librium in aqueous solution, reference to the Pourbaix
diagram (7) shows that uranium dissolves in the 44
state at the potential and pH of these experiments.
Using this information and Faraday’s law, the weight
loss of uranium due to galvanic currents for the com-
posite was calculated to be 5.33 mg/day. Dividing by
the total surface area of the simulated composite, the
weight loss is 1.01 mg/cm2-day. The actual weight loss
of the composite in NaCl solution, from the immersion
tests, was 1.72 mg/cm? in two days (see Fig. 1) or 0.86
mg/cm2-day. This value, it should be recalled, repre-
sents the weight loss due to loose products. If it is
assumed that the ratio of adherent/loose products is
constant, the total weight loss of the composite in NaCl
solution can be calculated per day; this value is 1.08
mg/cm2-day. These data are summarized in Table II.
Since the corrosion rates from immersion studies and
galvanic current measurements are in such close agree-
ment, it can be concluded that the composite cor-
rodes by the dissolution of the matrix through gal-
vanic coupling with the fiber. The cathodic reaction
takes place predominantly on the fiber surface.
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Fig. 4. Galvanic current of DU-0.75Ti, tungsten couples in 3.5%
NaCl as a function of the ratio of surface area of tungsten to
total surface area.
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Table Il. Corrosion rate of DU/50W in 3.5% NaCl

Total weight Total weight loss
loss from from galvanic cur-
immersion tests rent measurements

1.08 mg/cm2-day 1.01 mg/cm?3day

Summary

The corrosion rates of the composite (DU/50W)
have been measured and compared to the rates of the
matrix alloy alone in air, distilled water, and 3.5%
NaCl solution. In air the rates of the alloy and com-
posite are negligible in a 30 day period. In distilled
water the corrosion rate of the matrix alloy (total
weight loss) is 3 times greater than the composite;
however, in NaCl solution the corrosion rate of the
composite is 1.3 times greater than the matrix alloy.
In all cases the depleted uranium is preferentially
attacked by the environment.

The reaction of uranium with water is probably the
principal reaction in the distilled water environment;
thus the corrosion rate of the composite is less than the
metal matrix alone due to a lower exposed surface
area of uranium. There is evidence that the presence
of the fiber influences this reaction somewhat for
there is not a direct correlation between surface area
of metal matrix and corrosion rate (i.e., surface area
of uranium to fiber is 1.5:1 in the composite while the
corrosion rate of the alloy to the composite is 3:1).

Comparison of the corrosion rate from immersion
and electrochemical measurements has shown the
principal reaction of the composite material in 3.5%
NaCl is the galvanic coupling of the matrix and fiber.
In this system it is therefore possible to lower the
corrosion rate by decreasing the quantity of fiber in
the composite.

Finally, this investigation has shown it is possible
to measure the galvanic current between the metal
matrix and fiber in a composite system through ap-
propriate electrochemical modeling. This information,
in conjunction with environmental tests, can be used
to determine the extent to which galvanic effects direct
the corrosion behavior in metal matrix/metal fiber
composite systems.
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Corrosion Resistance of Microcrystalline Stainless Steels

T. Tsuru and R. M. Latanision*

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

ABSTRACT

The corrosion behavior of microcrystalline stainless steels, rapidly solidified and then hot extruded to form rods
having 2-5 um grains, was studied in aqueous solutions with and without chloride additions. In a chloride-free solu-
tion, the microcrystalline alloys showed electrochemical behavior virtually identical to that of conventionally pro-
cessed alloys of the same composition. Resistance to pitting corrosion of the microcrystalline alloys in 0.5N NaCl at
60°C was found to be greater than that of the conventional counterparts. It is concluded that the high degree of
homogeneity characteristic of the microcrystalline alloys, which resulted from rapid solidification, is the principal

reason for their resistance to pitting corrosion.

In recent years considerable interest has developed
in the corrosion resistance of metallic alloys produced
by rapid solidification processing. For the most part,
this interest has focused on metallic glasses that are
typically produced by rapid quenching of some rather
specific alloy composition from the liquid at rates of
the order of 106°C/sec. Many of the metallic glasses
are found to be remarkably resistant to general and
localized corrosion (1-5).

On the other hand, because of the required quench-
ing rates, such glassy alloys are necessarily produced
in the form of filaments, wires, or thin sheet. More-
over, if such materials are heated after solidification,
they may crystallize and in consequence lose their
corrosion resistance (6, 7) as well as other useful
properties.

There is, however, a second family of alloys pro-
duced by rapid solidification processing. In this cate-
gory are alloys of virtually any composition that are,
for example, quenched into the form of thin strips,
subsequently compacted together, and finally hot ex-
truded into the form of sections of rather larger sizes.
The alloys processed in this way are not amorphous,
but have grain size on the order of a micron. Likewise,
because of the rapid solidification, they are chemi-
cally more homogeneous than conventionally wrought
alloys of the same composition. Such materials may
be produced in large sections and are often remark-
ably stable with regard to grain growth (8). To this
point, however, little attention has been directed
toward the corrosion behavior of microcrystalline al-
loys.

In this paper we report the results of studies of the
uniform and localized corrosion behavior of micro-
crystalline stainless steels and their wrought counter-
parts. In a subsequent publication (9) the stress cor-
rosion cracking resistance of these alloys will be
described.

Experimental

Materials.—The composition of the iron-based alloys
produced in microcrystalline form are shown in Table
1. Alloy A is fully austenitic and alloys B and C are
duplex, ferrite-austenite microstructures. Convention-
ally processed and microcrystalline specimens of each
alloy were examined.

The conventional or wrought specimens of alloys
A and B were annealed for 2 hr in air at 1000°C, then

* Electrochemical Society Active Member.
Key words: solidification, polarization, pitting potentials, disso-
lution potentials.

water quenched. The average grain sizes were ap-
proximately 70-100 ym. Samples, 3 X 1 X 0.5 cm,
were cut from the plate. In the case of alloy C, samples
were cut from the alloy in the as-cast condition. For
comparison, commercial stainless steels, AISI 304 and
316, and an amorphous alloy (METGLAS! 2826A,
FegsNizeCri4P12Bg) were examined also.

The microcrystalline alloys were produced by Pro-
fessor N. J. Grant, of the Department of Materials
Science and Engineering at MIT, in the following
manner: Rapidly solidified foils, 0.05-0.07 mm thick,
were produced by a two roller quench method in
which the alloy, melted by induction heating to 1600°C,
is dropped from a ceramic crucible into the gap be-
tween two rollers spinning at 1800 rpm. The operation
was carried out in a positive pressure of helium gas.
To form a rod, cut and mixed foils were cold com-
pacted at 200 Torr to approximately 85% of the den-
sity of the final alloy. The compacted foils were heated
to 593°C in vacuum for 48-72 hr, then extruded through
a circular die of 1.4 cm diam at 1065°C. This process
produces a uniform microcrystalline (2-5 um) struc-
ture. Samples approximately 5 mm thick were cut
from the extruded rod. Figure 1 shows typical micro-
structures of the conventional alloy A and micro-
crystalline alloys. It is readily seen that the latter have
very fine grains.

All specimens were mounted in an epoxy resin and
wet polished to 600 grit on silicon carbide paper. The
polished samples were cleaned with methanol in an
ultrasonic washer.

The edge of the samples, used in a chloride-free
solution, were coated several times with an acid re-
sistant copolymer, and prior to each experiment the
exposed surface was abraded with 500 grit paper.

1 METGLAS is the trademark of Allied Corporation.

Table 1. Chemical composition of alloys (balance iron)

Element (w/0)
(o} Si  Mn Ni Cr Mo Cu

Alloy A 010 046 048 18.02 1991 6.11
(Avesta* 254 SMO)
Alloy B 0.02 1.54 1.52 5.0 18.6 2.83
(Avesta* 3RE60)
0.035 0.62 0.53 5.02 2342 149 1.03

Alloy C
(NAS** 45M)

* Avesta is the trademark of Avesta Jernverks Aktiebolag.
** NAS is the trademark of Nippon Yakin Kogyo.
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The samples used in the measurement of pitting po-
tential were passivated in 20% HNOj; for more than
1 hr and masked by tape to provide a window of 6.2
mm diam. To remove a passive film, the exposed area
was abraded with 400 grit emery paper before an
experiment. This preparation avoids crevice corro-
sion under the coating materials.

Electrolyte and cell.—A mixture of 0.5N NaSO4 and
H,SO4 of various concentrations was used as a chlo-
ride-free solution. For experiments in acid chloride
solutions, 5N NaCl solutions with sulfuric acid were
used. These solutions were deaerated by high purity
nitrogen gas for more than 24 hr and, throughout the
experiments, the solution in the cell was bubbled with
gas.

For pitting studies, an aerated solution of 0.5N NaCl
at 60° = 1°C was used.

The electrolytic cell was a 300 ml multi-neck flask
in which the specimen, a counterelectrode, and the
Luggin-Haber probe for the calomel reference elec-
trode were suspended in the electrolyte from ports in
the flask. All the potentials were referred to a satu-
rated calomel electrode.

Polarization measurements.—In a chloride-free so-
lution, specimens were immersed in the solution for
10-20 min, then polarized in the active direction to
the potential at which the cathodic current exceeded
1 mA/cm2, After holding this potential for 5 min, the
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Fig. 1. Microstructure of con-
ventionally processed alloy A (a),
rapidly solidified alloys A (b), B
(c), and C (d).

potential was scanned in the noble direction up to
1.0V or 1 mA/cm? of anodic current.

In acid chloride solutions, the specimens, which were
activated just before the polarization by an immersion
in 20% H,SO, for 5 sec at 60°C, were then polarized
in the noble direction from a potential 30 mV less
noble than the immersion potential.

The potential scanning rate was 1 mV/sec in these
experiments.

Measurement of pitting potential.—The specimen,
first chemically passivated and then abraded, was po-
larized to —0.1V for 5 min, then anodically polarized
at a scan rate of 0.4 mV/sec until the total current
exceeded 1 mA whereupon the scanning direction was
reversed. After the experiment, inspection was made
under the tape for crevice corrosion and the data were
omitted if crevice attack was observed.

Results and Discussion

Polarization curves in chloride-free solutions.—The
polarization curves for conventional 316 stainless steel
in a solution of 0.5N NagSO4 with various concentra-
tions of H»SO4 and that of the microcrystalline alloy
A are shown for comparison in Fig. 2 and 3, respec-
tively. Figure 4 shows the polarization curves of the
microcrystalline and the conventional alloys of three
stainless steels.

All the polarization curves measured were similar
to these figures. Each curve exhibits four distinct po-
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Fig. 4. Comparison of polarization curves between microcrystal-
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alloys in 0.5N No2SO;.

tential regions; namely, cathodic hydrogen evolution,
anodic dissolution, passivity and transpassive dissolu-
tion, and/or oxygen evolution.

In the cathodic region, a Tafel relation is observed
in all the cases and the slope is in the range of 90-
140 mV/dec, most often 100-120 mV/dec. Decreasing
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the acidity of the solution shifted the cathodic polari-
zation curves in the active direction. The pH depend-
ence of the potential at which the cathodic current
reached 100 pA/cm? was approximately 60 mV/pH,
regardless of the specimen. On this basis, the hydrogen
evolution reaction on the alloys is not affected sig-
niﬁ?ant_ly by the alloy composition or the crystalline
grain size.

In the region of the anodic dissolution and the
active-passive transition, the anodic curve shifted in
the active direction with increasing pH of the solution.
This means that the anodic dissolution rate of the
alloy decreases with increasing pH. This kind of re-
sponse is well known and has been reported by many
investigators in relation to the study of anodic dis-
solution kinetics on iron and iron-base alloys (10).

As the pH of the solution increases, the anodic peak
at the active-passive transition decreases and converts
into two small peaks or a flat plateau.

In the passive region, the minimum current did not
depend on the pH of the solution or the alloy and was
typically 5-15 uA/cm? for all the experiments.

It might be expected that the anodic dissolution
rate of the microcrystalline alloy should be larger than
that of the conventional materials, because the former
includes a much higher grain boundary area per unit
volume and, hence, more dissolution sites. On the
other hand, from studies of the oxidation behavior of
microcrystalline stainless steel at elevated tempera-
ture (11) it was concluded that the oxide film on this
alloy is thinner and more adherent than that on the
conventionally processed alloy. Likewise, similar be-
havior and correspondingly lower passive current
densities might be expected for the microcrystalline
alloys.

The effect of the grain size (25-150 um) and cold-
work on anodic dissolution kinetics was reported by
Zamin and Ives (12). They found no differences on
the anodic dissolution kinetics and the peak current
for pure nickel in a chloride-containing acid solu-
tion. Similarly, the polarization curves measured in
the present work did not exhibit any significant dif-
ferences between conventional crystalline and micro-
crystalline structures in chloride-free environments.

These facts suggest that the grain size may not be
a significant factor in determining the anodic dissolu-
tion kinetics of polycrystalline alloys. With regard to
passivity, more detailed investigations are required to
establish the role of grain size.

Corrosion potential and corrosion current.—The pH
dependence of the corrosion potential, Ecor, is shown
in Fig. 5. The dependency is approximately —60 mV/
pH for a pH lower than 4 and slightly higher at more
alkaline pH.

The corrosion current density, i.o, estimated by
Tafel extrapolation from the cathodic part to the cor-
rosion potential, decreased with increasing pH as
shown in Fig. 6.

That the pH dependence of the corrosion current is
—0.2 to —0.3 dec/pH and the corrosion potential
—60 mV/pH can be understood by the fact that both
the anodic and cathodic polarization curves shifted in
the less noble direction with increasing pH of the
solution. On the basis of typical mechanisms proposed
for the anodic dissolution of iron, one expects these
parameters to be in the range of —0.3 to —0.6 dec/
pH and —50 to —90 mV/pH, respectively (10).

The corrosion current of the amorphous alloy, 2826A,
is shown for comparison and is one order of magni-
tude smaller than that of the crystalline alloys which
were all of nearly the same order of magnitude, Fig.
6.

The estimation of the corrosion current by the Tafel
method was checked by the polarization resistance,
Reor, which was calculated from the slope of the po-
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larization curve within + 5 mV of the corrosion po-
tential. Figure 7 shows the plot of i.r against Rcor.
There is a good relationship, icor = K/Rcor, between
these two values with a few exceptional points. This
means that the polarization resistance measurements
and the Tafel extrapolation were compatible.

Summarizing our finds in the chloride-free solutions,
the corrosion behavior and electrochemical properties
of the microcrystalline and the conventional alloys
were very similar.

Pitting potentials.—Initially the pitting potential of
the alloys was measured by the potential scanning
method at 0.4 mV/sec in a 0.5N NaCl solution at
ambient temperature. Since the pitting potential of
the alloys A, B, and C fell into the transpassive po-
tential region at this temperature, a reproducible pit-
ting potential and pitting without coincident crevice
corrosion under the masking tape were difficult to
obtain. Hence, the experiments were conducted at
60°C and results on alloys B and C are reported. In
the following discussion, current is described by total
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current and the surface area exposed was fixed as
0.30 cm2.

Typical potential-current curves are shown in Fig.
8. During potential scan in the noble direction, current
oscillations preceded a continuous increase at which
point pits grew continuously. For the microcrystalline
alloys the current usually increased more sharply and
at more noble potentials, but this was preceded by
more frequent current oscillations.

Three potentials were used to characterize the pit-
ting susceptibility (13). The first is the pit initiation
potential, E.., defined as the potential at which the
current exceeded 10 pA. Pits nucleated above this

1027 1 T T
alloy C
0.5N -NaC4
T=60°C _
sweep rafe =
0.4 mV/sec
\
103

Current, J/A
o
»
T
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10°¢
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Fig. 8. Anodic polarization curve of alloy C in 0.5N NaCl at
60°C. Direction of potential sweep was reversed at 10=3 A. The
m and ¢ denote the microcrystalline and conventional alloy.
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potential will grow continuously as pitting corrosion
proceeds. The second is the pit propagation potential,
E,re, at which pits propagate at a certain rate, de-
fined by current in excess of 1 mA in the forward scan.
The third is the pit repassivation potential, Eps at
which all the pits were passivated and below which
pit propagation ceases. The latter was determined.as
the point at which the current was reduced to less
than 10 wA in the reverse scan. Although these defini-
tions and interpretations are still a matter of dispute
(14), they may be used as an index of the susceptibil-
ity to pitting corrosion, provided that these parameters
were measured under the same condition.

Results are summarized in Table II. It should be
noted that all the characteristic potentials for the
microcrystalline alloys were more noble than those for
the conventional materials, and the conventional alloy
C showed the most active potential for pit initiation.

On this basis, it can be concluded that the micro-
crystalline alloys are more resistant to pit initiation
and propagation and are more easily repassivated than
the conventional alloys.

One may consider that the pits initiate at sites where
impurity elements in the alloy, for example, sulfur or
phosphorus, segregate. These elements may be in-
corporated into the passive films, thereby leading to
locally more defective films. When an aggressive anion,
such as Cl—, attacks such points in the film, pit nu-
cleation occurs. A growing or propagating pit needs
a critical volume and a certain nucleus shape, because
the dissolution reaction depends intimately on the
chemistry of the electrolyte in the pit.

Whether the nucleus will grow or not may depend
on the concentration of impurities accumulated at the
site. Local attack on less defective films (perhaps
characterized by a lower segregate concentration or
a more uniform partitioning of impurities) may also
nucleate, however, self-repair or repassivation may
be extremely rapid. Hence, the probability of pit
initiation should be a function of the development
of weakened films, which depends on the segregation
of impurities, and the frequency of attack which may
depend on the distribution of defects, the concentra-
tion of the aggressive anions, and the electrode po-
tential.

According to Zamin and Ives (12), a small grained
pure nickel specimen exhibited a greater susceptibil-
ity to pitting than a larger grained specimen, and all
the pits were found at grain boundaries which were
considered by them as a structurely disturbed region.
On the other hand, grain boundaries are also con-
sidered as the sites where the segregation is most
likely to occur. Similar behavior may not be typical
of microcrystalline alloys, however, because the most
important factor should not be the grain size but the
concentration and distribution of impurities at segre-
gated sites. In microcrystalline alloys, because of rapid
solidification processing, impurities are dispersed uni-
formly in the alloy.

Microscopic examination of the specimen surface
that was anodically polarized for a short time around
the critical potential, E.,, revealed that most of the
pits initiated at grain boundaries on both the micro-
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Fig. 9. Pit nuclei on the conventional and the microcrystalline
alloy B formed in 0.5N NaCl at 60°C. (a) The conventional alloy
was polarized at 250 mV for 25 sec, (b) the microcrystalline alloy
was polarized at 280 mV for 1 min (SEM). Both were slightly etched
in HNO3 + HCI 4 glycerol for 5 sec after the polarizations.

crystalline and conventional alloys, as shown in Fig.
9. In the case of microcrystalline alloys, however, some
small pits, which may have stopped growing at an
early stage, are also found in the matrix [Fig. 9(b)].
By a spot electron microprobe analysis at these points,
they were confirmed as pits. This fact suggests that
the microcrystalline alloys have many sites for pit
initiation even in the matrix, but at most of these
sites solute or impurity accumulation is insufficient to
propagate pits because of the rapid solidification pro-

Table Il. The characteristic potentials Ecyi, Epro, and Epas for pitting corrosion (0.5N NaCl, 60° == 1°C, deaerated)

S.D.* S.D. S.D,
Ecri/mV a N.R. Epro/mV o N.R. Epas/mV 4 N.R.
316 195 14.3 4 237 15.3 4 25 3
Alloy B-c 216 39.5 7 270 26.7 7 -14 13.8 7
B-m 240 34.9 5 313 32.5 5 11 7.8 4
Alloy C-c 49 80.1 8 282 48.5 8 —-109 12.1 7
C-m 247 18.7 6 314 14.2 6 —49 9.0 5

* S.D,, standard deviation; N.R., number of runs; ¢, conventional; m, microcrystalline alloy.



Vol. 129, No. 7

cessing. By this processing, impurities are dispersed
uniformly in the alloy so that impurity segregation or
accumulation is expected to be minimal. This situation
is even more likely in amorphous alloys, which exhibit
great resistance to pitting corrosion (5, 15).

In some cases, more frequent oscillations were ob-
served on microcrystalline alloys just before the criti-
cal potential. This may perhaps be accounted for by
considering that the alloy has many sites for pit nu-
cleation, but the amount of segregated impurities at
such sites may be less than some critical concentration
required for growth. The same argument can be ap-
plied to pit initiation in the conventional alloy C
which was used in the as-cast condition. Since the
degree of segregation in the cast structure should be
larger than that in a wrought or a microcrystalline
alloy, pits can initiate and grow more easily resulting
in pit initiation at a less noble potential.

Nowak (16) has reported the susceptibility to pit-
ting corrosion of a microcrystalline 304 stainless steel
which was prepared by sputtering with very small
grains of 15-30 nm in diameter. Diffraction patterns
of the grain indicated both becc and fcc phases. He
found that the pitting potentials of these microcrystal-
line alloys, especially with addition of about 1% of Al
and/or Si, in 1M NaCl were markedly higher than
those of the conventionally prepared 304 steel, and
that a heat-treatment at 450°C for 1 hr in vacuum
lowered the pitting potential of the sputtered alloy.
He considered that the high resistance to pitting cor-
rosion of the microcrystalline alloys should be at-
tributed to structural differences, but it was not clear
whether this arose from the bee structure or the micro-
crystalline nature of the sputtered alloys. His results
suggest that the as-sputtered alloy may be more homo-
geneous than the conventional alloy and that the de-
gree of segregation is increased by the heat-treatment
of the sputtered alloys which has the consequence of
making E.; more active.

Polarization curves in acid chloride solutions.—In the
case of localized corrosion, such as pitting, crevice cor-
rosion, and stress corrosion cracking, the chemistry of
the electrolyte in the pit, the crevice, and the crack tip
is likely to be quite different than that in bulk solu-
tion. In these occluded cells, one expects to find an
increase in the concentration of metal ions, chloride
ions, and protons, the latter produced by metal ion
hydrolysis. For example, a solution characteristic of
what might be observed in an occluded cell (which
contained 3.5 mol/liter chloride ion with 0.5, 2.1, and
0.9 mol/liter of Na*, Fe2+, and Cr3+, respectively)
exhibited a pH of 1.3-1.5. Hence, it was considered
useful to measure polarization behavior in an acid
chloride solution in order to understand localized cor-
rosion, especially pitting and crevice corrosion (17).

The solutions used were 5N NaCl with 0.1 and 0.01N
H,SO4 and 4.5N NaCl with 0.9N H,SO4 at 25°C.

The polarization curves, shown in Fig. 10 and 11,
shifted upward with increasing acidity. It should be
noticed that the peak currents at active dissolution
for the microcrystalline and the conventional alloys
were almost the same and the conventional alloy
showed a large secondary dissolution peak near 0.0V.

The potential in the growing pit should be in the
range of +0.1 to —0.2V, because the repassivation
potential falls in this range. At the repassivation po-
tential the ohmic drop between the pit and the free
surface is likely to become very small and the poten-
tial in the pit is considered nearly equal to that on
the free surface. Comparing the current in this range,
therefore, we can roughly judge the susceptibility to
pitting corrosion. Furthermore, this can be applied
also to crevice corrosion.

In the case of 316, the active dissolution peak rose
higher and shifted in the noble direction with increas-
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Fig. 11. Anodic polarization curves of alloy B (a) and C (b) in
acid chloride solution. Solid and broken lines denote conventional
and microcrystalline alloy, respectively. Potential sweep rate 1 mV/
sec.

ing acidity. As localized corrosion proceeds, corre-
sponding to an increase in the acidity of the solution,
the dissolution mechanisms should change from the
secondary dissolution rate process to active dissolution.

For alloy B, the polarization curves in 0.01N HySO4
+ 5N NaCl were just the same for both microcrystal-
line and conventional alloys. With increasing acidity
the currents observed on the microcrystalline alloy
in the potential range 40.1 to —0.2V were several
times smaller than that of the conventional one. This
may be interpreted to suggest that to initiate localized
corrosion is not so different for both materials, but
when pits propagate and increase the acidity in thé
occluded cell the propagation rate of the conventional
alloy should be several times larger than that of the
microcrystalline alloy. In a practical sense, once the
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corrosion rate has increased, more rapid accumulation
of metal cations occurs with subsequent rapid decrease
of pH. Hence, the difference in the propagation rate
may be much larger than that estimated from the po-
larization curves.

The differences in the polarization curves are clearer
for alloy C. The secondary peak for the conventional
alloy was very large in a solution of low acidity. A
very active value of the pit initiation potential for
conventional alloy C may be attributed to this second-
ary peak, because the nuclei of the pit can grow easily
without a large acidification.

The heights of the secondary peak are in the order
of as-cast alloy C, wrought alloy B, and both micro-
crystalline alloys. Since this order corresponds to the
degree of segregation expected in the alloys, the sec-
ondary peak may be a characteristic of the prefer-
ential dissolution of the segregated sites in a concen-
trated chloride solution. In other words, the degree
of the segregation influences the susceptibility to local-
ized corrosion, not only with regard to pitting but also
crevice corrosion and, therefore, the microcrystalline
alloys have a larger resistance to the localized corro-
sion.

Summary

1. In chloride-free solution, the corrosion behavior
and electrochemical properties of the microcrystalline
and the conventional stainless steels were very similar.

2. Measurement of pitting potential in 0.5N NaCl
solution at 60°C revealed that the microcrystalline al-
loys were more resistant to pit initiation and propaga-
tion and that pits were more easily passivated than
in the case of the conventional alloys. Higher homo-
geneity or lower segregation in the microcrystalline
alloys, due to rapid solidification processing, might
account for the higher resistance to pitting corrosion.

3. The degree of segregation in the alloys affects
polarization behavior in acid chloride solutions. The
susceptibility to pitting corrosion may be examined by
such polarization experiments.

4. The microcrystalline alloys, produced by rapid
solidification followed by hot extrusion, may be ex-
pected to exhibit a high resistance to localized cor-
rosion.
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EPR Investigation of Fe, Mixed Fe-Mo, and Mo Naphthalocyanines

Application to the Electrocatalysis of Oxygen Reaction
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ABSTRACT

Fe, mixed Fe-Mo, and Mo naphthalocyanine samples electrochemically investigated in previous work have been
prepared and studied by the EPR technique. In the case of the Fe compounds, kinetically slow changes have been
shown to occur from axial to octahedral symmetry. The resulting Fe' configuration is close to the multispin criterion
for electrochemical activity. With Mo samples two kinds of sites are visible on which Mo oxidation proceeds much
faster than Fe' formation. The most stable Mo sites in the presence of conducting solutions are also the most reactive

ones for oxygen adsorption.

The importance of iron naphthalocyanine compounds
as electrocatalytic materials has been shown recently
(1). Improvement of their stability and electrocatalytic
activity for the oxygen reaction may be expected by
the addition of aromatic rings to the ligands (2).
Molybdenum naphthalocyanine compounds have also
been investigated for oxygen electrocatalysis and have
proved to be equivalent or better than iron compounds
(3). Changes in spin multiplicity during reaction have
been well documented (4), and in the case of oxygen
reactions it has been shown that the easy crossover
from high to low spin can favor several reaction paths
with activation of adsorption and desorption steps
of the oxygen molecule (5). This effect cannot take
place in the case of molybdenum naphthalocyanine
samples, however it should be pointed out that EPR
data can yield information on the spin configuration
of the central ion in the Felll (6a) or MoV (6b) states.

The aim of the present work was, firstly, to use the
EPR technique to investigate the electronic configura-
tion of iron (I), mixed iron molybdenum (II), and
molybdenum naphthalocyanine compounds (III). Sec-
ondly, in presence of solutions to detect some effects
associated with the presence of radical species by the
addition of a scavenger such as glutathione (7). As
shown in Ref. (7), this compound gives rise simultane-
ously to depletion of oxygen radicals and to specific
adsorption on the central ion.

Experimental

Synthesis of materials.—The synthesis of iron naph-
thalocyanines was conducted by the reaction of 1-2 di-
cyanonaphthalene with an iron bis g-diketonate in a
sealed tube.

Preparation of 1-2 dicyanonaphthalene.—This deriva-
tive was synthesized from naphthylamine sulfonic acid
following the reaction procedure described in Ref.
(8), i.e., diazotization followed by fixation of the first
nitrile function through the use of the potassium
cyanide/copper sulfate couple and the introduction
of the second nitrile function by action of potassium
ferrocyanide. However, the experimental equipment
was modified during the last step. The mixture
C10Hg (SO3K)CN-K Fe (CN)g was placed in the center
of a Pyrex tube of about 80 cm length inside a tubular
furnace of 30 cm length. The tube was connected at
one end to a nitrogen inlet, with the other end to the
inlet of a vacuum pump.

* Electrochemical Society Active Member.
Key words: Mo"¥ and Fe!!! EPR catalysis, chelates, adsorption.

The pressure was fixed at 10—! Torr and the tem-
perature between 300°-350°C. Dicyanonaphthalene
crystals were sublimed on the cooler part of the tube.
During this procedure nitrogen was bled into the tube
in order to aid the migration of the compound that
was finally recrystallized in absolute methanol.

Preparation of 1,2 iron (Fe-NP.) and iron molyb-
denum and Mo naphthalocyanines.—An intimate mix-
ture of 1-2 dicyanonaphthalene (2 X 10=3 mols) and
of iron bis (2,2,6,6-tetramethyl-3.5 heptane dionato)
iron (Fe(Me3-C-CO-CH-CO-C-Me3)z) (0.5 x 10-3
mols) was sealed under vacuum in a glass tube and
heated to 300°C for 24 hr. After opening the tube, the
mixture was washed successively with dilute HCI
followed by water up to neutral pH, then by benzene,
ethanol, and ether. It was dried at 100°C under vacuum
for several hours.

Elementary analysis.—With samples I(FeNP.) the
elementary analysis is given as follows. Found: C,
75.5%; H, 3.1%; N, 13.3%; Fe, 53%; and expected:
C, 75.0%; H, 3.1%; N, 14.6%; Fe, 7.3%.

The 1,2 iron molybdenum naphthalocyanine was
obtained by a similar procedure, by adding ammonium
paramolybdate (NHj)gMo070244H0) totaling 50 mg
(0.04 103 mols) to the same starting mixture of 1,2
dicyanonaphthalene and iron bis (pg-diketonate) iron
derivative. The elementary analysis of this material
(II) is given as follows. Found: C, 75.0%; H, 3.4%;
N, 13.2%; Fe, 4.7% = 0.2%; Mo, 5.5 = 0.2%; and ex-
pected: C, 75.0%; H, 3.1%; N, 14.6%; Fe, 2.69%; Mo,
4.61%.

As a systematic deficiency in nitrogen was found,
Fe and Mo contents have also been determined by
x-ray fluorescence induced by proton bombardment!
to avoid an error due to the above method of analysis.
Protons of 2.3 MeV were passed through a 1 um thick
aluminum foil containing evaporated silver. The sam-
ple was bombarded by the resulting 1.8 MeV beam and
the x-ray fluorescence was detected with an SiLi de-
tector. Quantitative analysis was carried out by com-
parison with the Ka-ray of silver. From the results
obtained it must be concluded that a nonnegligible
amount of Mo must be transformed into an oxide
form in addition to the naphthalocyanine ligand.

In order to discriminate between the effects of
molybdenum and those of iron, a synthesis of molyb-
denum naphthalocyanine was also undertaken, in this
case using only ammonium paramolybdate with di-
1The authors acknowledge Professor Decomminck, Faculté N.D.

de la Paix, Namur, Belgique, for the achievement of this experi-
ment.

1409



1410

cyanonaphthalene (DCN) in the initial ratio of 4 DCN
per 1 mol of molybdenum. The product samples were
thoroughly washed in a glove box with benzene,
ethanol, HCI, 10% distilled water, and ethanol [sam-
ples (III)].

EPR measurements.—The EPR spectra were re-
corded on a Bruker BER 420 spectrometer operating
in the X-band (modulation frequency 100 kHz at
24°C), a 5 mm diam tube was used for the dry powder
and the experiments with solutions were carried out
in a 1 mm diam EPR tube. All the samples were of
high purity and used without further purification.
Glutathione (Merck for biochemical uses) was checked
for impurities by EPR.

Results

EPR spectra of samples (I, II, and III).—The EPR
spectra of samples (I) freshly prepared (A) and after
prolonged exposure to air (B) are given in Fig. 1.
The (A) form shows a signal in an axial configuration
with g // = 1.9894 and g | = 2.0152. These spectra
remain stable after a few days of exposure to air.
However, after more than a month of air exposure
they change to form (B).

In presence of pure water signals (A) or (B) are
not modified even after treatment of the samples by
a wetting agent such as ethanol. A slow drift of g iso
(isotrope) with form (B) can be observed up to g iso
= 2.00245 close to the free electron value. This limit
is reached more rapidly with the powder than with
crystalline samples, the drift being speeded up by
grinding under air atmosphere.

The EPR spectra of iron-molybdenum naphthalo-
cyanine samples (II) and molybdenum naphthalo-
cyanine samples (III) are both shown in Fig. 2. They
show similar characteristics. Three g values charac-
terize the MoV ion (9) that in the present case is lo-
cated in at least two different environments. Two
values are smaller than 2 (gx = 1.9760 and g, — 1.9814)
and two are higher g, = 2.0023 (this value being less
accurate due to the overlapping signal at g = 2.0018).
A hyperfine constant (60G) between the electron and
the 95 and 97 isotopes of Mo is in good agreement with
the values of Ref. (9). The other species has an iso-
trope g value g; = 2.0018.

9

®

Fig. 1. EPR spectra of iron naphthalocyanines: (a) under nitrogen
or short exposure at air or in presence of water and (b) ofter more
than one month exposure at air or in presence of water.
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Fig. 2. EPR spectra of iron-molybdenum and Mo naphthalocy-
anines [samples (11) and (111)].

In contrast to samples (I) the EPR signal of samples
(II) and (III) remains unchanged after a long ex-
posure at air. The results concerning samples (II) or
(III) prepared in a glove box with an oxygen pressure
maintained below 1000 ppm are represented in Table I.
They show the differences in affinity vs. oxygen pres-
sure of the two main molybdenum environments. The
lowering of the oxygen pressure induces a lowering
in the same ratios of both MoV signal intensities Iy
and I». After introduction of oxygen, I» increases only
slightly while I; almost doubles. On prompt return to
a 4 - 1076 Torr vacuum, I; drops only slightly while
I, still increases. After a new exposure to air both
signals pass through a maximum then stabilize.

In the presence of conducting electrolytes, reduced
oxygen adducts can arise simultaneously with protona-
tion (10), which can perturb the voltage distribution
at the applied electric field at the interface both in the
double layer region or through nucleation (11) and
diffusion processes inside the catalyst material. In all
cases a 0.7TM NaCl solution was used as a supporting
electrolyte to maintain a constant double layer struc-
ture. To vary the oxygenated radical concentrations af
the surface of the materials, a scavenger (glutathione)
(7, 12) was added in various concentrations. A 0.7 HCI
solution has been used to show any effect associated
with protonation. This effect has been proven to occur
simultaneously with specific adsorption on the central
ion (7, 11). On samples kept under vacuum (Table
II) the solutions have been thoroughly deaerated
through argon. On those left in air the experiments
have been conducted with oxygen-saturated solutions
(Table III). The modifications of I; and I, are given
in these tables, respectively.

In all the cases investigated the ratio I»/I; was
shown to grow continuously as a function of time. This
effect is inhibited by the presence of glutathione, but
enhanced in presence of HCl. For the same solution,
it was more intense with deaerated samples.

Table I. Variation of /1 and I MoV signal intensities in the
iron-molybdenum (I1) and (I11) naphthalocyanines samples vs.
successive treatments under oxygen

No. treatment I I L/l

1. Under N2 (py = 1 atm; < 1000 ppm O2)* 4.2 23.9 5.62
(several days)

2. Under vacuum (5 x 10-5 Torr) (30 min) 3.1 17.8 5.72
3. Under oxygen (po, = 1 atm) (20 hr) 6.1 18.8 3.08
4. Under vacuum (4 x 10-¢ Torr) (10 min) 5.8 20.8 3.58
5. In airt (30 min) 96 273 284
6. In airt (several days) 8.0 25.5 3.18

* Reproduced values. .
+ The “absolute” intensities are not comparable with previous
measurements.
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Table 1l. The effect of wetting on FelII-MoV-NPC in presence of
glutathione (GSH) (samples under vacuum 105 Torr). I19 and /29
corresponding intensities in air.

Solutions Ii/Io I/ I I/ t
NaCl (0.7M) 1 1 3.20 0
0.78 0.80 3.30 10 min
0.61 0.83 433 22 hr
0.58 0.86 4776 6 days
NaCl (0.7M) + 1 1 3.14 0
GSH (10-M) 0.69 0.69 315 10 min
0.63 0.75 378 10 min
0.57 0.78 423 6 days
Discussion

Identification of the signals.—The O2-EPR signal has
been reported at room temperature (13). It always
presents 3 g values and never an axial symmetry.
While Felll porphyrin signals can only be obtained at
liquid nitrogen temperature (14), EPR spectra of Felll
phthalocyanine compounds have been reported at am-
bient temperature (6a). The slow variation of the
signal symmetry under oxygen is compatible with the
low values of the diffusion coefficients for electrons
and holes measured in the phthalocyanine structures
(7). It is characteristic of a slow oxygen penetration
into the structure with the metal site symmetry being
initially square pyramidal then octahedral. The sta-
bility of the signal in the presence of water under
wetting conditions precludes the existence of a cation
radical (15) especially if the active Felll sites are
located on the first layers in contact with the electro-
lyte as seen by ESCA (3, 7).

Spin configuration of Felll__Classical analysis (16)
of the g values of form (A) with samples (I) leads to
a low spin ferric ion. A rapid check of the crystal field
parameters (17) yields AEx2v2 — 228,000 cm~—! and
AExy — 319,000 cm—1, which are completely unrealistic
values. The spin orbit coupling constant ¢ was taken
equal to the free ion value (¢ = 400 cm—1) (6a, 16).
In contrast, the calculations of Caro et al. (6a) which
involve the 252 wave vector basis set. yield completely
different conclusions. The experiments at g values
around 2 correspond either to a low spin domain close
to the border for Cy, distortion of the C4, symmetry
to high or intermediate spin domains. In the border
line situation the g values are very sensitive to vari-
ations in the crystal field parameters because of the
rapid variation of composition of the wave vectors in
crossover situations. In the iron naphthalocyanines
(I) the following crystal field parameters are obtained:
B0 = 37,500 cm~! and Bs# = 23,000-25.000 cm—1,
These are in the experimental range of electronic ex-

Table I1l. The effect of wetting on FelII-MoV-NPC in presence of
GSH (sample kept in air N) /19 and I3 as in Table I

Solutions h/ho I/1x L/ t
NaCl (0.7M) 1 1 3.29 [
0.89 0.89 3.30 10 min
0.73 0.93 4.22 3 days
0.73 0.95 4.29 6 days
to 10 days
NaCl (0.7M) + ) 1 3.1 0
GSH (10-°M) 0.80 0.83 3.29 10 min
0.70 0.91 4.16 3 days
0.70 0.91 4.14 6 days
to 12 days
NaCl (0.7M + 1 1 3.32 0
GSH (10-*M 0.95 0.94 3.29 10 min
dimerized) 0.82 0.98 3.95 4 days
0.80 0.98 4.08 6 days
HC1 (0.7M) 1 1 3.31 0
0.80 0.82 3.41 10 min
0.70 0.95 4.50 3 days
0.69 0.95 4.60 6 days

to 10 days
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citation energies. The samples are in the low spin
domain but not too far away (less than 2000 cm~—1)
from the high spin-low spin border as given by Fig. 9
of Ref. (6a).

MoV structures and electrochemical interest.—In
(Fe-Mo) samples (II), only MoV ions are apparent.
From Table I the two main sites are both sensitive
to oxygen pressure variations. This effect involves
either a segregation of both sites at the surface or a
much faster oxygen penetration into the Mo structure
than into the pure iron samples (I). Due to the rela-
tive stability of I, in contrast to Ij, vs. the oxygen
pressure, the reversibility for O: uptake appears
greater for I; than for Ip. Their relative variation sug-
gests with one phase compound a surface segregation
of I; sites compared to I, or with a mixture of two
phases a better oxygen penetration into I sites.

In presence of aqueous solutions the absolute varia-
tions of I; and I, are difficult to interpret (18) due to
the modification of the solution dielectric constant in
association with double layer effects. MoV ions present
within the structure may act as “probes” (19) and
give information on the transitions Mo!V/MoV or MoV/
MoV! in the presence or absence of the solution.

In this respect, it may be pointed out that the rela-
tive growth of I» depends on the oxygen concentration
at the compound surface and is inhibited by glutathi-
one (decrease of surface oxygenated radical concen-
tration) as shown in Table II. The unexpected dif-
ferences in NaCl solutions in Tables II and III may
involve wetting processes that are more rapid in the
absence of oxygen radicals on the surface.

Oxygen reduction takes place simultaneously with
Mo!V/MoV oxidation on I sites. In the presence of
HCI the oxidation is enhanced, which may be due to
easier HO, radical formation (10) in the presence of
protons.

On the basis of EPR data alone, it is not possible to
identify unambiguously the nature of Iy and I sites.
I, sites can be due either to molybdenum oxide (9)
or molybdenum naphthalocyanine. In some references
I, sites have been identified as deposited carbon (20,
21). In the present experiments however, this inter-
pretation can be ruled out as the corresponding peak
I, is oxygen sensitive in dry atmosphere (see Table I).
The intensity of peak I; can therefore be related to
electrochemical activity or oxygen reduction.

The difference in behavior of Fe-MoNPc samples
(II) and (III) under vacuum (Table I) or under air
(Table III) may be presumed to be due to the differ-
ence in wetting which in presence of glutathione
(GSH) stabilizes the lower valencies of molybdenum
as shown for iron (7). The adsorbed oxygen impedes
the process of wetting and the further development
of the MoV! form that is shown to be associated with
it. At high concentration, on the air exposed samples
the glutathione is dimerized under the influence of
adsorbed oxygen and has only a minor effect in the
Iy/1; ratios.

Conclusion

EPR studies on iron, mixed iron-molybdenum, and
molybdenum naphthalocyanine compounds electro-
chemically investigated in previous work (1, 3) have
provided information concerning the effects of strue-
tural factors on the electrochemical activity of these
compounds.

As in other phthalocyanine or porphyrin compounds
a border-line situation has been found to exist for the
spin configuration of iron (III). This finding is an illus-
tration of the theories developed on the influence of
the Fe-Os bonding on the kinetic constants of the
electroreduction of dioxygen. It is of special interest
in support of theories relating the mixed spin con-
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figuration of Felll to the lowering of the overall ac-
tivation energy for this process.

In the case of iron naphthalocyanines the diffusion
of dioxygen molecules into the lattice and the fixation
of two molecules to the iron appear to be very slow
processes. Under electrochemical conditions, the bulk
of the material is not involved in the reaction, since
ohmic limitations are observed for finite thickness
deposits. The most effective electrode structures would
consist of one or no more than two layers spread out
uniformly on the carbon black supports.

With Mo naphthalocyanine compounds the oxygen
intake into the lattice is much faster and gives rise
to higher valencies of molybdenum ions compared
with iron. At least two different Mo sites have been
shown in our preparations, each possessing a different
activity vs. oxygen adsorption and a different stability
in conducting solutions, the most active for oxygen
adsorption being also the most stable.

From the view point of electrochemical activity in
the case of molybdenum naphthalocyanine, in contrast
to iron, many layers can participate in the reaction at
least from the view point of the conduction process in
the solid phase.
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A Model of Crack Electrochemistry for Steels in the Active State
Based on Mass Transport by Diffusion and lon Migration

A. Turnbull and J. G. N. Thomas*
National Physical Laboratory, Teddington, Middlesex TW11 OLW, England

ABSTRACT

A model of the electrochemical conditions in a static crack has been developed for steel in the active state based
on the steady-state mass transport of species by diffusion and ion migration. The main reactions considered were
anodic dissolution, hydrolysis of ferrous ions, and cathodic reduction of hydrogen ions and water with the assumption
that the electrode reactions were taking place both at the tip and on the walls of the crack. The reduction of oxygen in
the crack was not included since it was demonstrated in a separate analysis that this reaction is insignificant in a static
crack at steady state. The pH and potential drop in the crack have been evaluated as a function of external potential,
crack dimensions, and other parameters assuming a bulk solution of 3.5% NaCl. The effect of dissolution and hydroly-
sis of alloying elements and also the buffer reactions of seawater on the pH within a crack were also assessed, but
mass transport by ion migration was neglected in these cases. The theoretical predictions of the potential drop and pH
were in reasonable agreement with values determined experimentally in an artificial crevice of the structural steel BS 4360
50D in 3.5% NaCl and in artificial seawater.

The electrochemical conditions within cracks are
important in governing the rate of crack propagation
in stress corrosion cracking and in corrosion fatigue

* Electrochemical Society Active Member.

Key words: crack electrochemistry, model, structural steels, so-
dium chloride, seawater.

since this will depend on the rate of metal dissolution
and/or the rate of production of hydrogen atoms at the
crack tip. A problem in characterizing the rates of
electrode reactions within a crack is the lack of knowl-
edge of the local solution composition and the elec-
trode potential, which because of the restricted geom-
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etry, can vary from the values associated with the
bulk solution and external metal surface. In addition,
there are difficulties in measuring the electrochemical
conditions in cracks because access with measuring
probes is not easy although a variety of techniques
has been developed to overcome this problem (1-4).

Thus experimental measurement has been supple-
mented by various mass transport models that have
been developed to describe the solution composition
and electrode potential in cracks (5-9), mainly stress
corrosion cracks. These models have in general related
to mefal/environment systems in which a passive film
is formed with only the crack tip active and are not
applicable to structural steels in seawater in which
both the tip and walls of the crack would be ex-
pected to be active. A model to describe the electro-
chemical conditions in a static (parallel-sided) crack
in structural steel in 3.5% NaCl and also in seawater
was developed by Turnbull and Thomas (10) based
on mass transport by diffusion only. The current paper
describes an extension of this model to include mass
transport by ion migration. In addition, improved data
for the input parameters, viz., rates of metal dissolu-
tion, hydrogen-ion reduction, and water reduction for
the steel BS 4360 50D in chloride solutions for a
range of potential, pH, and chloride-ion concentration,
have been obtained (11) and these have led to fur-
ther modifications and improvements in the original
model.

Electrochemical Reactions in the Crack

The model assumes that the steel section containing
the crack is immersed in 3.5% NaCl solution, except
in the case of the buffering reactions described later,
and that the electrode reactions, anodic dissolution
and cathodic reduction, occur on the walls and tip of
the crack. The following basic reactions are considered
to occur within the crack

Fe- Fe?+ 4 2e- [1]

Fe2* 4+ H)O=FeOH+ + H* [2]
HO=H+ 4+ OH- [31

HyO + e~ > H 4 OH- [4]
H* +e->H [5]

For the purpose of this analysis: [Fe2+] = C,, [Hz0]
= C,, [FeOH*] = C3, [H+] = C4 [OH-] = Csj,
[Nat] = Cg, and [Cl~] = Ch.

The sodium and chloride ions do not take part in
the reactions but contribute to the transfer of current
and hence influence the magnitude of the potential
drop, ¢(x), which is defined as Eext — E(x), i.e., the
difference in the electrode potential at the external
surface and a point along the crack. The reduction
of oxygen in the crack is not included since it has been
previously demonstrated that this reaction is insig-
nificant in a static crack at steady state (10, 12).

The dissolution of alloying elements and also the
buffering reactions of seawater were considered, but
because of the additional reactions and equations in-
volved, mass transport by ion migration was neglected
in these cases (see later). The appropriate reactions
for dissolution and hydrolysis of the alloying elements
are represented by

M- Mnr+ 4 ne— [6]
M+ + HO=M(OH) D+ 4 H+ [7]

The buffering reactions of seawater are associated
with the dissolved carbon dioxide equilibria (10, 13),
the significant relationships for this analysis being

HyCO3* =H+ 4+ HCO3~— [8]
HCO;- =H+t+ 4 CO32— [9]
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where HoCO3* = [H2CO3] + [CO2(aq] and [COz(aq)]
>> [HpCO3] (13).

For values of pH less than 8, Eq. [8] is the dominant
reaction; but for higher pH values, the dominant re-
action is Eq. [9].

In previous work the rates of anodic dissolution and
cathodic reduction of hydrogen ions and water on the
structural steel BS 4360 50D in 3.5% NaCl were shown
to have a complex dependence on pH and potential
(11). The rate of anodic dissolution was observed to
decrease with decreasing pH for pH values < 3, but
to decrease with increasing pH for pH values > 8.5.
In the intermediate region the anodic current was
little affected by pH and could be represented by

FE
ia = k, exp (—ftT ) [10]

This is the expression used in this analysis with g = 1
and k, = 2.7 - 107 A cm~2, where E is the electrode po-
tential with respect to the saturated calomel electrode,
F the Faraday constant, R the gas constant, and T the
temperature (~ 293 K).

The rate of reduction of hydrogen ions had a first-
order dependence on hydrogen-ion concentration and
could be represented by

'FE
in+ = koCyexp | — —}:iT ) [11]

with 8 = 0.5, ke = 2-10-5 A mol—! cm, where Cj is
in mols em ™3,

The reduction of water was observed to be inde-
pendent of pH for pH values less than or equal to 10,
but decreased with increasing pH above this value.
The following expression was derived for pH = 10, viz.

B*FE )
RT

with g* = 0.5 and kg* = 8+10-1¢ A cm™2.

The dependence of the current density for water re-
duction on pH above pH 10 is complex, but for pH
values between 10 and 12 a least squares analysis of
the data indicates that 8* = — (0.167 In Cy4 4 4.49) and
kg* = exp(7.56 In C4 + 196.57).

Since the variation of the concentration of water
in the crack is treated in this model, albeit in a very
approximate manner, the pre-exponential factor kg*
is replaced by kgCs where kg is calculated assuming
Cs was about 55.5 + 10—3 mols cm~—3 in the above in-
vestigation.

iﬂzo — kg* exp ( = [12]

Mass Conservation Equations
The general formulation, based on dilute solution
theory, for the conservation of species in a crack can
be written as (14)

C 2
—‘;T‘ + vVC; = DyVC; + E‘T—Fniv (CV¢) + Ry [13]

convection diffusion migration reaction

This equation shows the dependence of the rate of
change of concentration (gCi/gt) on (i) convection
where v is the fluid velocity, (i) diffusion where Dj
is the diffusion coefficient, (iii) ion migration where z
is the charge, (iv) homogeneous reactions in solution
where R; represents the rate of production or deple-
tion of species by chemical reaction. The heterogeneous
reactions such as dissolution and reduction normally
appear in the boundary conditions. In constructing the
material balance equations for this system only the
steady-state form was considered (8Ci/9t = 0) and in
addition the following assumptions and approximations
have been made.

1. The crack is parallel-sided of length I, width w,
and through-thickness B (Fig. 1) and the area of metal
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external to the crack is very much greater than the
crack area such that changes in the conditions in the
crack do not affect the potential of the specimen as a
whole.

2. The crack is static or propagating at such a slow
rate that induced convective motion can be neglected.
In addition the gravitational field is assumed to be in
a direction parallel to the x-axis and directed toward
the tip, and hence natural convection resulting from
density changes can be neglected.

3. Mass transport in the through-thickness, z-direc-
tion, is neglected. This is a reasonable approximation
if the thickness dimension is much greater than the
crack length and will also apply if the sides of the
crack are sealed, e.g., by a coating.

4. The mass conservation equations can be reduced
to a one-dimensional form by neglecting concentration
and potential gradients between the walls of the crack.
It was demonstrated in a previous two-dimensional
analysis (12) that this was a good approximation for
the former and it is likely also to be valid with respect
to the potential gradient. A consequence of this ap-
proximation is that the electrode reactions on the walls
of the crack now appear in the material balance equa-
tion and essentially can be considered as additional
source or sink terms.

It should be emphasized that the model applies
strictly to dilute solutions and the applicability of this
assumption is discussed later.

Mass conservation equations based on Eq. [13] but
using the above approximations were derived for each
of the solute species. These were then rearranged,
with the assumption that the hydrolysis reactions were
at equilibrium to give the following set of equations
[see Ref. (10) which is available on request] based on
reactions [1]-[5]

d [dC 2F d d [ dC.
Dl—[—1.+_ l_t] D3—[——3
dx L dx RT dx dx dx
F de¢ 2 k F (Eext —
2Rt Sk aEts ]
RT ° dx oF RT f

[14]

3 ——

al[clca F d.p] Ddl’dC4
dx -

FrCT > ‘iz | ax
b d dCs F de ]
—c __] D __[ i S S
TR Capd T 0L B T B i

2 k T(Eext_
= ___E.C',*exp{_f_—d’)l
w F

RT f
2 kg B*F(Eext — ¢)
Yt () ————— 15
wF 2P { RT } el

and for 0 < x < 1

Fig. 1. Slot-like crack
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In addition the electroneutrality equation states that
22Ci=0 [21]

The boundary conditions are
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The appearance of a factor m in Eq. [23] is to allow
for the influence of crack tip straining on the dissolu-
tion rate. Dy to D5 are the diffusion coefficients of the
relevant species. The concentration of water will only
deviate from the bulk value Cy*» when the concentra-
tion of ferrous chloride becomes significant and in this
case it is assumed to be determined by the partial

molar volume, y1, of ferrous chloride (10) (Eq. [18]).
This is an approximate expression and does not take
into account the mass transport of water out of the
crack in the form of a hydration sphere attached to
the ferrous ion. In any case, the model is not expected
to be particularly accurate in describing concentrated
solutions. Ky is the ionic product of water and Ky is
the equilibrium constant for the hydrolysis of ferrous
ions. The factor 55.5 « 10—3 (mols cm™3) represents
the bulk concentration of water. Note that the bound-
ary condition of ¢ = .0 at * = 1 is in fact determined
also by the electroneutrality equation, Eq. [21].
Although mathematical solution of these equations
was obtained for a wide range of parameters, con-
siderable numerical difficulties arose at negative po-
tentials when the dissolution rate tended to a very
small value and the sign of ¢ changed. Nevertheless,
it was possible to obtain a solution under these con-
ditions by neglecting dissolution and considering only
the reduction of hydrogen ions and water within the
crack. It was further assumed, for ease of mathematical
analysis, that the flux at the crack tip could be neg-
lected. This derives from the fact that the area of the
walls is very much greater than the area of the crack
tip and hence the flux at the crack tip will have only
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a very small effect on the solution composition or po-
tential in the crack unless the reaction rates are sig-
nificantly affected by straining at the tip, and this is
discussed later.

In order to solve the equations involving the dis-
solution and hydrolysis of alloying elements or the
buffering reactions of seawater, mass transport equa-
tions were established assuming transport by diffusion
only. The transport equations were based on Eq. [14]-
[24], but with the inclusion of additional equilibrium
relationships in the form of Eq. [17]. In addition, an
equation of the form of [14] was used for the dissolu-
tion of the alloying element (15). The dissolution rate
of the alloying element was assumed to be in propor-
tion to its concentration in the steel, based on the ex-
perimental results of Sandoz et al. (16). The reactions
at the crack tip were neglected in this analysis for rea-
sons described previously, and this assumption is
validated later. Deviation of the concentration of water
from its bulk value was also neglected.

Mathematical Treatment

The mathematical equations were initially con-
verted to a nondimensional form suitable for numerical
analysis (15). The detailed method of solving the
equation is described by Ferriss and Miller (17) and
only a brief summary is given here. Early attempts to
obtain a numerical solution of the equations involving
diffusion only made use of a computer algorithm in
which the dependent variables were represented by
finite Chebyshev series. However, only limited suc-
cess was achieved with this method because the de-
pendent variables were poorly represented by poly-
nomials. In order to obtain a reasonable accuracy,
polynomials of very high degree were needed, but
computer storage was limited. An improved technique
was developed for solving the “diffusion-only” prob-
lem and also the equations involving diffusion and
migration. In this method the ordinary differential
equations were converted to nonlinear integral equa-
tions and then solved numerically using a variant of
the Newton-Raphson iterative technique

The values of the parameters used in this analysis
were as follows: Dy = Dy = D3 = Dg = Dy = 10—5 cm?2
sec™!, Dy = 9.3-1075 cm?2 sec—1, and D5 = 5.3+ 1053
cm? sec~!, where Dg and Dy represent diffusion co-
efficients of the M"*+ and M(OH) (»—D+ species where
M refers to the alloying element: K, = 10—20 (mols
em—3)2, Ky = 107125 mols ecm~3 (18), K = 1-10-9
mols em—3 (seawater) (13) for H,CO3* = H*t
HCO3~, K =1-10-12 mols cm—3 (seawater) (13) for
HCO3~ = H* + CO32—, and in seawater at pH 8
[HoCOs3*]= = 2 - 1078 mols em~—3 and [HCO3~]» =
2-1076 mols ecm—3.

Results and Discussion

The steady-state distribution of the species Fe2+ and
FeOHt, along a crack of length 2 mm and width 10
um is shown in Fig. 2. The external electrode potential
is —700 mV (SCE) which approximates to the free cor-
rosion potential of the steel BS 4360 50D in 3.5% NaCl.
The initial predictions of the model indicated values of
the ferrous ion concentration slightly in excess of the
equilibrium value at the appropriate potential in the
crack as shown in Fig. 2. For longer or narrower
cracks this is even more significant. The equilibrium
concentrations were calculated assuming (10)

Fe=Fe2+ 4 2e~

with E = —0.684 4 0.0295 log [Fe2*] (V SCE).

The equilibrium value shown in Fig. 2 depends on
the distance from the crack tip as a consequence of
the variation of the potential drop along the crack. The
model was modified to take into account metal-ion
deposition explicitly, but it was not possible to obtain
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Fig. 2. Variation of the concentration of ferrous and ferrous
hydroxyl ions with distance from the crack tip (x = 0) at £ =
—700 mV (SCE), crack length 2 mm, crack width 10 um.

a solution to the differential equations for the param-
eters of relevance. As an approximation it was as-
sumed that the ferrous-ion concentration was limited
to values f [Fe2+t Jequil. at the appropriate potential
and this was achieved by reducing the dissolution rate
accordingly. The resultant rate of dissolution is effec-
tively related to the mass tranport of ferrous ions out
of the crack. It was necessary in practice to reduce
the dissolution rate by a constant amount along the
crack in satisfying the above conditions because of
mathematical difficulties. However the error intro-
duced is unlikely to be very significant since, as a re-
sult of dissolution from the walls, the ferrous-ion con-
centration is a slowly changing function of x except
close to the mouth of the crack (Fig. 2).

The conditions under which the equilibrium con-
centration is exceeded depend on the crack dimensions
and potential. For example, at the crack length 2 mm
and width 10 um the equilibrium value is exceeded for

external potentials < —700 mV (SCE). The above
treatment was applied in such cases, but the influence
of the formation of magnetite or ferrous hydroxide on
the ferrous-ion concentration was not considered, and
this is discussed later.

The variation of the hydrogen-ion concentration
with distance from the crack tip for the same crack
dimensions is shown in Fig. 3 at the free corrosion
potential, —700 mV (SCE), and at —940 mV (SCE)
where anodic dissolution is negligible. A feature of the
data at —700 mV (SCE) is that the hydrogen ion con-
centration shows little variation with x except at the
mouth of the crack where the concentration must sat-
isfy the boundary condition. Indeed the small variation
that is observed is a consequence of the potential drop
and in the absence of this factor the profile is flat ex-
cept at the mouth of the crack (10). This indicates that
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Fig. 3. Variation of hydrogen ion concentration with distance
from the crack tip (x = 0) for different values of the potential
and bulk pH. The crack length is 2 mm and width 10 um and the
bulk solution is 3.5% NaCl.

the hydrogen-ion concentration is determined mainly
by the balance between the rate of production of hy-
drogen ions by dissolution and hydrolysis and the rate
of removal by reduction of hydrogen ions and indi-
rectly by reduction of water. Thus mass transport of
hydrogen ions by diffusion has a much less significant
effect except at the mouth of the crack. At the poten-
tial of —940 mV (SCE )the rate of change of the hy-
drogen-ion concentration with distance from the crack
tip is slightly greater but, as before, is most significant
close to the mouth. The variation of the potential drop
with distance from the crack tip at an external poten-
tial of —700 mV (SCE) is shown in Fig. 4. It can be
observed that the potential drop changes slowly with
distance from the crack tip, but close to the mouth of
the crack the rate of change increases and can be very
marked when the potential drop in the crack is large
(see Fig. 9). This is a feature of the predictions of
the model when the net current from the walls of the
crack dominates that from the tip, but when the re-
verse is true, e.g., when the walls are passive, the po-
tential drop falls off very rapidly with distance from
the tip.

Effect of Variation in External Potential

The influence of external electrode potential on the
pH and potential drop at the crack tip is shown in
Fig. 5 and 6 for different values of the crack length
and crack width. It is evident from Fig. 5(a) and (b)
that the pH at the crack tip depends on potential in a
complex fashion. At potentials more positive than
~ —T00 mV (SCE) the potential drop in the crack be-
comes significant (Fig. 6). Since the change in poten-
tial at the tip is less than the change in external poten-
tial, the rate of change of pH at the tip with external
potential decreases as the potential is made more posi-
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tive. At potentials more negative than —760 mV (SCE)
(Fig. 5) a transition in the rate of change of pH with
external potential is observed and the pH increases
more slowly as the potential is made more negative.
This cannot be attributed to potential drop effects as is
evident from Fig. 6, and two factors are suggested in
explanation, viz., (i) the transition to a pH determined
predominantly by water reduction and (ii) the de-
crease in the rate of reduction of water for pH values
210 (11,19).

A detailed explanation for the form of the variation
of the potential drop with external potential Eext has
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Fig. 6. Variation of potential drop at crack tip with external
potential for various crack lengths and crack widths.

been given elsewhere (15,32). The potential drop is
zero when Eext — —760 mV, which is the free corro-
sion potential of steel in the deaerated solution in the
crack. At more positive or negative values of Eext the
potential drop reflects the increasing anodic or cath-
odic current flowing into the crack. Under cathodic
polarization, the potential drop remains very small
because the increasing pH in the crack retards the rate
of water reduction.

At positive potentials the predicted concentration
of ferrous ions in long narrow cracks was found to
exceed the solubility limit of ferrous chloride, viz.,
~4.5M. To account for this a reduced dissolution rate
was assumed with the condition [Fe2+] S 4.5M. This
was only necessary at quite positive potentials (> —600
mV SCE) for the crack dimensions examined and is
indicated by a marked decrease in the rate of change
of the potential drop with external potential (Fig. 6).
It should not be expected that this theoretical model
would accurately predict the pH or potential drop in
concentrated solutions since it is well established that
the activity coefficient of the various dissolved species,
in particular the hydrogen ion, can increase signifi-
cantly with increasing salt concentration (20-22). In
addition, deposition of a salt film on the metal surface
could lead to a significant potential drop across the
film (23).

Effect of Crack Length and Crack Width

The influence of the reactions at the crack tip is an
important factor in analyzing the effect of crack length
and crack width on the pH and potential drop. When
the flux at the crack tip was set to zero it was ob-
served that for a range of parameters this had a negli-
gible effect on the solution composition or potential.
For example with | = 2 mm and w = 10 um the differ-
ence in potential drop and concentration of the various
species in these conditions was less than 0.4% for a
range of potentials. It can be shown (15) that when
the mass transport equations are expressed in non-
dimensional form the length and width always appear
as the combined parameter 12/w except in the boundary
conditions at the crack tip, but since these have only a
minor effect on the solution composition and electrode
potential in the crack, they can be neglected. Hence
the effects of crack length and width on the normalized
concentration and potential profiles can be expressed
in terms of the combined parameter 12/w, certainly for
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12/w > 400 mm which probably includes most practical
crack dimensions. This is a useful parameter because
it implies that similar values of the pH etc. at the
crack tip (xr = 0) should be obtained for different
values of | and w provided 12/w is unchanged. How-
ever this is only relevant to a slot-like crack and for a
wedge-shaped crack the important parameter is l/tan @
where ¢ is the crack angle.

It is evident from Fig. 5(a) and (b) that the pH at
the crack tip increases as 12/w increases at all poten-
tials (although it should be noted that while the pH is
a function of this parameter it is not directly propor-
tional to it). At potentials S —800 mV (SCE) where
the pH depends only on reduction of water it would be
expected (15) that the pH would increase with in-
creasing 12/w as is indeed observed. At more positive
potentials the situation is more complex because the
potential drop is more significant and also the limita-
tion on the ferrous ion concentration is an important
factor. In the absence of these factors the hydrogen-ion
concentration would be predicted to be invariant with
crack length or width (10) since the parameter 12/w
appears in the equations involving dissolution and also
cathodic reduction (15). However the potential drop
increases with 12/w (F'ig. 6) and the potential in the crack
is consequently more negative than that associated
with the external surface with the result that the pH
tends to be higher. In addition since the rate of dis-
solution is limited to maintain [Fe2+] f [Fe,2* equil.,
but no such restriction is imposed on the rate of hy-
drogen evolution, the pH will tend to increase with
12/w.

The effect of crack dimensions on the potential drop
is shown in Fig. 6 and can be explained as follows. At
potentials 2 —800 mV (SCE) it would be expected
that the potential drop would increase when 12/w in-
creased, but the extent was very much less than ex-
pected despite a large change in I2/w and was too
small to be distinguished on the scale used in Fig. 6.
The reason is that the pH tends to increase with 12/w
and for pH ,>~ 10 this has the effect of decreasing the
water reduction current. Hence, despite a more re-
stricted geometry the lower current means that the
potential drop is not too significant and much smaller
than would be anticipated if the rate of water re-
duction was independent of pH. This will obviously
have an important influence on the cathodic protection
of static cracks and narrow crevices.

At more positive potentials the potential drop at the
crack tip generally tends to increase for higher values
of 12/w, but becomes limited because of the reduction
in dissolution current necessary to maintain [Fe2+]
< [Fe2*lequi. However, this latter effect may be less
significant if magnetite or ferrous hydroxide is formed
to any great extent.

Effect of Straining

Plastic strain at the crack tip will enhance the rate
of metal dissolution and also the rate of hydrogen evo-
lution (24-30). The effect on the metal dissolution rate
depends on whether the metal surface is filmed or not.
When the metal is in the active region any film present
is only partially protective, but the relative dissolution
current can increase by four orders of magnitude for
some systems (27). In the absence of a film the aver-
age increase in dissolution current is comparatively
small (less than a factor of 10) (24, 26), but calcula-
tions of local dissolution currents as specific sites, slip
step edges, or high index planes suggest much greater
local increases possibly as high as 10* depending on
slip step spacing etc. (28, 29). The cathodic reduction
current is also increased by plastic straining but ex-
periment shows that this effect is relatively small for
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structural steels in the active state (30). Consequently
only the enhancement of the metal dissolution rate
will be considered. This can be assessed simply by
varying the value of m in Eq. [23], but this would be
expected to lead to an increase in the concentration of
ferrous ions relative to the equilibrium value. In
order to ascertain the maximum effect on the solution
composition and potential this aspect was neglected.
Calculations were made for E = —700 mV (SCE),
l = 2mm, w = 10 um, and values of m equal to 103
and 10¢. With m = 108 the pH at the crack tip de-
creased from 7.4 to 7.0 and the potential drop in-
creased from 12 to 27 mV. It should be noted that the
calculated value of the potential drop in Fig. 4 is
influenced by the limitation on the ferrous ion con-
centration. With m = 104 the pH decreased to 6.6 and
the potential drop increased to 50 mV. The magnitude
of the effect is exaggerated by virtue of the fact that
a relatively wide crack was studied and hence it is
reasonable to conclude that for straining factors
f 104, the effect on the pH within real cracks will be
small for this system. This conclusion is based, how-
ever, on a steady-state analysis and may not ade-
quately represent the time-dependent phenomenon as-
sociated with localized straining at the crack tip.

Effect of Bulk pH

The effect of variation in pH of the bulk solution, at
constant potential, on the hydrogen-ion concentration
in the crack was examined in the pH range 5-10 and
the results are shown in Fig. 3 for E = —700 and —940
mV (SCE), ! = 2 mm, w = 10 pm. Numerical diffi-
culties arose in obtaining a solution at lower pH
values probably because of the range of the scale of
the data, and for bulk pH values greater than 8 the
same difficulties occurred at E = —700 mV (SCE). It
is evident from these data that the external pH has
only a marginal effect on the pH at the crack tip at
both potentials despite the fact that the crack width is
relatively large compared to more common practical
values for this crack length. It was noted previously
in this discussion that at —700 mV (SCE) mass trans-
port by diffusion had only a minor effect on the hy-
drogen-ion concentration in the crack and hence it
would not be expected that a change in the bulk con-
centration would significantly alter the concentration
in the crack. At —940 mV (SCE) where the only sig-
nificant reaction is reduction of water the explanation
is less apparent, but is clearly associated with the fact
that, at any value of the bulk pH, most of the pH
change occurs over a region close to the mouth of the
crack. The lack of influence of bulk solution pH on the
pH within the crack is consistent with the experi-
mental measurements of the pH in stress corrosion
cracks carried out by Smith et al. (2) in which the
PpH near the tip was found to be independent of the
bulk value.

Effect of Buffer Reactions of Seawater

As a substitute for seawater, 3.5% NaCl has often
been used in laboratory studies, but in the former
there are significant buffering reactions, Eq. [8] and
[9], that will tend to act against a change in the pH
of the solution. The important reaction for pH values
below 8 is represented by Eq. [8] and for pH values
above 8, by Eq. [9]. The effect of the buffering reac-
tions is shown in Fig. 7 for two potentials —700 and
—640 mV (SCE) corresponding to pH values in the
crack below the bulk value of 8, and for comparison
data obtained in 3.5% NaCl at pH 8 are also shown.
Note that the potential drop is assumed zero in this
analysis. It is evident that the buffering reaction of
seawater has a definite but only slight effect on the pH
within the crack despite the short crack length con-
sidered. The main factor determining the influence of

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

July 1982

3.5%NaCl (pH8)

/
E = -640mV (SCE)

10° seawater (pH8) i
[H*]
(moles
dm3)
1077
E =-700mV (SCE) 3.5% NaCl (pH8)
N
seawater (pH8)
1078 i

L L | L
0 04 08 12 16 2
x (mm)

Fig. 7. Effect of the buffer action of seawater on the pH within
the crack at a crack length of 2 mm and width 10 um.

the buffering reaction appears to be the rate of re-
plenishment of the buffer species, e.g., dissolved carbon
dioxide, from the bulk solution, and this is in general
slow compared to the rates of production and re-
moval of hydrogen ions. The analysis was not applied
to more negative potentials because of lack of in-
formation about calcareous deposition (31) at the high
pH values expected at these potentials.

Effect of Alloying Elements

The hydrolysis constants of various alloying ele-
ments of relevance are shown in Table I and it is evi-
dent from this that only the dissolution and hydrolysis
of chromium is likely to have any effect on the pH
within the crack. In assessing the effect of chromium
in the steel the electrochemical polarization data for
the steel BS 4360 50D was used, but it should be
recognized that the detailed electrode reaction rates
may change for a chromium-containing steel. It was
assumed further that the alloying elements dissolve at
a rate, in relation to the metal dissolution rate, in pro-
portion to its concentration in the steel. However, no
restriction on the dissolution of chromium was im-
posed when the ferrous ion concentration was limited
to its equilibrium value. The effect of chromium on the
pH in the crack is shown in Fig. 8 for a potential of
—700 mV (SCE) and Il = 2 mm, w = 10 um. It is
evident that the presence of chromium in the steel
even at the 1% level, which would correspond ap-
proximately to AISI 4340 steel, has a very significant
effect on the pH in the crack.

Table 1. Hydrolysis constants (18) (mols dm—3)

Fe2+ + H:0 = FeOH* + H*log K = — 9.5
Mn?+ + H:0 = MnOH+ + H+log K = — 10.59
Ni2+ + H20 = NiOH+ + H+log K = — 9.86

Cr3+ + H:0 = Cr(OH)2* + H*log K = — 4.0
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Fig. 8. Effect of chromium content of the steel on the pH at the
crack tip for a crack of length 2 mm and width 10 um ot E =
—700 mV (SCE).

Comparison of Theoretical Predictions and
Experimental Measurements

In order to test the predictions of the model under
well-defined and relevant conditions an artificial crev-
ice was developed to allow the measurement of the
distribution of potential and pH in the crevice (32).
The steel BS 4360 50D was used and the bulk solutions
employed were 3.5% NaCl (pH 6) and artificial sea-
water (pH 8.2). The measured potential drop at three
points along the crevice for steel in 3.5% NaCl is
compared with the theoretical predictions in Fig. 9.
The fact that one side of the crevice was inert was
taken into account in these comparisons. It is evident
that the agreement is qualitatively and quantitatively
very reasonable except at potentials more positive
than ~ —600 mV (SCE). Disagreement at these po-
tentials is not unexpected since the solution in the
crevice is predicted to be highly concentrated in
ferrous chloride, close to the limit of solubility, and
the model is based on dilute solution theory.

A comparison of the experimentally measured pH
values with the theoretical predictions is shown in
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Fig. 10. The data for both 3.5% NaCl and seawater are
included. The theoretical predictions show the same
qualitative form as the experimental results, but quan-
titatively the agreement is less satisfactory particularly
in the potential region —700 to —800 mV (SCE) where
the most rapid variation of pH with potential occurs.
The most likely explanation for the discrepancy is that
the formation of magnetite, or possibly ferrous hy-
droxide, contributes to the lowering of the pH in the
experimental crevice. Although these reactions are
likely thermodynamically they were not considered
because insufficient data are available to describe the
Kkinetics of the formation and dissolution of these com-
pounds in a form suitable for inclusion in the model.
It is pertinent to note that the ferrous-ion concentra-
tion predicted by the model in this potential region
significantly exceeds the equilibrium value associated
with magnetite formation and hence magnetite forma-
tion would be expected. This would result in a lower-
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ing of the pH and a decrease in the ferrous-ion concen-
tration. The extent of metal deposition must therefore
be reconsidered in this context.

In addition to the effect of magnetite formation the
pH could be limited in principle because of the re-
versibility of the hydrogen electrode. Calculation of
the partial pressure of hydrogen in the crevice is not
straightforward, but for these dimensions and the
range of potential and pH considered it is unlikely to
be less than 10-! atm. The dependence of the revers-
ible hydrogen electrode, at this partial pressure, on
the pH and potential is shown in Fig. 12, but it should
be noted that in comparing this with the experimental
and theoretical pH values allowance must be made for
the potential drop in the crevice that is significant at
potentials = —700 mV (SCE). At potentials between
—700 and —800 mV (SCE) the pH values predicted
by the model are in excess of those associated with
the reversible hydrogen electrode. This suggests that
the reverse reaction of hydrogen-ion formation would
limit the increase in pH but, in view of the uncer-
tainties involved in this analysis based on equilibrium
partial pressures in a crack, the formation of magnetite
is considered to provide the more likely explanation
for the discrepancy between the predictions of the
theoretical model and the experimental results.

Relation Between Crack Electrochemistry and
Crack Growth Rates

The essential objective in studying the electrochemi-
cal conditions in cracks is to predict the rates of metal
dissolution and production of hydrogen atoms at the
crack tip since these will influence the rate of crack
growth. The uncertainty in the extent of magnetite
formation and metal deposition makes predictions of
the dissolution rate at the crack tip subject to con-
siderable error. Although prediction of the rate of
production of hydrogen atoms due to hydrogen-ion re-
duction and water reduction is subject to the same
limitations there is, nevertheless, considerable value in
examining this on a qualitative basis. A schematic plot
of the variation of the total cathodic reduction current
(hydrogen ions and water) at the crack tip as a func-
tion of potential and for various values of 12/w is
shown in Fig. 11. The total current is observed to be a
minimum at a potential E; and to peak at a potential
E; for each crack dimension. A further minimum,
plateau, or change of slope may be observed at more
negative potentials depending on the magnitude of the
parameter 12/w. The appearance of the minimum at E;
is associated with the fact that as the potential is made
more negative the pH of the solution in the crack in-
creases, mainly because of reduced dissolution and
hydrolysis, and this has a greater effect on the current
density for hydrogen-ion reduction than the variation
in potential (because of the high Tafel slope). The rate
of reduction of water increases as the potential is made
more negative and is independent of pH except at high
pH values ( 2 10). A potential is reached, viz., E;, at
which the current density for water reduction is equal
to that for reduction of hydrogen ions. The pH at
which this equivalence is obtained will depend on the
polarization characteristics of the individual steel, but
for the steel BS 4360 50D in 3.5% NaCl it is about 5.4.
However, these polarization measurements in 4360 50D
steel were made using a stationary electrode and Turn-
bull and Gardner (11) pointed out that because activa-
tion control of the current density occurred only over
a narrow range of potential, uncertainty in the hydro-
gen-ion concentration at the surface could mean that
this value is somewhat low. Nevertheless, the potential
at which this pH value in the crack is obtained will
depend on the crack dimensions and tend to more posi-
tive values as 12/w increases.
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Fig. 11. Schematic illustration of the total current density for
production of hydrogen atoms at the crack tip as o function of
potential at the tip, for different values of 12/w.

The peak in the rate of production of hydrogen
atoms at potential E; is associated with the onset of a
decrease in the rate of reduction of water when the
pH exceeds 10. The current density decreases initially
for potentials <Es, but then subsequently increases as
the potential is made still more negative. This is be-
cause the extent of the influence of pH on the rate of
reduction of water decreases as the potential is po-
larized to more negative values. As 12/w decreases the
potential Es corresponding to pH ~ 10 will tend to
more negative values [Fig. 5(a) and (b)], and the
subsequent decrease in current density will be less
significant because the influence of pH is diminishing
for the reason described above.

The above ideas can be demonstrated in practice
using the potential and pH data obtained experi-
mentally in an artificial crevice (32) and the data
obtained by Smith et al. (2) for a stress corrosion
crack in AISI 4340 steel. The calculated current den-
sities are shown in Fig. 12 as a function of the poten-
tial close to the tip of the crevice or crack. Note that
polarization data for BS 4360 50D steel were used in
performing these calculations. The lower pH values
obtained by Smith et al. for the 0.88% chromium steel
result in a minimum at —700 mV (SCE), but for the
BS 4360 50D steel the calculations suggest the mini-
mum occurs at potentials more positive than —660 mV
(SCE) (the limit in polarization due to potential drop
effects). At more negative potentials a peak in the
current density is observed for BS 4360 50D steel, but
this is less well-defined for the AISI 4340 steel. The
value of 12/w for the artificial crevice was 7260 mm,
but calculation of this parameter for the stress cor-
rosion crack is not readily possible in the absence of
the relevant data. However, it seems reasonable to
assume that the crack length was short since the
thickness of the specimen was only 3 mm and this
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Fig. 12. Calculation of the total current density for production
of hydrogen atoms at the crack tip as a function of potential at
the tip, based on experimental pH and potential measurements.

would tend to suggest a lower value of 12/w. Actual
measurement of the current entering the artificial
crevice has been made (Fig. 12) (32), but the absence
of a minimum in the current density at about —850
mV may be attributed to the oxygen reduction current
at the mouth of the crevice that may have obscured the
features described above, It is intended to repeat these
measurements in deaerated solution at a future date. If
the mechanism of stress corrosion cracking in the AISI
4340 steel is associated with hydrogen interaction with
the steel at all potentials as suggested by Brown (33)
then the crack growth rate should be related to the
rate of production of hydrogen atoms depicted in Fig.
12. The actual crack growth rate data (33) do indicate
a minimum, but at a potential of —800 mV (SCE).
This is 100 mV more negative than the value calculated
above, but this calculation was based on polarization
data for BS 4360 50D steel, and in addition the pH of
5.4, corresponding to equivalence of the rates of hy-
drogen-ion reduction and water reduction, was con-
sidered to be possibly somewhat low.

The small plateau region in Fig. 12 at potentials
~ —1025 mV (SCE) was not observed in the crack
growth data, but this is not unexpected in view of
the errors in monitoring and evaluating crack growth
rates. It would clearly be useful to conduct polariza-
tion tests on AISI 4340 steel using a rotating disk elec-
trode to obtain more reliable data.

An important point to note about the calculations
associated with Fig. 12 is that they are based solely
on experimental data and do not involve theoretical
modeling.

Conclusions

1. The potential drop in a static crack in the steel
BS 4360 50D in 3.5% NaCl is predicted to be significant
at potentials positive to the free corrosion potential
[~ —700 mV (SCE)], but at more negative potentials
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it is small and can be neglected for potentials more
positive than —1V. The important implication is that
cathodic protection of narrow cracks or crevices in
structural steels in 3.5% NaCl should not be limited
significantly by potential drop. :

2. The pH in the crack, in the same system, is
predicted to be greater than or about 6 (the bulk pH)
for potentials in the crack more negative than —660
mV (SCE).

3. Increasing the crack length and decreasing the
crack width lead in general to an increase in the po-
tential drop and an increase in the pH.

4. The pH at the crack tip is predicted to be almost
invariant with change in the pH of the bulk solution.
It is influenced by the buffering action of seawater, but
the effect is relatively small in the absence of cal-
careous deposition.

5. Comparison of the theoretical predictions of the
model with experimental measurements of the poten-
tial drop and pH in an artificial crevice using the
steel BS 4360 50D in 3.5% NaCl and in seawater has
shown good agreement with regard to the variation of
the potential drop with external potential, but the pre-
diction of the pH was less satisfactory particularly at
potentials in the range —700 to —800 mV (SCE). The
formation of magnetite, which was not included in
the model, is suggested to explain the discrepancies
observed.

6. The presence of chromium in the steel is pre-
dicted to have a very significant effect on the pH of the
solution in the crack even at the 1% level.
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Electrochemical Studies of the Film Formation on Lithium in

Propylene Carbonate Solutions under Open-Circuit Conditions
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ABSTRACT

The nature of protective surface layers formed on lithium in propylene carbonate solutions of LiClO, and LiAsF;
at open circuit has been investigated by electrochemical pulse measurements. The results are consistent with the fast
formation of a compact thin layer resulting from the reaction with residual water. This layer acts as a solid ionic
conductor. Slow corrosion or decomposition processes produce a thicker porous overlayer.

Lithium is thermodynamically unstable in contact
with most nonaqueous battery electrolytes and can be
used only because of the formation of protective films
on the metal (1). It is now generally assumed (2-5)
that in most cases the rate-determining step (rds) of
the dissolution~deposition process of alkali metals in
nonaqueous solutions is not the electron charge trans-
fer but the migration of cation lattice defects through
the surface layer. Properties of films on Li in propyl-
ene carbonate (PC) solutions have been shown to
affect the cycling efficiency of secondary Li electrodes
(6,7). Alloying with an aluminum substrate has been
found to be beneficial (8). On the basis of SEM ob-
servations, Dey (1) has derived the formation of an
“extremely thin” LisCOs layer on Li on PC. The same
author, as well as Peled (3), has used the previous
data of Scarr (9) dealing with the ‘dual Tafel behavior
of Li in PC solutions in order to support his assump-
tion of the existence of a surface layer and its in-
fluence on the electrode kinetics. Scarr had analyzed
his experimental results by means of the Butler-Vol-
mer equation.

The aim of this study is to investigate the kinetics
of film formation on lithium in propylene carbonate
solutions with different solutes and to determine some
film characteristics such as resistance conductivity, and
thickness.

Two principal ways of investigating these problems
were chosen: electrochemical (galvanostatic pulse
techniques) and optical (ellipsometry). This paper is
dealing mainly with electrochemical measurements,
while the results from ellipsometry will be presented
separately. The basic assumption of this study is that
lithium in PC is covered by a dense surface layer. It
acts as an Li-conducting solid electrolyte (6) with no
electronic conductivity and has been called solid elec-
trolyte interphase (SEI) (3). The capacitance across

* Electrochemical Society Active Member.
1Permanent address: Central Laboratory of Electrochemical
Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria.
Key words: interfaces, batteries, corrosion, films.

this film is assumed to be electrically connected in
series with that of the electrolytic double layer.

The electrochemical behavior of SEI electrodes will
be governed by the properties of the SEI. When the
SEI is thick enough, the migration of ions through it
may be the rate-determining step. In this case it is
possible to use the basic equation of the classical
theory of ionic conduction in solids developed by
Frenkel, Varwey, Cabrera, Mott, and Young (10)

i = 4qyFan; exp (—W/RT) sinh (aqFE/RT) [1]

where i is the current density, g the charge of the
mobile ion, » the vibration frequency, W the barrier
energy, a the half-jump distance, and E the electric
field strength. At high electric fields, Eq. [1] can be
simplified to

i=1i,exp (BE) = i,exp (Bn/Y) [2]

where 1, is the zero-field ionic current density, B is the
field coefficient, n is the potential difference across the
film, and Y is the film thickness. Equation [2] repre-
sents a Tafel-like polarization dependence.

From this equation a Tafel slope, b, which increases
with the film thickness, is obtained

b =23Y/B [3]
For low electric fields Eq. [1] reduces to Ohm’s law
i=m/Y [4]

where « is the specific conductivity of the SEI. The
reaction resistance R, of an electrode is defined as

Ry = (/i) 5]
Thus

Ry=1/k XY [6]
When the field strength approaches zero, one obtains
from Eq. [1]

(i)g=0 = i,BE (7

Ohm’s law is then applicable and Eq. [4] and [7] re-
sult in
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k = (9i/9E)g=0 = i,B [8]

where i, is the extrapolated zero-field ionic current
density.

Experimental

An electrochemical cell was built to make simulta-
neous electrochemical and ellipsometric measurements
in situ. Clean, optically smooth lithium electrodes were
prepared and inserted into the cell in inert atmosphere
by pressing 3 mm thick, 5 cm2 round lithium disks
(Foote Mineral, high purity, scraped with a blade) on
a polycarbonate foil [cleaned with hexane, alcohol,
boiling water (1 hr), steam (2-3 hr), and dried in
vacuum at 90°-100°C] in a special jig. The cross section
of a 3.2 mm diam freshly extruded Li wire, positioned
1 mm from the periphery of the test electrode, served
as reference electrode. Two types of solutions were
used

(a) propylene carbonate—LiClO4
(b) propylene carbonate—LiAsFg

Propylene carbonate (Burdick and Jackson, Muskegon,
MI 49442; distilled in glass) was distilled in a low-
pressure distillation column under He atmosphere. The
reflux ratio was between 60 and 100, and the head
temperature was 145°C. Gas chromatographic analysis
showed the water content to be always below 50 ppm.
LiClO4 (Alfa p.a.) was dried under vacuum (4-5 mm
Hg) at 220°C for 48-73 hr. LiAsFs (Alfa p.a.) was
dried under vacuum at ambient temperature for 7-8
days.

The solutions with 0.05 and 0.1% H;O were prepared
by adding water to PC. The solutes were dissolved in
the above solutions. In order to avoid any possible re-
action of PC vapor with the lithium surface before
contact with the liquid, different glove boxes were
used for the preparation of electrodes and solutions.

The delay in electrochemical measurements from the
moment of electrode scraping was up to 30-45 min; the
delay after electrolyte filling was 15-30 sec. Film for-
mation under open-circuit conditions was followed by
periodic determinations of electrode capacitance and
polarization resistance R, = (gn/9i)n=0 by means of
the galvanostatic pulse polarization technique. For the
capacitance measurements, pulses were typically of
0.1 mA/cm?2 amplitude and 5 usec duration; for polar-
ization measurements, amplitudes typically were 1-20
mA/cm? and duration 10 msec. Ohmic potential drop
in the electrolyte was derived from the initial fast po-
tential rise of the short pulses. The transients were
recorded with a Tektronix 5111 storage oscilloscope,
equipped with a Tektronix C-50 camera. A 214B Hew-
lett Packard pulse generator was used either through
a high resistance or through a potentiostat with 2 usec
risetime (PAR-371).

The capacitance was derived from the initial slope
of short n — t transients (5-10 usec). Anodic and cath-
odic pulses produced the same results. The steady-
state IR-free overpotential values for the determina-
tion of R, were obtained from oscilloscopic traces with
a duration of up to 20 msec. To avoid damage to the
film, pulses with the smallest possible electric charge
were applied.

Results and Discussion

Film thickness.—The thickness Y of the film formed
during contact of the lithium electrode with propylene
carbonate solutions has been derived from the capaci-
tance measurements by use of the formula for two
capacitors connected in series (3, 4)

Y = 0¢/0.113C — Y’e/¢'[A] [91

where e is the dielectric constant of the lithium film,
¢ = 65 that of PC, C is the capacitance of the elec-
trode in uF/cm2, and o is the roughness factor, which
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is assumed to be unity. The thickness Y’ of the Helm-
holtz layer in concentrated electrolytes can be ap-
proximated by the length of the dipole (ca. 5A for
PC); the second right-hand term in Eq. [9] can there-
fore be neglected. In order for Eq. [9] to be used, the
film dielectric constant and the film morphology should
be known.

Dielectric constant of film material.—According to Dey
(1) and Dousek et al. (11), PC reacts with Li to form
Li2CO3. On the other hand, Butler et al. (12) have
demonstrated the predominant role of small amounts
of water in the kinetics of fresh Li surfaces. Dousek
et al. have pointed out the lack of any decomposition
reaction in the bulk Li surface, and even a drastically
decreasing rate of PC decomposition on Li amalgam at
only 45 ppm H:O in the PC-LiClO4 solution. Recently,
Epelboin et al. (13) have claimed, by ESCA analysis,
that PC leads to the chemical formation of a polymeric
membrane on the Li substrate.

Investigation of the composition of the films formed
on Li in different PC solutions by Auger spectroscopy
has so far been inconclusive [see surface film observa-
tions—Auger electron spectroscopy (AES)]. For the
calculation of film thickness from pulse measurements
a dielectric constant of 5 was used. This value is close
to that of LioCO3 (14), and results in a lower limit of
film thickness. One should keep in mind that, for ex-
ample, with ¢ = 10 [which is close to the value of 8.9
for LioO (15)] the film thickness would be twice that
shown here. This difference does, however, not affect
the present conclusions.

Morphology of film.—The primary passive film formed
on Li in SOCI;-LiAlCls solutions has recently been
shown to be dense and pore-free (4). The porosity of
films formed in pure propylene carbonate over periods
up to 120 hr was investigated by immersion in solutions
of different conductivity (0.15M and 1.0M LiClO4/PC).
The electrode capacitance and polarization resistance
were found to be the same for both solutions and did
not change during two days (C = 0.14 + 0.02 xF/cm?2
and R, = 380 + 20 O cm?). This result is evidence for
the absence of electrolyte-filled pores in the film which
controls the pulse measurements.

As will be shown further, higher water amounts in
the PC solutions increase secondary porous film forma-
tion. The porous film does not possess protective prop-
erties and presumably would influence the passive be-
havior of lithium in PC solutions to a negligible ex-
tent, since the passivity of Li is governed by the
primary nonporous film.

High-field experiments—The steady-state IR-free
overpotential values were calculated from the tran-
sients in the range of current densities between 0.050
and 20 mA/cm?2. At the higher current densities (i.e.,
higher electric fields, above about 108 V/cm), a Tafel-
like polarization dependence is expected (Eq. [2]).
Figure 1 presents a series of Tafel plots obtained by
the pulse technique after immersion for 0-6 days, re-
sulting in different film thicknesses. As required for a
field-assisted ion current across an insulating film, the
Tafel slope, b, increases with film thickness. The ex-
trapolated lines intersect at zero overpotential at the
zero-field current density, i, = 3 mA/cm?2.

Curve 1 of Fig. 1 was obtained a few minutes after
electrolyte filling. The value of the zero-field current
density i, of 5.5 mA/cm?2 obtained by this plot can
be compared to exchange currents reported by other
authors in terms of the electron transfer reaction
mechanism. For example, Butler et al. (12) have re-
ported an extrapolated value of the exchange current
in 0.001M H,O/PC/LiClO4 on freshly cut Li surface of
12 mA/cm?2. An exchange current of 3.3 mA/cm?2 was
reported by Epelboin et al. (13) by using anodic po-
larization techniques for surface clzaning. The value
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Fig. 1. Tafel plots at constant film thickness (derived for ¢ = 5,
anodic polarization), curve 1, 25A; curve 2, 37A; curve 3, 654;
curve 4, 1034; curve 5, 1304; curve 6, 138A; curve 7, 162A.

of 5.5 mA/cm? obtained in this study for the specularly
reflecting Li surface agrees well with the value of 12
mA/cm2 (12) for a roughness factor of 2-3 given by
the previous authors (13). This is evidence for com-
parable cleanliness of the Li surfaces used in both
studies.

This higher value of i, obtained just after immersing
the electrode, as compared to the zero-field current
(2.7-3.0 mA/cmz2), suggests that immediately after elec-
trode immersion into the solution the electron charge-
transfer step is rate determining.

The electrode capacitance of 1.3-1.6 uF/cm? is lower
than that of the double layer which supports the pres-
ence of a film of 15-30A (e = 5-10) at the time of im-
mersion.

The value of the field coefficient B (Eq. [3]) may be
obtained from the slope of the b-Y plot presented in
Fig. 2. This value, B = 1.2 = 0.1 X 10~¢ ecm/V, is very
close to that of typical barrier films (10).
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Fig. 2. Relationship between film thickness Y and Tafel slope b
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Fig. 3. Tafel plots, log i vs. E, in different propylene carbonate
solutions, 30-200A films: curve 1, 0.5M LiAsFg; curve 2, 0.5M
LiClOy4; curve 3, 0.5M LiClIO4 + 0.1% H20.

Plots of log i vs. field strength E in different solu-
tions are given in Fig. 3. It is found that the current
density does not depend on the film thickness. This
finding supports the assumption of the rate-determin-
ing step being the ion migration through the film.
From the plot log i — E, using Eq. [2] the value of B
can also be determined. It can be seen that adding
water to LiClOy4 solutions decreases the field coefficient,
B (slope, Eq. [2]). For LiAsFg solutions, the field
coefficient is larger (1.8 = 0.1 x 10—% cm/V). The
zero-field current density is the same for the three
solutions (2.9 += 0.2 x 10—3 A/cm?2), indicating similar
film properties in different media. These values of B
and i, were used to calculate the specific conductivity
of the film by the low-field approximation, Eq. [8], re-
sulting in (3.1 = 0.25) x 10—2 9~1 ecm~1 for LiClO4
solutions and (5.1 = 0.2) X 10~2 9~ ! em~—! for LiAsFg
solutions.

Experimentally determined values of the Tafel
slope, b, at different film thicknesses can be derived
from Fig. 1. As has been seen from Eq. [1]-[3], the
Tafel slope is equal to

b = 2.3RT Y/aqF [10]
For ¢ = 1 and a = 34, this formula is simplified to
b(mV) =20Y [11]

A comparison between the experimental and theo-
retical values of b is given in Table I. If one considers
that other combinations of dielectric constant e and
half-jump distance a of the film could be used, the

Table 1. Comparison between experimental and theoretical

Tafel slopes

btneor. =

Y (A) bexp (mV) 20Y (mV)
25 46( 500
37 670 740
65 1150 1300
103 1840 2060
130 2400 2600
138 2650 2760
162 3255 3240
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agreement of measured and computed Tafel slopes (for
e = 5 and a = 34) is satisfactory.

Low-field experiments.—Figures 4 and 5 present typi-
cal sets of experimental plots reflecting the increase
of the electrode resistance R, and the reciprocal ca-
pacitance 1/C with time for Li electrodes immersed
in PC/LiClO4 and PC/LiAsFg solutions, respectively.
It was found in more than 30 experiments that all 1/C
— R plots intersect at the same point with the co-
ordinates: 1/C = 0.70 = 0.10 cm2/uF and R = 8 = 2 o
cm?. This observation supports the existence of a ca-
pacitance connected in series with the capacitance
across the passive film. This capacitance is low com-
pared to that of the Helmholtz double layer (10-20
wF/cm?) (8,12,13), and probably it is a capacitance
of a surface layer formed in the glove box (16).

Hence the thickness of the film formed during the
contact of lithium with the solution can be calculated
from Eq. [12] instead of Eq. [9]

Y =885 X 1078« (1/C — 1/Cyq) (cm) [12]

where C is the film capacitance and Cq4 is the inter-
section of the plot (1/C — R,) with the 1/C ordinate
(actually this involves an error of a few A if, instead
of R, = 5-8 @ cm?, R, = 20 is taken).

From the slope of 1/C — R,, using Eq. [6] and [12],
the values of specific conductivity of the primary
passive film in different PC solutions can be derived.
This value for PC/LiClO4 solutions is 2.7 =+ 0.2 X
109 0~1 em~1! (Fig. 4) and for PC/LiAsFg — 5.1 =+

o

o

n

Reciprocal Capacitance 1/C, cmz-,uF"
o

o

| | I

200 400 600 800
Resistance Rp, ohm-cm?

Fig. 4. Reciprocal capacitance, 1/C vs. polarization resistance,
Ry, in the following propylene carbonate solutions: O, e, 1M
LiClO4; ¥, IM LiCIOs + 0.05% H20; V¥, IM LiCIO4 + 0.1%
H20; [J, 0.5M LiClO4 + 0.1% H:0.

1 | 1 1
100 200
Resistance Rp, ohm-cm?

Reciprocal Capacitance 1/C, em? - uF!

.

1
300
Fig. 5. Reciprocal capacitance, 1/C vs. polarization resistance

Rp, in hexafluoroarsenate solutions. @, (O, 0.5M LiAsFg; A, 0.5M
LiAsFg + 0.1% H20.
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0.25 X 10-9 9~! em~! (Fig. 5). Both are very close to
the value of «, estimated from the low-field approxi-
mation (Eq. [8]).

Effect of water.—Figure 6 presents the change of the
electrode resistance during the time of immersion. In
the same figure, curves 1 and 2 are for 0.5M LiAsFg
solutions with 20 and 1000 ppm H;O, respectively, and
curves 3, 4, and 5 are for 0.5M LiClO4 solutions with
20, 500, and 1000 ppm H;O, respectively. The curves
show that the rate of film formation increases with
water concentration. This trend is much stronger in
PC/LiClO4 solutions than in LiAsFs.

From Fig. 5 it can also be seen that there is no
difference between the conductivity of films formed
in PC/0.5M LiAsFg with 20 ppm H,O and those with
1000 ppm HyO. On the other hand, the film conduc-
tivity in LiAsFg solutions is always higher than in
LiClO, solutions independent of the water concentra-
tion. For example, from the lower two curves in
Fig. 4, one calculates values of 0.8 to 1.5 X 1079 cm~—1
01 for « for LiClO4 solutions with 500-1000 ppm H,O.
The corresponding value for LiAsFg solutions (Fig. 5)
is 3-4 times higher. The former values are 2-3 times
lower than the conductivity of passive films formed
in LiClO4 solutions with 20 ppm HyO (2.5-3.5 x 10—°
Q-1 em™1),

The same tendency of thin film conductivity change
is also demonstrated from the high-field experiments
(see Fig. 3), but to a lesser extent. For example, the
expected field coefficient, B, for PC/0.5M LiClO4 solu-
tions with 1000 ppm of water should be approximately
two times lower in order to fit the calculated value of
specific conductivity according to Eq. [8] (x = i,B) to
that obtained from low-field experiments (Fig. 4)-
This disagreement, found only in PC/LiClO4 solu-
tions of high water content, is probably due to some
influence of the secondary porous film. On the other
hand, it is noteworthy that the Tafel plots log i — E
taken from the passivated lithium electrode in pure
PC, PC with 0.5M LiAsFg and PC/LiAsF¢ with 1000
ppm HyO show the same slope, the same field coeffi-
cient B = 1.8 X 10~6 V—1 ecm, and zero field current
density i, = 2.7 X 103 A/cm? (Fig. 7). The specific
conductivity calculated using these values of B and i,

I I I
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Fig. 6. Time dependence of Li electrode resistance in different
propylene carbonate solutions: curve 1, 0.5M LiAsFg; curve 2, 0.5M
LiAsFg + 0.1% H20; curve 3, 0.5M LiClOy; curve 4, 0.5M LiClO4
+ 0.05% H20; curve 5, 0.5M LiClIOs + 0.1% H20.
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is very close to the one found for LiAsFg solutions
from low-field experiments (see Fig. 5), 49 x 10~9°
Q lem™L

This observation supports the following ideas: (i)
passive layers are formed the same way in PC without
any salt and with LiAsFg as solute, (ii) LiAsFs does
not take part in the film formation, and (iii) film is
formed as a result of reaction of Li with water im-
purity. The last suggestion is reinforced by the in-
crease of the rate of formation with increasing water
concentration.

A surprising result from this set of experiments was
that lithium corroded faster in PC (without salt) con-
taining 0.1% HO than in solutions of LiClOs and
LiAsFg with the same amount of water (Fig. 11-12).
After seven days of immersion in PC with water, a
mirror-like bright lithium surface turns dark gray.
This has never happened in the solutions with LiClO4
or LiAsFg with the same water concentrations. The
water activity appears to be reduced by the presence
of salts.

So far, there is no reasonable explanation for the
decrease in film conductivity with increasing water
content of LiClO; solutions. However, the fact that
even in LiClOy solutions with low HO concentration
the film conductivity is always lower than in LiAsFg
solutions and pure PC suggests the important role of
LiClOy4 in the film formation.

Effect of cathodic pulse polarizations.—The overpo-
tential behavior of the Li electrode in PC/LiClO4 was
found to be different for anodic and cathodic po-
larization. In Fig. 8, the difference between cathodic
and anodic overpotentials, An, is related to the film
thickness for 0.5 and 1 mA/cm? current pulses of 10
msec duration.

The higher overpotential (or higher resistance) of
the process of the Li deposition in LiClO4 can be at-
tributed to the difficulty of the Lit+ transport across the
solution/film or the film/metal interfaces. In PC/
LiAsFg solutions completely symmetric behavior was
observed up to 15 mA/cm2. A similar effect of asym-
metric overpotential behavior of magnesium elec-
trodes in SOCI, solutions was reported by Peled and
Strase (17). They explained the effect as being due
to the rather difficult process of solvated molecules
shedding their solvent before entering the passivating
layer. The dependence of the excess cathodic voltage
An on film thickness (Fig. 8) is, however, not con-
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Fig. 8. Dependence of the excess voltage, A, on the film thick-
ness in 1M LiClOy4 at: curve 1, 0.5 mA/cm2; curve 2, 1 mA/cm2

sistent with solvent molecule shedding at the solution/
passive layer interface.

Film growth.—As it was recently demonstrated (18),
a good agreement with experimental results of the
passive film growth in SOCl;-LiAICly solutions can be
obtained if an additional slow film corrosion is taken
into account. The corrosion rate is assumed to rule
the growth of the secondary porous film in the postu-
lated dual-film model.

The same approach is used in this study, especially
for solutions containing 0.05 and 0.1% H,O where the
corrosion rate is higher. The equations used are

v = (Y/9t) = vg — Ve [13]
V= Ad)Vm k/YF — v, [14]
v=A/Y — v, (cm/sec) [15]

Here v is the instantaneous net rate of film growth cal-
culated by graphical differentiation of the Y-t curves,
vg is the rate of the primary passive film growth by
field-assisted ionic migration in the solid phase, v, is
the rate of corrosion assumed to be independent of film
thickness and time, A¢ is the potential difference in the
film, V,, is the molar volume of the passive film in
cm3/mol, and « is the specific conductivity of the film.

In Fig. 9, v is plotted vs. the reciprocal film thick-
ness 1/Y. The slopes of the plot » ws. 1/Y yield the
kinetic constant, A, the intercept with the abscissa
gives a steady-state thickness Y, for v = 0. Under this
condition, Eq. [15] yields the corrosion rate of the film

ve = A/Y, (cm/sec) [16]

Table II presents the kinetic data obtained from the
plots in Fig. 9. For comparison, data on Li in SOCly/
LiAICly are also included (18).

Film growth rates derived from simultaneous ellip-
sometric measurement in the same solutions (19) are
of the same order of magnitude as those presented in
Table II. For example, ellipsometry gives for v. in
PC/1M LiClOy4 solution with 0.1% H2O a value of 0.15-

Table 11. Kinetic data of film growth in different media

& x 100
Y Q1 A Ve
Electrolyte (A) cm-!) (cm?sec) (cm/sec)
PC/0.5M LiClOs, 0.1% H:=0 114  0.81 1.3 x 1018 1.15 x 10-2
PC/1.0M LiClOs, 0.1% H:0 167 1.34 1.8 x 10-18  1.08 x 10-1*
PC/0.5M LiAsF, 0.1% H:0 167 5.3 4 x 10-18 2.4 x 10-2
SOCI/1M LiAICls 200 0.64 2 x 107 1 x 16-'
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Fig. 9. Dependence of the net rate of film growth, v, on the
reciprocal film thickness, 1/Y. Propylene carbonate solutions with
0.1% H20: curve 1, 0.5M LiClOy4; curve 2, 1.0M LiCIOy4; curve 3,
0.5M LiAsFg.

0.3 X 10—12 cm/sec, assuming a constant growth of the
porous film during 10 days of storage.

Corrosion rates of Li in PC solutions can be seen
to be two orders of magnitude lower than in SOCIz-
LiAICl4 solutions.

Temperature dependence—With a dielectric con-
stant of 5, assuming that ¢ does not depend on the
solute and the film density, a field constant B, typical
for barrier films, was derived. This value is for PC/
LiAsFg 1.8 = 0.2 x 106 V—1 cm, and for PC/LiClO4
solutions 0.8 to 1.3 x 10—6 V—1 cm, depending on the
water content. This agreement of the experimental re-
sults with the basic equation of the ionic transport,
and especially the accuracy of the experimentally
found thickness used for calculating the kinetic con-
stants, could be determined once more.

Following Young (10), the Eq. [2] i = i, exp (BE)
is valid when the backward current is negligible com-
pared to the forward current. Hence, the ratio P will
indicate this validity

P =exp — (W — qaE)/exp — (W 4 qaE) [15]

where W is the activation (barrier) energy, q is the
ion charge of the mobile ion, a is the half-jump dis-
tance, and E is the field strength.

The apparent activation energy of the ionic conduc-
tivity was assessed by the temperature dependence of
x of the passive film, formed in PC/0.5M LiClOy4 in the
temperature range —20° to 420°C. The Arrhenius plot
(Fig. 10) yields 0.61V. This value with ¢ = 3A and
q = e for a field E = 106 V/cm gives P ~ 10. This
means that at electric fields of 108 V/cm a Tafel-like
behavior is expected. The experimental results sum-
marized in Fig. 3 and 7 have confirmed this theoretical
expectation.

Surface-film observations.—Scanning electron mi-
croscopy (SEM).—Electrode surfaces resulting from
exposure to pure PC and solutions of LiClO4 and
LiAsFg of different water content have been examined
by SEM. The lithium specimens were transferred from
the glove box to the SEM in a transfer device under
10-20 mTorr of helium. Transfer time was about 1 hr.
The film morphology was found to depend on the elec-
trolyte composition as well as on storage time. With
higher water concentration and longer storage time, a
coarser crystalline film with higher porosity was ob-
served. At low water concentration the film formed in
LiClOy appears less porous than that formed in LiAsFég.
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Fig. 10. Temperature dependence of the ionic conductivity
through the film on lithium formed in 0.5M LiClOy4 solution.

However, nearly the same rough and porous structure
was observed in both solutions when the water level
was increased to 0.1%.

Microstructures seen in scanning electron micro-
graphs agree with the findings about the importance of
electrolyte salts for film growth and corrosion. A pore-
free dense structure was observed after exposure to
pure PC. This structure is consistent with electrochem-
ical experiments mentioned before. The porous over-
layer formed in less than six days was assumed to
possess low protective properties, and not to influence
the investigated Li passivity. This assumption may not
be valid for the longest exposure times.

Auger electron spectroscopy (AES).—Auger spectra
and depth profiles on Li electrodes stored in different
PC solutions have been determined. The most repro-
ducible results were obtained with lithium stored in
PC without salt. A 5 min depth profile of Li, C, O on
electrodes exposed to pure PC for two weeks shows
that the bare Li surface is reached after 3 min of
sputtering, indicating an approximate film thickness
of 400-500A based on a calibrated sputter rate of 150
A/min for Ta;05 under the same conditions. This value
is of the same order as 300-350A obtained by capaci-
tance measurements (0.12-0.14 uF/cm?; ¢ = 5). No
firm conclusions about the chemical composition of the
film could be drawn from the Auger spectra. An initial
carbon content of 33 atomic percent (a/o), which de-
creased to below 5% after 1.5 min, could have been
caused by residual CO in the UHV-chamber, and is
not necessarily indicative of the presence of LipCOs.
Oxygen content increased from 37 a/o to 50% after
0.5 min and decreased to less than 10% after 3 min.
Chlorine content decreased from 2% to less than 1%
after 0.5 min.

General Discussion and Conclusions

The present study supports the idea that the stability
of Li in PC solutions at open circuit and ambient tem-
perature can be attributed to the formation of a non-
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Fig. 11. SEM picture of Li surface after five days of storage in

PC with 0.1% H20, 1000 <.

porous ionically conducting and electronically insulat-
ing film.

The increase of film formation rate at higher water
concentration and the independence of the specific con-
ductivity of the films on the water level in PC-LiAsFg
solutions demonstrate the importance of the reaction of
Li with water in propylene carbonate solutions, which
is also supported by SEM observations. Li;O is the
thermodynamically favored reaction product. The im-
portance of water has also been pointed out by Butler
et al. (12) and Besenhard and Eichinger (20).

Recently, Froning et al. (16) and Keil et al. (21)
have shown that even at extremely low oxygen ex-
posures (66 Langmuirs) the freshly cut Li surface is
immediately covered by an Li;O film. Oxygen ex-
posure of the lithium electrode during preparation in
the dry box has been larger, and an initially present
film of 15-30A thickness is indicated by the capacitance
measurements.

In this study it has been shown that the specific
conductivity of the passive film formed in PC/LiAsFg
is two to three times higher than that in PC/LiClO4.
Anodic and cathodic overpotentials were found to be
symmetric in LiAsFg-solutions, whereas the cathodic
overpotential was higher than the anodic in LiClO4-
solutions. This finding is in agreement with that by
Brummer et al. (22) that AsFg~ improves the Li
cycling efficiency in PC solution, probably as a result
of the higher conductivity of the film formed in AsFg~
solutions as compared to films from ClO4~ solutions.

In addition to the nonporous layer responsible for
inhibiting the spontaneous reaction of lithium, a non-
protective outer porous film region seems to be formed
by a corrosion (or decomposition) process. This part
of the film does not affect electrochemical measure-
ments but is visible in scanning electron micrographs
and is found in ellipsometer measurements.
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Fig. 12. SEM picture of Li surface after five days of storage in
PC + 0.1% H20 + 1.2M LiClO4, 2000 X .
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Lithium-Aluminum Electrodes at Ambient Temperatures

T. R. Jow* and C. C. Liang*

Electrochem Industries Incorporated, Clarence, New York 14031

ABSTRACT

Investigations were conducted to study the effect of composition on the electrode potential of the lithium-
aluminum alloy system and the diffusivity of lithium in B-LiAl at ambient temperatures. The electrode potentials of
pyrometallurgically formed and electrochemically formed Li-Al alloys were determined in the LiClO, in 1,3-dioxolane
electrolyte. The various single phase and multiphase regions in terms of the alloy composition were delineated from
the el(_ectrode potentlalAcharacteristics and the results agree well with those obtained at elevated temperatures. The
behav;or of the pot'en.tlal change on electrodeposition of lithium on aluminum or lithium-aluminum suggests slow
diffusion rates of lithium in the lithium-aluminum alloy system at ambient temperatures. Both potentiostatic and
galvanostatic techniques were used to determine the diffusivity of lithium in g-LiAl. A value of (7 * 3) x 10~ cm¥sec

was found to be the chemical diffusivity of Li in 8-LiAl at 24° + 2°C.

For the development of ambient temperature sec-
ondary lithium batteries, efforts have been made by
various investigators to find organic electrolytes that
are stable with respect to lithium (1-5) and metal
substrates that form alloys with lithium to facilitate
the rechargeability of the anode (6-12). It appears
that aluminum is the most promising alloying metal
with lithium (9). Thermodynamic properties of the
lithium-aluminum alloys have been studied by Rao
et al. (8) and Garreau et al. (12) using electroformed
lithium-aluminum on thin aluminum foils. Garreau
et al. (12) also studied their kinetic properties. In
addition, lithium diffusion in the lithium-aluminum
alloy system has been studied by several workers
(14-17) at elevated temperatures, and by Schone et al.
(18) and Willhite et al. (19) at ambient and low tem-
peratures.

For the practical application of Li-Al alloys in am-
bient temperature lithium secondary cells, it is im-
portant to understand the thermodynamic propertics
and diffusion characteristics of the alloys in a practical
environment. Accordingly, investigations were con-
ducted in this laboratory using such a practical organic
electrolyte as LiClO, in 1,3-dioxolane. The electrode
potential was determined as a function of composition
for both electroformed and pyrometallurgically
formed Li-Al alloys. Furthermore, the diffusion pro-
cess of lithium in the pyrometallurgically formed Li-
Al alloys was studied at ambient temperatures.

Experimental
Materials preparation.—Lithium-aluminum alloys
with various compositions were prepared by the fol-
lowing procedure. Proper amounts of Li (Foote Min-
eral, high purity) and Al lumps (Alfa, 99.999%) were
sealed in stainless steel cans and heated at a tempera-
* Electrochemical Society Active Member.

lytKey words: alloy, diffusion, electrodeposition, organic electro-
e.

ture between 720° and 800°C for 2-3 hr, followed by
an annealing treatment. The annealing temperature
and duration depend on the composition. Alloys con-
taining higher than 60 atomic percent (a/o) of lithium
were annealed at 160° =+ 5°C for at least 72 hr, while
alloys containing lower concentrations of lithium were
annealed at 550° = 20°C for about 24 hr. After anneal-
ing, the alloys were ground to —200 mesh for use.

Lithium-aluminum alloy electrodes were formed by
pressing the Li-Al powder in a stainless steel die of
1.3 cm diam at a pressure of 6300 kg/cm? Disks of
nickel Exmet with welded nickel ribbons were used as
the electrical leads. A 25 um thick aluminum foil
(Alfa, 99.997%) was used as a starting material for the
electroformed Li-Al

The 1,3-dioxolane solvent was distilled over sodium
benzophenone ketyl in the dry box according to the
procedure used by Koch (20). Lithium perchlorate
(Cerac) was dried under vacuum at 200°C. A solution
of 2M LiClOy in 1,3-dioxolane was used as the electro-
lyte in all experiments.

Cell assembly.—A three-electrode cell was used for
potentiostatic and galvanostatic measurements. The
schematic arrangement of the electrodes is shown in
Fig. 1. The circumference and one side of the working
electrode with an Ni lead were covered by heat-
shrunk polyethylene tubing. Only one side of the elec-
trode was exposed to the electrolyte. Lithium was
used as the reference and counterelectrodes. For the
electroformation of Li-Al a 25 um thick aluminum foil
was used as the starting electrode. A nickel foil of
similar diameter with a welded nickel tab was used as
the current collector. The contact between the alumi-
num and the nickel foil was ensured by stacking the
Ni foil, the Al foil, two layers of Celgard 2402 micro-
porous separator material, and a lithium counterelec-
trode together under pressure between a threaded
Teflon plunger and a Teflon plate. The reference Li
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Fig. 1. Cell assembly for potentiostatic and galvanostatic mea-
surements: 1) working electrode, 2) reference electrode, 3) counter-

electrode, 4) Teflon cell holder, 5) alligator clip, 6) 55/50 ground
glass joint, 7) Teflon sleeve.

L

electrode was positioned adjacent to the aluminum
electrode.

Electrical measurement.—The electrode potential of
the electroformed or pyrometallurgically formed Li-Al
alloy was measured using a Keithley 616 electrometer
(input impedance 1014¢0). The open-circuit potential
was recorded after the rate of change in potential
(AE/At) had reached 0.5 mV/hr. The potentiostatic
and the galvanostatic measurements were made using
a Princeton Applied Research Model 173 potentiostat/
galvanostat and Model 376 logarithmic current con-
verter. The current or voltage was measured by a
Keithley 177 multimeter and recorded on a Soltec
Model KA series strip chart recorder. All experiments
were performed in a Vacuum Atmospheres dry box
under an argon atmosphere at 24° = 2°C (ambient).
The electrical leads of the cell were connected to the
PAR 173 potentiostat/galvanostat outside the dry box
through proper feedthroughs.

Results

Electrode potentials of the lithium-aluminum alloys.
—The electrode potentials of pyrometallurgically
formed lithium-aluminum are shown in Fig. 2 as a
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Fig. 2. Electrode potential of py llurgically and electro-

chemically formed Li-Al as a function of lithium concentration.
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function of lithium concentration between 20 and 70
a/o. It is noted that in the concentration range between
48 and 57 a/o Li, the Li-Al potential varies with con-
centration indicating a single phase that corresponds
to the g-phase LiAl in the phase diagram published by
Myles et al. (21). Indeed, the experimental results of
the present investigation agree well with the phase
diagram (21) in regard to the single-phase regions
(potential varies with concentration) and multiphase
regions (potential remains constant). Accordingly, the
various phases in the Li-Al system are assigned in Fig.
2 in accordance with the results obtained by Myles
etal. (21).

Electrochemical method was also used to form the
lithium-aluminum alloys. On a 25 ym thick aluminum
foil, lithium was deposited at a cathodic current of 75
wA/cm2. The potential of the electrode was monitored
during and after the Li deposition. Figure 3 shows that
at the onset of current the potential decreases rapidly
toward a value of 330 mV, indicating the formation of
p-LiAl at the surface. On open-circuit after a prede-
termined deposition period corresponding to a lithium
concentration less than 44.5 a/o, the potential increases
slowly toward an equilibrium value indicating the
formation of the a-phase by the diffusion of Li toward
the interior of the Al foil. Figure 4 shows the potential
of the electrochemically formed Li-Al alloys having
an Li concentration less than 44.5 a/o is about 380 mV,
which approximates the result of the pyrometallurgi-
cally formed Li-Al alloys. However, at lithium con-
centrations higher than 44.5 a/o the open-circuit po-
tentials of the electroformed Li-Al electrodes are very
much lower than those of the pyrometallurgically
formed Li-Al alloys having corresponding lithium
concentrations (see Fig. 2 for comparison). Indeed, the
open-circuit potential vs. lithium concentration char-
acteristics found in this study are quite different from
those reported by Rao et al. (8) and by Garreau et al.
(12). The results obtained by these authors (8, 12) are
also presented in Fig. 4 for comparison.

Diffusion studies.—The diffusion of lithium in the
pyrometallurgically formed pg-LiAl was determined
using the potentiostatic and the galvanostatic tech-
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Fig. 3. Electrode potential of electrochemically formed Li-Al
during and after lithium deposition.
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niques. The techniques have been discussed in detail
in the literature (17, 22-24). A brief review will be
presented along with the experimental results.

Potentiostatic measurements.—The initial potential E°
corresponding to the initial concentration C° of the
working electrode, Li-Al, is suddenly changed to a new
potential E which corresponds to a new concentration
C at the electrode/electrolyte interface. The current
flow within Li-Al for maintaining the surface concen-
tration C can be obtained from the solution of Fick’s
second law, assuming one-dimensional transport

8Cu _  8*Cu
at  ax2

where X is the distance of a given point in the solid to
the electrode/electrolyte interface, Cy; is the Li con-
centration, and D is the chemical diffusion coefficient.
D is assumed to be independent of the Li concentration
in Li-Al in the concentration range studied. The solu-
tion of Eq. [1], CLi(X, t), can be obtained using the
following initial and boundary conditions for an Li-Al
electrode having a thickness L

[1]

Cu=0C 0=X=L1t=10 [2]
Coi=C X=0,t>0 [3]
C,
0l Koo By B 141
90X
Substituting Cp; (X, t) into the following relation
aC,
I(t) = —FAD ( L ) (5]
X /x=o

the current as a function of time, I(t), can be ex-
pressed explicity as

D \1/2
I(t) =FA(C-C°) (—JE-) if t<< L?/D [6]

where F is Faraday constant, and A is the cross-sec-
tional area of the electrode in contact with the electro-
lyte. Therefore, in accordance with Eq. [6] the chemi-
cal diffusion coefficient D can be obtained from the
slope of the linear plot of I vs. t—1/2 and the value of
(C — C°) which can be obtained from Fig. 2.

Figure 5 shows the I vs. t—1/2 plots for the potential
steps of +5, +10, and +20 mV starting from about 350
mV. It should be noted that in plotting the I vs. t—1/2
relations, only the magnitude of the current was con-
sidered. The direction of the current is not shown in
Fig. 5. Thus the anodic (positive) and cathodic (nega-

Ix10, mA

t—1/2 X 102’ sec-l/Z

Fig. 5. Current and time relations (I vs. t=1/2) from potentio-
static measurements. Starting potential: 350 mV; potential steps:
I, =5 mV, Il, =10 mV, Ill, =20 mV.

tive) currents are shown as @ and X, respectively in
Fig. 5. Straight lines passing through the origin are
noted in the time intervals between 500 and 1000 sec
for all potential steps. The slopes of these straight lines
and the chemical diffusivities calculated based on Eq.
[6] are shown in Table I.

Galvanostatic measurements.—Instead of imposing a
new rpotential to the Li-Al electrode, one imposes a
constant current, I, through the cell and measures the
potential of Li-Al (relative to the Li reference elec-
trode), E, as a function of time during the current flow.
The solution of Eq. [1], Cr; (X,t) is obtained using the
following initial and boundary conditions

CLi=C 0=X=Lt=0 [71
dCLi I
—D—=—— X=0,t>0 8
X FA > ]
acC
Y0 X=Lt>0 191
X

The concentration at the electrode/electrolyte inter-
face is expressed as

L2
CLi(0,t) — C° = 2I t1/2/FA(Dr)172 ift << ——D- [10]
Table . Results of potentiostatic measurements. Slope of the

I vs. t—1/2 plot for each AE step (E° = 350 mV) and
chemical diffusivity of Li in 8-LiAl at 24° = 2°C

Anodic (positive) Cathodic (negative)
step step
AE Slope D (cm?/ Slope D (cm?/

(mV) (A - secl/?) sec) (A - secl/?) sec)
5 293 x 10-3 4.85 x 10-° 2.84 x 10-3 441 x 10-°
10 6.04 x 10-3 5.15 x 10-° 6.18 x 10-3 5.14 x 10-°
20 11.92 x 10-3 5.19 x 10-° 11.92 x 10-3 4.70 x 10-°
Average D (cm?/sec) 5.06 x 10-° 4,75 x 10-°
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Equation [10] may be expressed as
dE 21V dE

t<< i [11]
D

dtl/z ~ FA(Dn)V2 dd
or
p=2(32) [(%) | (@) <<%
T2 \Fa a8 wnl)l <7

[12]

by differentiating Eq. [10] with respect to the square
root of time and then expanding it by dE. The surface
concentration, Cp; (0,t), is expressed in terms of the
parameters using the relationship Cri = (y + 8)/Vm
for Liy4+s Al, where Vp, is the molar volume of Li-Al
Therefore, D can be determined from the slope of E
vs. t1/2 plot and dE/d$, which can be obtained from the
potential-composition curve of Li-Al (Fig. 6).

Figure 7 shows the E vs. t1/2 relations under cathodic
currents ranging between 0.1 and 3.2 mA. Similar re-
lations under anodic currents are shown in Fig. 8.
Linear relationships between E and t!/2 are noted in
Fig. 7 and 8. Accordingly, the values of dE/dtl/2 were
obtained and the corresponding values of the chemical
diffusivity, D, were determined and shown in Table II.

Discussion

Potential vs. alloy composition.—The potential mea-
surements of the pyrometallurgically formed lithium-
aluminum alloys were conducted at ambient tempera-
tures (24° + 2°C). It was found that the lithium con-
centration range for the single phase, presumably g-
LiAl was between 48 and 57 a/o (Fig. 2). These results
agree well with those reported at high temperatures
(17, 25). Moreover, the potential difference of the two-
phase mixtures 8 4+ v and a« + B shown in Fig. 2 is
about 240 mV approximating the value of 233 mV ob-
served by Wen et al. at 423°C (17).

The electroformation of lithium-aluminum alloys
appeared to be a slow process at ambient tempera-
tures. Figure 3 shows that the alloy electrodes ap-
proach their equilibrium potentials after standing at
open circuit for a long period of time. The slowness in
approaching the equilibrium potential indicates a low

Li 30 in LiAl
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Fig. 6. Electrode potential of pyrometallurgically formed Li-Al
s a function of composition.
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Table I1. Results of galvanostatic measurements. Slope of the
transient voltage, E — E (t = 0), vs. t1/2 plot and chemical
diffusivity of Li in 8-LiAl at 24° = 2°C

Anodic Cathodic
Cur-
rent Slope D (cm?/ Slope D (cm*/
(mA) (V - sec-1/?) sec) (V - sec-1/?) sec)
0.1 7.60 x 10-5 8.57 x 10-° —8.71 x 105 6.52 x 10-°
0.2 1.64 x 10—+ 7.36 x 10-° —1.73 x 10-¢ 6.61 x 10-°
0.4 3.25 x 10-+ 7.49 x 10-° —3.42 x 10—+ 6.77 x 10-*
0.8 6.24 x 10-+ 8.13 x 10-° —6.92 x 10~ 6.61 x 10-°
1.6 1.17 x 10-2 9.25 x_10-° —1.40 x 10-3  6.46 x 10-°
3.2 2.24 x 10-3 10.1 x 10-° —2.92 x 10-2 5.94 x 10-¢
Average D 8.48 x 10-° 6.44 x 10~

diffusion rate of lithium in the lithium-aluminum al-
loys at ambient temperatures (24° =+ 2°C). Indeed, the
discrepancies noted in the potential profiles between
the pyrometallurgical alloys and the electroformed
alloys may be attributable to the slow diffusion at
ambient temperatures.

It is noted in Fig. 4 that for electrodes containing less
than 44.5 a/o lithium, the potential remains relatively
constant at 382 + 7 mV. Thus, at a lithium concentra-
tion less than 44.5 a/o the electroformed lithium-alu-
minum alloy exhibits the characteristics of a multi-
phase mixture similar to those of the pyrometallurgi-
cal alloy having a lithium concentration less than 48
a/o. 1t is noted that the slope of the potential profile at
low lithium concentration (20-44 a/o) is much less
than that observed by Rao et al. (8), although the
potential values are similar in magnitude. Garreau
et al. (12) reported that at a lithium concentration
less than 40 a/o, the Li-Al alloy which was formed by
cathodically depositing lithium on aluminum exhibited
an open-circuit potential of 335 mV. These authors also
noted that when lithium was anodically stripped off
the Li-Al alloy having a higher lithium concentration,
the open-circuit potential approached 380 mV or higher
at 40-45 a/o of lithium. The causes for the discrepancy
between the potential profile obtained from this study
and that obtained by Garreau et al. are not understood.
Nonetheless, we have observed that the electrode po-
tential during the lithium deposition at less than 44.5

20 50 100 200 400 600 800
T T T

=0}, mv

E-E[t

= L
400 o] 20 30

'1/21 SeCVZ

Fig. 7. Potential and time relations (E — E [t = 0] vs. t1/2)
from galvanostatic measurements (cathodic).
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Fig. 8. Potential and time relations (E — E [t = 0] vs. t1/2)
from gal tatic ements (anodic).

a/o of lithium remains at about 320-330 mV, approxi-
mating the open-circuit potential observed by Garreau
et al.

At a lithium concentration between 44.5 and 58 a/o
the potential profile of the electroformed Li-Al alloy is
different from that of the pyrometallurgical Li-Al
alloy. It is noted in Fig. 4 that the open-circuit poten-
tial begins a sharp drop at a lithium concentration
greater than 44.5 a/o. Based on the results of the pyro-
metallurgical Li-Al, the potential should begin to de-
crease at 48 a/o of Li at the onset of the single-phase
g-LiAl. However, the fact that electroformed Li-Al
alloy shows a potential decrease beginning at 44.5 a/o
of Li and the fact that the potential is generally lower
than that of the corresponding pyrometallurgical Li-
Al alloy may be attributed to the slow diffusion rate of
lithium at ambient temperatures. Inasmuch as the dif-
fusion rate of lithium into the Li-Al alloy is slow, an
excess of Li and/or Li-rich phases (v, 8, etc.) remain
on the electrode surface resulting in a lower electrode
potential. Indeed, one notes that deposition potential
of lithium on Li (44.5 a/o)-Al alloy (Fig. 3) shows a
rather sharp decrease after the lithium concentration
has reached 48 a/o.

Rao et al. (8) noted a substantially higher open-
circuit potential at lithium concentration greater than
50% than we did. Inasmuch as the aluminum foil used
by Rao et al. was relatively thick (130 um), the depo-
sition current density was rather high (3.8 mA/cm?2)
and the open-circuit duration after deposition was
short (15 min), it is reasonable to speculate that the
lithium distribution may not be homogenous in the
electrode. Nonetheless, in view of the slow diffusion
rate of lithium in the Li-Al alloy, these experimental
conditions may result in a lower rather than higher
electrode potential. Thus it is difficult to reconcile the
differences between the results obtained by Rao et al.
(8) and those obtained in this study.

Diffusion Studies.—Potentiostatic measurements.—
According to Eq. [6], the I vs. t—1/2 plots are expected
to be straight lines passing through the origin when
t << L2/D. Indeed, Fig. 5 shows that the transient
currents deviate from the straight lines when t is
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greater than 1000 sec for all voltage steps. On the other
hand, deviations from straight lines are also noted
when t is shorter than 500 sec. The deviation at shorter
times is presumably due to the inaccuracy of the po-
tential control of the working electrode, which is at-
tributable to the uncompensated IR between the work-
ing and the reference electrodes.

The chemical diffusivity, D, of Li in LiAl obtained
from this study is about one order of magnitude lower
than the self-diffusivity of Li in LiAl obtained by Will-
hite et al. using NMR technique (19) which is 8.1 X
108 cm2/sec at 23°C. It should be noted that similar to
the behavior of Li in an electrolyte solution, Li-Al
may react with the organic solvent forming a layer of
surface film (12, 13). It is reasonable to assume that
the surface film on Li-Al may have some effect on the
apparent diffusivity of Li in the Li-Al electrode.

Galvanostatic measurements.—The E vs. t1/2 plot is ex-
pected to be a straight line when t << L2/D (see Eq.
[11]). Indeed, Fig. 7 and 8 show that straight lines
were obtained at t = 600 sec. The fact that no deviation
from the linear relationship was noted at short time
periods may be attributed to the fact that in the gal-
vanostatic measurement the uncompensated IR be-
tween the working and the reference electrodes re-
mains constant at a given applied current. Conse-
quently, the measurement of the transient potential is
not affected.

Table II shows that the values of diffusivity ob-
tained from measurements in the anodic direction are
higher than those obtained from measurements in the
cathodic direction. It is reasonable to speculate that
the onset of an anodic current may disrupt the film
on the Li-Al electrode resulting in a reduction of the
film effect on the apparent diffusivity.

Manuscript submitted Aug. 27, 1981; revised manu-
script received Dec. 11, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1983 JOURNAL.
All discussions for the June 1983 Discussion Section
should be submitted by Feb. 1, 1983.

Publication costs of this article were assisted by
Electrochem Industries Incorporated.
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Vibrational Spectroscopic Determination of Structure and lon Pairing
in Complexes of Poly(ethylene oxide) with Lithium Salts

B. L. Papke, M. A. Ratner, and D. F. Shriver*

Department of Chemistry and Materials Research Center, Northwestern University, Evanston, Illinois 60201

ABSTRACT

A structural model for crystalline complexes of poly(ethylene oxide) (PEO) with various lithium salts is presented,
based on vibrational spectroscopic studies; these complexes are known to exhibit ionic conductivities of > 10-°
(Q-cm)~! at 100°C. Cation-dependent vibrational bands observed in the Raman indicate that significant cation-oxygen
atom interactions occur and suggest that the polyether chain may wrap around the lithium cations. Spectroscopic
studies indicate extensive contact ion pairing occurs in the PEO - LiNO; complex, and this may contribute to the
somewhat lower ionic conductivity of this complex as compared to other lithium salt complexes with similar struc-

tures but weaker cation-anion interactions.

Solvent-free complexes of poly(ethylene oxide),
PEO, (CH2CH,0)—y, with alkali metal salts have been
prepared (1-7), and are potentially useful as electro-
lytes in high energy density battery applications (3-5,
8-13). Recently we have reported infrared and Raman
spectroscopic studies of crystalline sodium salt com-
plexes with PEO, and amorphous rubidium and cesium
thiocyanate complexes (7). Based on these studies and
other considerations a structural model was proposed
for these complexes (7). We report here the results of
spectroscopic and conformational studies on anhydrous
PEO - LiX complexes.

Experimental

Inorganic salts and SiO, were removed from poly-
(ethylene oxide), average molecular weight 600,000
(Aldrich), by ion exchange and filtration, as described
elsewhere (7). Reagent grade alkali metal salts were
dried at 110°C under vacuum and subsequently were
weighed in an Nj-filled dry box to ensure accurate
stoichiometries. The complexes were prepared in air
using reagent grade acetonitrile (Mallinckrodt) (3, 4).
Thin films (50-100 um) were cast on Teflon plates, and
water or traces of solvent were removed under vac-
uum (10—3 Torr) at 25°C for 24 hr. Films prepared in
this manner are anhydrous, as determined by the ab-
sence of O—H stretching and H—O—H deformation
bands in the infrared near 3350 and 1610 cm~1, re-
spectively.

The PEO : LiNO; complex was prepared by dissolv-
ing the polymer and salt in separate portions of ace-
tonitrile, followed by mixing the solutions. Once the
solvent was removed from this mixture a solid com-
plex formed, which appears to be insoluble in ace-
tonitrile. All of the PEO - LiX complexes in the pres-
ent study were prepared at 4.5:1 ratio of ether oxygens
to lithium cation. The maximum complex stoichiom-
etry is not precisely defined, however, it generally
appears to be around 4:1 (1, 6, 7).

Infrared measurements were performed on Perkin-
Elmer 399 or 283 grating infrared spectrophotometers.
Films were mounted in an evacuated cell containing

* Electrochemical Society Active Member.
Key words: solid electrolytes, polymer electrolytes, infrar d
spectra, Raman spectra, ionic conductivity.

KCl windows, or sealed between polyethylene sheets
(500-250 cm—1 range) to exclude atmospheric moisture.
Water bands at ~1610 cm~—! began to appear in the
polyethylene sealed films after 10-15 min. Raman
studies using 514.5 nm exciting line with backscatter-
ing illumination were made on thin (3 mm) pressed
pellets mounted in an evacuated cell. The bandpass
was 2 cm~1! except for the 1000-1100 cm—! region of
the PEO - LiNO3 complex where a 0.5 cm~—! bandpass
was used.

Results and Discussion

Polymer conformation studies.—Extensive spectro-
scopic studies have been made on PEO in the crystal-
line state, the molten state, and in solution. Based on
these studies the conformation was determined to be
trans (CC—OC), trans (CO—CC), gauche (OC—CO),
or TyG; these results were later confirmed by an x-ray
structure determination. [See Ref. (7) and references
cited therein for a complete description of these
studies.] The crystalline PEO - LiX complexes have
infrared and Raman spectra similar to those observed
for pure PEO, and nearly identical to spectra for
crystalline PEO - NaX complexes (see Fig. 1, Tables I
and II). Therefore, the arguments and evidence used
to deduce a reasonable conformational model for the
crystalline PEO: NaX complexes may also be used
here (7).

In particular, the mid-infrared data indicate a
gauche (G) or gauche minus (G) conformation exists
about the O—(CH;)2—O linkage. This assignment is
supported by studies of Davidson, who used ethylene
dichloride to model the O—(CH;)2—O portion of the
PEO chain (15). Two strong infrared bands at about
880 and 944 cm~! are expected for CH;, rocking modes
in a gauche conformation, in agreement with the in-
frared bands recorded in Table I. In contrast, the CH,
rocking absorption bands for a trans conformation are
expected around 773 and 992 cm~—!. A strong Raman
active band at 870 ecm—! for the PEO - LiCF3SO3 and
PEO - LiBF, complexes is similar to a band found at
865 cm—1, which is characteristic of all the PEO - NaX
complexes (7). Sato and Kusumoto have obtained
Raman spectra for a number of crown ether alkali
metal salt complexes, and in all cases an intense polar-
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Table I. Mid-infrared bands and assignments for crystalline PEO - LiX complexes (2500-250 cm—!)
PEO 600,000 PEO - LiNOsy PEO - LiCFiSO0s PEO - LiCFsCO: PEO - LiBF; Assignments
~1960 vw ~1960 w ~1960 w Overtone (PEO)
~1810 w
1763 vw
1705 sh*
1690 vs*
1473 sh 1474 m 1477 m 1473 s* 1477 s 0(CHz)a
1466 m 1457 m 1460 mw 1460 mw 1467 sh §(CHz)a
1461 m d(CHz)a
1453 m 1455 mw 1440 m 1453 mw 0(CHz)a
~1416 s* v3(NOy-)
1363 m 1365 m 1372 w
1358 m 1352 s 1352 w 1358 w w(CHz)s, »(CC)
1345 m
1342 s 1340 m 1343 s 1343 s w(CHaz)a
~1324 vs* »a(NOys~)
1290 sh* 1290 m 1293 sh
1283 m 1285 sh 1270 vs* 1282 m 1282 m t(CHz)a, t(CHz)s
1270 vw 1268 vw
1244 m 1248 w 1231 m* 1245 m 1247 s t(CHz)a
1161 vs* }%35 7 1180 s
vs 5 vs*
1147 s 1143 s »(CC), »(COC)a
~1103 vs 1105 vs 1095 vs ~1110 vs ~1090 ws* »(COC)a
1089 vs 040 s* ~1000 vs*
958 s 957 m 968 ms 951 970 sh r(CHz)s
948 s 951 m 946 sh 950 sh r(CH2)s, »(COC)a
928 vw 928 sh r(CHz)s, »(COC)a
872 mw 859 w 863 w* 858 m
844 s 839 m 842 m 839 s 842 s r(CH:z)a
832 w 832 sh 836 sh
827 m* v2(NOy)?
798 s*
760 m* 778 m*
721 s*
729 vw* »4(NOs-)
719 vvw* »¢(NOs-)
640 vs*
601 w*
580 w*
553 w 543 w*
530 w 530 vw 527 vvw 6(0CC)a
518 w 519 m* 518 w* 519 w*
~490 w*
~432 m 425 m 428 w
~400 m*
375 m
330 w 335 w 334 vw §(COC), §(0CC)
321 m 313 vw
270 w
250 w*

* Indicates bands due at least in part to anion internal modes. mw (medium-weak); m (medium); s (strong); vs (very strong); sh
(shoulder). Assignments are based on those made by Yoshihara et al. (15) for pure PEO. Mode assignments: r (rocking); t (twist-
ing); » (stretching); w (wagging); = (torsion); § (bending). The subscripts a and s denote the asymmetric and symmetric motions with
respect to the two-fold axis perpendicular to the helix axis and passing through the O atom or through the center of the C—C bond.

Table 11. Raman bands for PEO - alkali metal salt complexes (1500-100 cm—1) (medium and strong intensity bands)2

Pure PEO 600,000 PEO - LiCFsS0s¢ PEO - LiBFy! PEO - LiNOs Assignments®
1487 s 8(CHz)s
1480 s 1473 m 1477 s 1475 s 0(CHz)a
1470 ms 1469 sh 1452 w 8(CHz)a
2181 s 1280 m 1280 s 1284 m t(CHz)a, t(CHz2)a
1263 m 1264 m 1267 m
1242 w 1243 mw 1240 mw
1233 m 1232 m t(CHz)s
1144 m 1143 m 1142 m 1152 w »(CC), »(COC)a
1140 m
1125 mw »(CC), w(CHz)s
1065 m 1056 m. ~1065 mw 1062 sh »(COC)s, 7(CHz)s
1045 1047 vvs 7(S0s) s, y1(NOz-)
870 s 870 s 873 w M-On sym. str.
861 mw 859 m 858 m 857 s r(CHz)s, »(COC)s
846 s 836 m 830 m 841 m r(CHz)a
775 m v1(BFs-)
730 vw »4(NOa-)
718 w 74(NOs-)
583 mw 581 w 8(0CC)a, 6(COC), »(COC)a
537 mw 550 w 8(COC), 6(0CC)s
364 mw 3(0CC)s, 5(COC)
279 mw 297 m 7(CC)

a Band intensities: mw (medium-weak); m (medium); ms (medium-strong); s (strong).
b Assignments are those made by Yoshihara et al. (15) for pure PEO. Mode assignments: see footnote on Table I.

¢ Data collected 1500-800 cm-! only.
4 Data collected 1500-750 cm-! only.

ized band at 865-870 cm~! was observed after com-
plexation occurred (16). This band was tentatively
assigned to a totally symmetric Aj; mode involving a
metal-oxygen breathing motion. By analogy, the 870
cm~! band in the PEO - LiX complexes may be as-
signed to a M-O, breathing mode. The high frequency
of this mode is attributed to the participation of CHj

rocking motion in this breathing mode. In other words,
the primary restoring force for this symmetric M-O
stretching mode may originate from force constants
within the polymer backbone. This result indicates
that the PEO chain wraps around the lithium cation.
A strong Raman band at 857 cm—! for the PEO - LiNOs
complex may also be assigned to this mode, although
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2000 1500 1000 500

Wavenumbers
Fig. 1. Comparison of infrared spectra for (A) pure PEO 600,000,
(B) PEO - LiBF4, and (C) PEO - NaBFy, representative of a typical
PEO : NaX complex.

3000

it is slightly lower in frequency than normally ob-
served for the PEO complexes (7).

Cation-dependent far infrared bands were observed
for the PEO complexes with Na+, K+, Rb+, or Cs*
salts (7), and similar bands at about 400 cm~—1! are
present in the PEO - LiX complexes. These bands are
not Raman active, and are similar to solvent-cage type
vibrations observed for alkali metal salt solutions and
crown ether complexes (17-19). Ion-cage vibrations
are more difficult to clearly identify and study for
PEO : LiX complexes than for the remaining alkali
metal anions, owing to various anion modes that are
present in the same spectral region. For the PEO -
LiCF3SO3; complex a somewhat broad band at ~425
cm~—1 appears to be an ion-cage mode; a band at ~375
cm~! in the PEO - LiCF3CO, complex is tentatively
given the same assignment. A band at 432 cm~! is
found for the PEO - LiNO3; complex, as well as a band
of medium intensity at 321 ecm~! and a weak band at
270 em—1; these bands may arise from a variety of Li+t
modes relative to the polymer cage and anions. A broad
band centered around 400 cm—! is also observed for the
PEO - LiBF; complex; however, this band may be a
superposition of the ion-cage mode and a mode derived
from the BF4~ »» mode. Formally, the »» mode is in-
frared inactive for the tetrahedral BF,~ anion, how-
ever, the BF;~ symmetry is slightly perturbed in
PEO - LiBFy. For example, the »; mode is also formally
infrared inactive but is seen at 778 cm~1! in the LiBF,
complex, and several bands are present around 530
em~1, which may arise from a lifting of degeneracy
for the »4(F3) mode of BF4~ in a tetrahedral sym-
metry.

The PEO - LiX complexes listed in Tables I and II
are all highly crystalline when anhydrous; the PEO -
LiCF3CO; and PEO - LiCF3SO; complexes are even
crystalline when hydrated. Melting ranges for com-
plexes prepared at room temperature are indicated be-
low, obtained using a hot-stage polarizing microscope
and a 10°/min heating rate: PEO - LiNO;, 100°-108°C;
PEO - LiCF3COq, 121°-126°C; PEO - LiBF4, 138°-146°C;
PEO - LiCF3S03;, 176°-184°C. A PEO - LiSCN complex
at 4.5:1 stoichiometry was also prepared, however,
this complex remained amorphous; Chabagno has sug-
gested that Li*-SCN~ ion pairs may prevent crystal-
lization here (20).

Similarities in spectroscopic data and physical char-
acteristics between the PEO :-NaX and PEO - LiX
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complexes strongly suggest that these complexes have
closely related structures. The trans (CC—OC), trans
(CO—CC), gauche (OC—CO), trans (CC—OC), trans
(CO—CC), and gauche-minus (OC—CO) conforma-
tion (TeGT2G) proposed for the PEO - NaX complexes
(7) is also consistent with data for PEO - LiX com-
plexes. Polar oxygen atoms are directed inward in a
T2GTsG conformation, lining the tunnel cavity while
the CH, groups all face outward. This preferential
orientation helps to explain why such a large mol
ratio of salt may be complexed by the polyether. Space
filling molecular models (see Fig. 2) indicate this con-
formation has a tunnel radius of 1.3-1.54, large enough
to readily accommodate Na+ cations (radius 0.99A) or
Li+ cations (radius 0.58A) (20). Undoubtedly some
bond conformation distortions from an exact T:GT.G
conformation are present, and the polyether helix may
wrap somewhat more tightly to coordinate the small
Lit cation more effectively.

Evidence for ion pair interactions in PEO - LiNO3.—
Strong cation-anion interactions are expected to reduce
cation mobility in polyether - salt solid electrolytes.
Evidence for ion pair interactions has been presented
for the PEO - NaBH; and PEO - NaBDs complexes
(22), and weak ion pairing may occur in the PEO -
NaSCN complex. The nitrate ion has proven extremely
useful as a spectroscopic “probe” to investigate struc-
ture and cation-anion interactions in solution (23).
Therefore, the PEO - LiNO; complex was chosen to
study ion pairing in the lithium complexes.

The unperturbed nitrate anion has a Dz, symmetry
with four normal modes: y1(A;’) ~ 1050 ecm~—1, 39 (A,")
~830 ecm—!, p3(E’) ~ 1380 cm~!, and »(E’) ~ 716
cm~1!, The p3 and y4 modes are Raman and infrared
active, vy is Raman active only, and »» is infrared active.
These internal modes are readily perturbed by the
local environment, and Irish has summarized approxi-
mate Raman band positions for the nitrate anion in
various environments, as shown in Table III (23).
Even in dilute aqueous solutions the »3(E’) band of
NO;~ is split. This doublet structure is thought to
arise from an asymmetric solvent environment rather
than ion pairing, because the splitting is insensitive to
cation identity and to solution concentration below 1
mol liter—1! (23). Typically, components of »3 in aque-
ous solutions are separated by about 60 em~1!. In con-
centrated aqueous LiNO; solutions or molten LiNOjy
the splitting increases to over 110 ecm—1, which is at-
tributed to the influence of ion pairing. This interpre-
tation is supported by a shift of the »4 band to ca. 740
em~—1, which is a diagnostic feature of jon pair forma-
tion (23-25).

Close examination of the spectrum of PEO - LiNO;
shows that two bands are present in the »4 region, at
about 730 and 718 cm—! in both the Raman and infra-
red (see Table I and II). The »» band is probably
present at 829 cm~! in the infrared, although several
CH; rocking modes from the polymer tend to obscure
this region; the »» band is not seen in Raman spectra.

Table 111. Approximate Raman band positions/cm—1 for
Li+*-*NO3~ in various environments [from data in Ref. (24)]

NOs- M+(H20)NOs-
“Free” aqueous solvent-sepa- Li+NOs-
NOs- solvate rated ion-pair ion-pair
716 (vs) 717 dp 717 dp
740 dp
8152
8302 (p2) 8302 8307
1050 (1) 1049 p 1049 p
1056 p
1350 dp 1350 dp 1350 dp
1380 (»3)
1410 dp
1420 dp
1465 dp

a Infrared values, p (polarized), dp (depolarized).
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Fig. 2. Molecular models of poly(ethylene oxide) in a ToGT2G conformation as prop
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cations, (A) side view, (B) end view. Hydrogen atoms are not shaded, carbon atoms are black, and oxygen atoms are cross-hatched.

A single intense y; band is present at 1047 cm—1 in the
Raman; if this band has any infrared intensity it is
probably buried under strong polymer bands in this
region. Components derived from p; are observed at
1324 and 1416 cm—! in the infrared, the bands are quite
strong and a CH; wagging mode expected around 1350
em~1! is apparently obscured by the 1324 cm—! band.
The »3 modes in PEO - LiNO; are very weak in the
Raman, and are easily confused with weak polymer
bands present in the same region.

Comparison of the spectroscopic data for NO3;— in
the PEO - LiNO3 complex with data in Table III indi-
cates that at least some of the NO3— anions form
contact jon pairs, the main features diagnostic of ion
pairing being the presence of an »4 band at 730 cm—1,
as well as the large separation of bands derived frcm
vz of the isolated ion (92 cm—1!). Evidence to data in-
dicates that complex formation in aqueous media does
not remove the degeneracy of the v4(E’) mode (23).
Therefore, the presence of an additional band derived
from »4(E’) at 718 cm~! in PEO - LiNOj suggests that
two sites might exist for the nitrate anion with the
718 cm—1! band arising from uncoordinated nitrate ions.
The possibility that the 730 cm—! band may arise from
uncomplexed crystalline LiNO3 may be rejected as the
intense y; band for LiNOj at 1071 ecm—1 is not observed
in the PEO - LiNO;3 4.5:1 complex (24). The presence
of a single y; band argues against the existence of two
anion sites; however, this band could result from two
closely spaced unresolved bands. This band is slightly
asymmetric on the high frequency side in the Raman.
Additional y3 bands are also expected for two NOz;—
environments, but these bands may be weak and easily
obscured by polymer bands.

Spectroscopic studies of molten nitrates (26, 27) and
of concentrated LiNO; aqueous solutions (25) support
the hypothesis of two distinct NO;— sites in the PEO -
LiNO; complex. Two bands are observed in the v4
(NO3~) region for both systems, similar to the PEO
complex, and these bands are thought to arise from
nitrate anions in two environments. The »; band for
molten LiNOj is slightly asymmetric on the low fre-
quency side in the Raman, supporting a two-site model.
Only a single »; band is observed for concentrated
LiNO; aqueous solutions; however, this band is sug-
gested to be a composite of two closely spaced lines
(25). The nonspecific nature of the M+---NO3~ inter-
action prevents definite anion symmetry assignments
from being made (23).

Contact cation-anion interactions are expected to
result in significantly lower ionic conductivity values
than those measured for structurally and physically
similar nonion paired complexes (22). Conductivity
measurements were obtained on the PEO - LiNOj 4.5:1
complex using complex admittance techniques and Pt
ion-blocking electrodes. (The electrodes were warm
pressed onto the pellet at 70°C and 50,000 psi.) The
variable temperature conductivity values exhibit a
two-slope behavior, with a knee observed in In ¢T vs.
1/T plots at about 65°C; the extrapolated conductivity
at 20°C is about 8 x 10—10 (Q-cm)-! increasing to
about 6 X 10—6 (Q-cm)—! at 80°C. These conductivity
values are comparable to those reported by Chabagno
for the PEO - Lil complex, and are lower than those
for any of the remaining crystalline PEO - LiX com-
plexes at a 4.5:1 stoichiometry. More detailed conduc-
tivity measurements on well-characterized PEO + LiX
complexes are necessary before a correlation between
conductivity values and the extent of ion pairing can
be made. However, it is clear from spectroscopic data
that extensive ion-pair interactions do occur in the
PEO - LiNO; complex.
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An Estimate of the Heat of Adsorption of the Hydroperoxyl Radical on
Platinum

James P. Hoare*

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090

ABSTRACT

In the two-electron reduction of O, in acid solution, an adsorbed hydroperoxyl radical, HO,, must be discharged.
The standard potential of the homogeneous discharge reaction is 1.5V, which is ~0.7V higher than the potential (0.8V)
at which O, is reduced at a Pt cathode. It is possible that the heat of adsorption lowers this high potential to the
reaction potential of 0.8V. Assuming that the standard potential of the heterogeneous reaction occurs at 0.8V, subtrac-
tion of the heterogeneous from the homogeneous equations gives —16.5 kcal/mol for the AG 4 of HO, radicals. From
statistical thermodynamic calculations, the AS 4 is —28.2 eu for an immobile layer with 6 = 0.01. Then a value of —24.9
kcal/mol is found for AH 4 for HO, radicals, which is an acceptable value. A discussion of this result is given.

At most cathode surfaces where peroxide is detected
during the reduction of oxygen, it is implied that O~
or HO; may be formed as an intermediate. It is gen-

quinoline, the corrected value from this data was shown
(9) to be —0.29V. Studies of Oz~ ions generated in
alkaline solutions by radiolysis made by Czapski and

erally accepted (1-3) that these intermediates are ad-
sorbed on the cathode surface as shown in Fig. 1, and
although it has been reported in the literature (4) e
that O; may be reduced to peroxide without the (O — O (ads)

02~ (ads) intermediate, such a one-electron mechanism 2 2

has been severely criticized (5). Even though a num-
ber of paths to HOz(ads) are shown in Fig. 1, the path

*
*®

e

HO;

O3 (ads)
e |H

through Os(ads) is preferred in this report (6). In +
any event, the path is not important since thermody- H +e
namics is concerned only with initial and final states. HOZ(OdS) > HZOZ
In aqueous solutions the (Og~)ags is rapidly converted
to an adsorbed hydroperoxyl radical by reaction with (A)
H30+ ions in acid or H2O molecules in alkaline solu-
tions, since the Oz~ ion is unstable in aqueous solu-
tions unless stabilized by the presence of surfactants Oz—’ Oz(ads)
added to the solution (7).

From a logarithmic plot of the data for the reduction Q e
of Oz at a dropping Hg electrode in 0.1N NaOH con-
taining 0.05% triphenylphosphine oxide, Divisek and H O
Kastening (7) found a value of —0.284V for the O,/ — 2=,
Oz~ couple. Although Chevalet and co-workers (8) re- Oz (ads) HOZ(CIdS)
ported a value of —0.27V from O; reduction data at
Hg cathodes in 1M NaOH stabilized with 0.017M o- (8)

” . Fig. 1. Oa-reduction paths involving the discharge of adsorbed

Kg;e:gr(:ics’!eé:lt:?;ssig,c :;Sg‘e;lstgﬁlﬂtelxggf ;{u‘iaces, superoxide ion. HOz radicals in (A) acid, and (B) alkaline solutions.
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co-workers (9, 10) yielded potential values for the
02/0;~ couple ranging between —0.33 and —0.325V.
In biochemical studies using superoxide dismutase (9),
the E°-value was recorded as —0.32V. Since the radiol-
ysis studies involved the thermodynamic calculations of
equilibrium processes, the E°-value of —0.33V is fa-
vored for the O2/O~ couple and is in agreement with
that tabulated by Fee and Valentine (11) in a recent
review of superoxide chemistry. With

Oz + e— 02—, E° = 0.33V [1]

one obtains a value of 7.61 kcal/mol for the free energy
of formation of Oy~ ion.

The perhydroxyl radical acts as a weak acid with a
pK of 4.88 (12). From the latest values of AG°® for OH™
ion (aq), —37.594; HO>~ (aq), —16.1; and HyO (1)
—56.687 kcal/mol (13), the AG° value for Eq. [2] is
found to be 2.993 kcal/mol

O3 + Hz0 + 2e > OH~ + HO;~, E° = 0.0649V [2]

If one adds the AG® of Eq. [1] and [2] along with that
obtained from the pK values for HO, (4.88) and for
H,0 (13.995), one calculates a AG® for the HO2/HO2~
reaction of 18.99 kcal/mol

HO; + e—> HO2~, E° = 0.823V [3]

From Eq. [3], the value for the free energy of formation
of the HO, radical in solution is 2.89 kcal/mol.

From the standard tables of oxidation potentials
(13), the potential for the discharge of HO, radicals is
very high

(HOZ)aq + (H+)aq +e (H2o2)aqy E° =15V [4]
(027 )aq + (H20)3q+ e (HO2_)aq+ (OH_)aq:
E°s = 02V (5]

Thus these potentials against a Pt/H; electrode in the
same solution are well over a volt, a situation that has
prompted a number of researchers (14) to believe that
the two-electron peroxide path does not involve the
discharge of Oz~ or HO, species. To account for the
two-electron kinetics, a number of complex chemical
steps have been invoked.

One must remember that the potentials quoted in
Eq. [4] and [5] concern species in solution only and do
not pertain to adsorbed species. It is possible that the
heats of adsorption, the heats of desolvation, and re-
organization of the solution structure during adsorption
may lower the potential values into a region where
discharge of an (HO3)aqs or (O27)a4s may take place
with facility. From the literature (15), however, it ap-
pears that the reduction of Oz~ (ads) on Au in alkaline
solution takes place by the dismutation of the O~ (ads)
species instead of electron transfer.

It is the purpose of this report to estimate the heat
of adsorption of an HO; radical on a Pt surface from
existing data in the literature and from statistical ther-
modynamical calculations to see if the result gives a
reasonable value to account for the lowering of the
discharge potential of the HO; radical.

Estimate of AHaqs for the HO: Radical

We will consider the discharge of O; at a Pt cathode
at 0.8V vs. Pt/H, in an acid solution of pH = 0 (e.g.,
2N H>SO4) at 25°C. Since O; is reduced at Pt cathodes
in acid solution at relatively high rates at 0.8V (16), we
must account for a lowering of only 0.7V from the po-
tential of Eq. [4]. Assume that the standard potential
for the discharge of (HO.).gs radicals (Eq. [4A]) is
the experimentally observable value of 0.8V. If Eq.
[4A] is reversible, then 0.8V represents an upper limit
since a lower value would be observed if Eq. [4A] were
irreversible. We now convert these potential values to
free energy values

HYDROPEROXYL RADICAL
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(HO2)aq + (H*)aq + € (H202) aq,
AG = —34.9 kecal/mol [4]

(HO2) ags + (H*)aq + €= (H202) aq,
AG = —18.4 kcal/mol [4A]

By subtracting these two equations, we arrive at the
free energy of adsorption of the HO; radical

(HO2)aq=> (HOg)ags, AG = —16.5 kcal/mol  [6]

To obtain the heat of adsorption from the Gibbs-
Helmholtz equation, we must estimate the entropy of
adsorption. For a gaseous molecule with three degrees
of translational freedom, it can be shown (17) that the
entropy of translation, S, is given by Eq. [7]

Sir = R In M3/2T5/2 — 2.30 [7]

where M is the molecular weight, 33, and T is 298 K.
This gives Sir = 36.4 eu.

Since the H2Oy molecule has a skew, chain structure
(18), the HO; radical should be angular (19) with the
angle between the O—H and O—O bonds close to 97°
found for H20s. Because the HO, radical is unsym-
metrical and possesses no symmetry elements except
the identity operation, it belongs to the group, Ci (20).

From statistical thermodynamic considerations, the
expression for the entropy of rotation is (17)

1 T 8md(Ipalgblce)/n kt T2 n
Sm:R{ln——[-———] +-E} [8]

e he

where n = a + b 4+ ¢ = the number of degrees of
freedom (in the case of the adsorbed HO; radical, n =
3). The rotational symmetry factor, ¢, which gives the
number of equivalent spatial orientations that a mole-
cule can occupy as a result of simple rotation (21), is
unity for the nonlinear, unsymmetrical HO» radical.
The I's are the three moments of inertia involved in
the three rotational modes. If the x-axis is taken as
colinear with the O—O bond, then rotation about this
axis involves only the O—H bond. We approximate this
moment from that given for the OH radical (22) by
assuming a value of 1.5 X 10—40 g cm2 The moments of
inertia associated with rotations about the y- and z-
axes involve not only the O—H but also the O—O
bonds and are equal. We approximate these moments
from that given for the Oz molecule (22) by assuming
a value of 20 X 10—40 g cm?2. Using the values in Eq.
[8], we calculate a value for Syt of 27.3 eu in the gas
phase.

Because the vibrational frequencies of many small
molecules are large (~1013 sec™1, ~1000 cm~1!), the
vibrational partition function is close to unity and
the entropy of vibration, Syiy, determined from Eq. [9]
is small if not negligible (17, 23, 24)

Svib=R[W(e¥ — 1)1 —In(l —e~¥)] [9]

where W = hy/kT and v is the frequency of vibration. If
the temperature is high enough, some vibrational con-
tribution to the entropy will be made.
The entropy of HOs radicals in the gas phase at 298 K
is
Stoz(8) = Str + Srot + Svib

—36442134+0 =63Teu

To obtain the entropy of HO, radicals dissolved in
water, we consider the entropy loss incurred when
H,0, gas molecules are dissolved in water (1M). Using
the NBS tables (13), we find Sug05(g) = 55.6 eu and
Suz02(aq) = 34.4 eu giving a loss of entropy of 21.2.eu
or a 38.1% decrease from the gaseous value. Assuming
that a similar percentage loss in entropy would be suf-
fered by the dissolution of HO, radicals in water (1M),
we obtain an entropy value of 39.4 eu for Smoz(aq).
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Usually, the adsorption of Oz on various metals pro-
duces immobile, adsorbed layers (25). Consequently,
we assume that the layer of adsorbed HO, radicals is
immobile and partial with a coverage, 6, no greater
than 0.3. It is reported in the literature (26, 27) that on
open circuit the coverage of a Pt surface with adsorbed
oxygen lies between 0.23 < 6 < 0.3. Although an im-
mobile layer means the loss of three degrees of transla-
tional and three degrees of rotational entropy, there
is a configurational contribution that takes into ac-
count the number of ways to distribute N molecules
among Nz sites where 1/x = 6 (17).

Seont=R[xInz — (x—1)In(x—1)] [10]

Letting 1/x = 0.3, Scons = 3.8 eu, which must be sub-
tracted from Suo,(aq).

The entropy of adsorption ASags, for a layer of HO»
radicals with a coverage of 6 = 0.3 at 25°C on a Pt
cathode surface is

ASads = Snop(2Q) -— Scont = —39.4 + 3.8 = —35.6 eu
From the Gibbs-Helmholtz equation
AGads = AHaas — TASads
AHgags = — 16.5 + 298 (—35.6) /1000 = —27.1 kcal/mol.

Discussion

Since the heat of adsorption, as well as Scons, depend
on the surface coverage, 6, and since it has been shown
(28) that there is a linear relationship between the
coverage of a Pt surface with adsorbed oxygen and the
potential of the Pt electrode, the value of ¢ for HO
radicals at 0.8V may be 0.1 or as low as 0.01. If ¢ is 0.1,
Secont is 6.5 eu, ASags is —32.9 eu, and AHags is —26.3
kcal/mol. For = 0.01, Scont = 11.2 eu, ASags is —28.2
eu, and AHgqs is —24.9 kcal/mol. A low value of ¢
agrees with the mechanism for O reduction with the
transfer of the first electron as the rate-determining
step (28).

It is also possible that with an immobile layer ad-
sorption process, a translational degree of freedom per-
pendicular to the surface may be transformed to a vi-
brational degree of freedom. This would cause an in-
crease in entropy of less than 3 eu (23). The resultant
change in AH,q4s would then be less than 1 kcal/mol.

It appears that only a value of about —25 kcal/mol
for the AHaq4s of HO; radical is required to account for
the lowering of 0.7V from the 1.5V potential for the
homogeneous discharge of HO; radical in acid solu-
tions. Such values of AH.qs are compatible with re-
ported heats of chemisorption. In alkaline solutions, the
homogeneous discharge potential of the superoxide ion,
02, is 1.03V wvs. Pt/Hy from Eq. [5] and requires a
lowering of only 0.23V to the O evolution potential
(0.8V). This observation agrees with the fact that Og
is reduced more easily in alkaline than in acid solutions.

It is concluded from these considerations that there
is enough energy available in the heat of adsorption
(even without consideration of solvent effects and re-
structuring of the metal-solution interface) to permit
the discharge of adsorbed HO, radicals or Oz~ ions in
the two-electron peroxide path (1) for O; reduction
without resorting to artificial, complex paths as dia-
grammed recently (29). One must use redox potentials
quoted in the tables [e.g., (13)] with caution since such
values are not determined for the adsorbed species or
for heterogeneous reactions. As seen here, a heat of
adsorption as low as —25 kcal/mol can produce a dif-
ference of 0.7V in the potential of the heterogeneous
reaction as compared to the homogeneous one.
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The Effect of Sulfur on the Anodic H. (Ni) Electrode in Fused Li.CO.
-K.CO, at 650°C

W. M. Vogel* and S. W. Smith*

United Technologies Corporation, Power Systems Division, South Windsor, Connecticut 06074

ABSTRACT

Steady-state polarization curves for rotating Ni wires in Li,CO;-K,CO, (62 m/o Li) at 650°C are reported for H,-
containing gas of different H,S contents. In the absence of sulfur, the diffusion-limiting currents are only slightly
larger than the observed limiting currents. A reduction in the observed limiting currents by the presence of H,S is
interpreted as a decrease of the reaction-limiting current, i.e., as poisoning of the Tafel reaction. The sulfur effect
levels off at Py,s/Py, ~ 10~* which suggests that the sulfur coverage approaches a saturation value, and that a sulfur-
saturated Ni surface retains a finite activity for H, oxidation. H,S is not oxidized at a significant rate at potentials
below that of Ni sulfide formation. An approximate rate equation for H, oxidation is derived for small sulfur

coverages.

Sulfur tends to increase the polarization of Ni
anodes in molten carbonate fuel cells (1). Sammells
et al. (2) found essentially no effect of HyS on the
apparent exchange current for sulfur levels up to 50
ppm in the gas. However, the open-circuit potential
(ocp) was increased suggesting mixed potentials.
Townley et al. (3) attempted to explain this effect of
sulfur on fuel cell anodes entirely by conversion of
carbonate to sulfide and sulfate.

From these results, it is difficult to explain the ob-
servation that the polarization of fuel cell anodes in-
creases immediately on introduction of HyS in the fuel
gas stream. During such short times, too little sulfur
enters the cell to cause any significant change in melt
composition. The small time constants suggest, rather,
that sulfur interferes primarily by adsorption.

If sufficiently extensive, carbonate conversion to
sulfate certainly can be expected to affect anode be-
havior. In addition, and primarily shortly after sulfur
introduction, other effects may be important. Sulfur
probably poisons the internal shift reaction which is
required for satisfactory performance at high fuel
utilization (4). Sulfur may also poison the anodic Hjy
reaction despite the findings in Ref. (2). It is very
difficult to separate the several effects of sulfur on
the basis of tests with porous anodes where all phe-
nomena may contribute to the result. Finally, sulfur
may change the wetting angle of melt on the anode
catalyst. An increase in wetting angle may isolate
pockets of melt within the porous structure which, for
small 4, were continuously connected by liquid films.

The present study sought to determine in more de-
tail the effect of sulfur on only the Hy reaction.

Experimental Materials and Procedures

The apparatus used has been described elsewhere
(5). The working electrode was an Ni 201 wire, 0.10 cm
in diameter and 1.8 cm long. The wire was bent in the
shape of an inverted “L” with the vertical portion 1.5
cm long and 0.2 cm off the axis of rotation. Rotational
speeds were measured with a General Radio Strobo-
scope, Model 1531-AB.

All experiments were done at 650°C in 62 mol per-
cent (m/o) LisCO3-38 m/o KyCO;, purified as in
Ref. (5). The gases were “high-puritvy grade.” mixed
with a Matheson Mass Flow Controller, Model 8249.
The gas mixture used in all tests comprised at operat-
ing temperature 0.534 atm H,, 0.110 atm CO., 0.103
atm CO, and 0.253 atm H;0. HoS was added to the gas
by splitting the entry line, saturating one leg to the
desired dew point, and passing the other one over a
Dynacal Tubular type permeation tube.! The HsS level

* Electrochemical Society Active Member.
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was controlled by varying the tube length and tem-
perature. All HoS analyses were made using Type B
Kitagawa tubes.?

Determining the equivalent HpS pressure in the melt
proved to be a problem. Even very long saturation
times did not initially produce the expected equilib-
rium. Thus in one test, inlet gas with 44 ppm H,S was
flowed for 500 hr through the cell. Even after this long
time the exit gas still contained only 8-10 ppm H,S.
An electrochemical method, based on the Ni sulfide
formation potential and described more fully later on,
indicated an equivalent HyS pressure in the melt of
20-23 ppm. Extending the saturation time resulted in
very little change. The amount of sulfur that had
entered the cell during 500 hr was at least 280 times
larger than had been apparently absorbed by the melt.
When gas samples were taken directly above the melt
surface by means of a ceramic tube they contained 23
ppm HsS, in good agreement with the electrochemical
result. Apparently, sulfur was being consumed con-
tinuously by cell parts that were not in direct contact
with the melt and these consisted of SS-316 and/or
Incoloy 800. This consumption of HyS prevented com-
plete equilibrium in the system.

The system was then changed by replacing the
S$S-316 inlet tube with Ni 201, and extending it to just
above the melt surface. With these changes equilib-
rium between melt and inlet gas was established in a
relatively short time even though the upper gas space
regions continued to be depleted of H,S. Thus after
only 50 hr saturation time, the analyses of gas samples
from inlet stream and from just above the melt surface
agreed with each other and with the electrochemically
determined value for the melt (43, 42, and 42 ppm,
respectivelv). These tests confirmed the validity of de-
termining HoS pressures in the melt electrochemically,
and also demonstrated that serious errors can be com-
mitted if equilibrium is assumed even after many
hours of saturation. Because of the simplicity of the
electrochemical method it was used in most of these
experiments.

Results and Discussion

As described in the experimental section, the
achievement of equilibrium between the gas and the
melt in the apparatus used in this study proved to
be difficult and time consuming. For this reason the
H,S equivalent pressure in the melt was determined
electrochemically in most tests from the Ni sulfide
formation potential. Preliminary tests had shown that
this reaction is very fast, at least initially. Nickel sul-
fide is formed according to

3Ni + nHS = NisS, + nHa,
2 Scientific Gas Products.

n=1 1]
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with the equilibrium constant for initial sulfide forma-
tion at 650°C (6)

K = Priys/Ppg ~ 1.5 - 10-3 (2]

The H, pressure at the metal surface is not directly
available except at open circuit because of the gradi-
ent of Hp pressure through the diffusion layer. The
Hj pressure does not approach zero at the surface at
limiting current3 however, because of the contribution
of the reaction-limiting current to the observed limit-
ing current. It is more practical, therefore, to use the
following partial reaction of reaction [1]

3Ni + nHS + nCO3=
= Ni3Sy + nH30 + nCO;z + 2ne— [3]

with the equilibrium potential measured against the
1/3 atm 02-2/3 atm CO; reference electrode

E = —1242.1 + 9158 1og Py0Pcog/Prgs (mV)  [4]

The standard potential was calculated using the ther-
modynamic data of Ref. (6).

H,0 and CO, concentration gradients for anodes are
usually small even at the limiting current (4) except
for gases rich in Hy and low in H20 and COs. This is
especially true in the presence of sulfur where Ijim is
smaller than in the absence of sulfur (see Fig. 3).
The HyS pressure at the metal surface can be esti-
mated, therefore, from the potential of Ni sulfide for-
mation, using Eq. [4] with* PH20P002 ~ PH20°Pc02°,
provided HsS is not oxidized and Ni sulfide formation
is little hindered. HsS oxidation could contribute par-
tial currents as large as, or even larger than Hy oxida-
tion owing to the large solubility of H,S. Using data
of Ref. (7) for the latter and of Broers et al. (8) for
the hydrogen solubility one obtains for the equivalent
equilibrium concentration (assuming oxidation of HpS
to sulfate)

(H3S)/ (Ha) ~ 105 Phos/Pry, equivalent/equivalent [5]

The electrochemical method for determining Pp,s in
the melt was tested by comparing results with direct
gas analysis results, as described in the experimental
section. The agreement was satisfactory (+4%).
This result indicates that HpS is not noticeably ox-
idized at potentials below that for Ni sulfide formation,
and that the product Pgo, *+ Pryo is close to that of
the bulk pressures. At Puys/Puso = 5 + 1076 the elec-
trochemical method breaks down because NiO for-
mation precedes sulfide formation. For the mixture
used in this study, this is equivalent to Puys/Puy =
2.5+10-6. Figure 1 presents polarization curves for
sulfur-free gas. The dashed lines represent concen-
tration overvoltage calculated with

RT
n=— F1r1 (1 — I/Liim) = —91.581og (1 — I/Ijim)
(mV) [6]

The moderately small deviations of the experimental
data presumably reflect the facts that HoO and COs
concentration losses were neglected in Eq. [6],
and that Eq. [6] does not apply accurately to a rotat-
_ing wire electrode. However, no further attempts at
achieving better accuracy were made because the dif-
ferences were small, and because a rotating disk elec-
trode is difficult to use in molten carbonate.

In Fig. 2 the values of Iim~! of Fig. 1 are plotted
against reciprocal square root of rotational speed
(@~%). Iim is mostly diffusion controlled as shown by
the small value of the intercept at infinite rotation

3 The term limiting current shall be used for the observed limit-
ing current. The diffusion and reaction llmxtmg current shall be
identified as such or by symbol (Iiim, Ia, I

r).
4 The superscript (°) refers to the partlal pressures in the bulk
gas phase.
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Fig. 1. Steady-state polarization curves for Hy oxidation in the
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Fig. 2. Limiting currents in the absence of sulfur. Ir° ~ 14 mA,
Ia = 0.0519 - w1/2, mA.

rate. The reaction-limiting current may reflect poison-
ing by sulfur traces. The initial Li,CO3 used contained
up to 2000 ppm sulfur (as sulfate) which is very dif-
ficult to remove completely. Long purging times with
sulfur-free gas had increased the Ni sulfide formation
potential to a value above that for NiO formation at
which point Py,s/Pn, becomes smaller than 2.5 - 10-8,
At such small levels Pyys in the melt becomes ex-
tremely difficult to measure. The actual value of
Pi1ys/Py, in these tests with sulfur-free gas was there-
fore unknown but less than 2.5 - 10—6. In the follow-
ing, the data in Fig. 1 and 2 shall be considered to be
for the sulfur-free system.

Figure 3 shows the effect of HoS on the polarization
curves at 1600 rpm. The main effect is a decrease in
Iiim. Since only diffusion and chemical processes lead
to limiting currents, this result indicates a decrease in
the reaction-limiting current. It seems justified, there-



Vol. 129, No. 7

20—

Pas/Ph, <24-1078
s

18—

16

14

12p~

1-1078

<
£ 1of

08—

06—

108

04—

02

P 1 | 1 1

50 100 150 200
n-mv

Fig. 3. Steady-state polarization curves of Ni wire anode at 1600
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fore, to assume a Tafel-Volmer type mechanism, ad-
justed for molten carbonate, with the Tafel reaction
as rate-determining step of the surface reaction

Hy 4+ 2M = 2MH* (rds) [8]

2MH* 4 CO3= = 2M + H20 + COs + 2~  [9]

The presence of HoS decreases the rate (vr) of reac-
tion [8]. The current is

I = 2F - v1 = 2F [kPugbm? — k'6u?] [10]

The quantities 6y and 6y are activities of the sites

available for hydrogen adsorption and of adsorbed

hydrogen, respectively. At higher polarization 6y be-
comes zero and the current approaches a limiting value

Lim = 2Fk (P1y6M2) lim [11]
The subscript (lim) indicates the respective values at
Ilim-
Using Fick’s first law
(PH3) 1im = Prp® (1 — Iiim/I4) [12]

where I is the stirring-dependent diffusion-limiting
current (Fig. 2) and therefore

1/him = 1/1q + 1/Ig, Ir = 2FPg,° (km?)um [13]

With HsS present Eq. [13] does not, however, provide
a complete separation of I)im~—1! into stirring-dependent
and independent terms as in the sulfur-free case where
(6M)1im = 1, see Fig. 2. With sulfur present, (6m)um is
not unity, but varies with sulfur coverage. In fact, k
also may depend on sulfur coverage.

Sulfur presumably is adsorbed according to (9, 10)

HoS + M = MS* + H, [14]
with the equilibrium constant
Ks = 0s * Puy/6M’ * Pros [15]

where 65 is the activity of adsorbed sulfur and 6w’ is
the activity of the sites available for sulfur adsorption.
If 65 is assumed to be proportional to the sulfur cover-
age, it is proportional to Puys/Pu, at small coverages.
Since HoS is not noticeably oxidized at Im

(Pugs/Puy) tim = Pros®/Pup° (1 — Iim/Ia)  [16]
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Thus, sulfur coverage and thereby the reaction-limit-
ing current varies with stirring in contrast to the
sulfur-free condition.

Figure 4 was constructed by calculating Ir with Eq.
[13] and [16], using the values of Iq of Fig. 2. The
curve represents the variation of 2F (kém2)1im with the
value of Py,s/Pu, prevailing at the metal surface. If
reflects the effect of sulfur coverage on the activity of
the sites available for Hy oxidation at negligible hy-
drogen coverage. To the extent that 4y is not negligible
at smaller polarizations, 6y will be smaller at I < Ijim.
The curve in Fig. 4 therefore reflects the variation of
the maximum surface area, free to adsorb hydrogen,
with sulfur coverage

(0m)1im = (0m + o)1 = f(6s) [17]

Figure 4 shows that the sulfur coverage approaches a
saturation value at large values of Puys/Phy, i.e., the
product (kém2)1im, which is a measure of the activity
of sites available for Hp oxidation, levels off at a finite
value. This suggests that Hy is oxidized even at a sul-
fur-saturated surface, and that the mechanism re-
mains that given by Eq. [8] and [9]. The Tafel reaction
[8] may proceed on adsorbed sulfur (formation of
S — H*), or on Ni. Adsorption of hydrogen on Ni
even at full sulfur coverage seems plausible because of
the difference in size of adsorbed sulfur and Ni atoms.
Presumably, sulfur is adsorbed most strongly when the
Ni-S distance is smallest, i.e., for 1:1 adsorption. How-
ever, such strongly adsorbed sulfur cannot cover the
entire Ni surface. Rather, some fraction of the surface
will always remain free to adsorb hydrogen (“strong
adsorption model”). Alternatively, sulfur may cover
the entire surface either accompanied by distortion of
Ni-S bonds, or because the adsorbed sulfur may carry
a charge of less than (—2) and therefore be smaller in
size. However, adsorption will progressively weaken at
large coverage and hydrogen may displace weakly
adsorbed sulfur (“competitive adsorption model”).
Although plausible, neither of these models lends
itself readily to the derivation of a rate equation for

o 106
26 AT P“zs/P"z <2810

0 100 200 300
106 P
"st/ Hy

Fig. 4. Anodic reaction limiting currents, normalized to 1 atm
Ho pressure. Empirically, 2F k; 02 ~ 1.6 4+ 24.4 exp [—52,000
PHys/PHy°].
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H, oxidation. The difficulty lies primarily in defining
rationally the quantities 6s and 6y’ in Eq. [10], [11],
[13], and [15]. Substituting fractional surface areas,
the value of gy’ in Eq. [15] has to approach zero for
large values of Puys/Puj. At the same time, however,
the corresponding value of #v remains finite. Thus 6m’
and 6y are not generally equal. The problem is not
solved by using surface sites instead of fractional sur-
face areas.

An approximate rate equation can be derived for
small sulfur coverages. Substituting fractional surface
areas for activities, and assuming that sulfur adsorbs
essentially only on the free Ni surface, gy will be
equal to éy’. Therefore

oM+ 6s+oa=1 [18]
With reaction [9] near equilibrium
61 ~ 0 (Pugo * Pcop) %2 exp [F(Ey° — ¢)/RT] [19]
where E,° is the standard potential of the Volmer re-
action. Combining Eq. [18] and [19] with Eq. [15]
oM = [1 + Ks * Pups/Pus + (Puoo * Pcop) ¥
exp [F(Ey® —e)/RT]-t [20]
Assuming that the rate constants k and k’ in Eq. [10]
do not vary with coverage, the exchange current is
I, = 2FkPy,° (6m°)2 = 2FK’ (61°)2 [21]
and therefore
I =1I,(0m/0m°) 2[Pug/Puy® — (6u - 6m°/6u° + 6m)2] [22]
From Eq. [19]
(83 * 6m°/6u° - 6m)2 = (Puz0 * Pcog/Pus20° * Pcos®)
exp [—2Fn/RT] [23]
and nows5
I = Io(6m/6m° 2 [Puo/Puy® — (Przo * Pcos/Prso® * Pcoy®)
exp (—2Fn/RT)] [24]

It is easier and more accurate to determine the reac-
tion-limiting current without sulfur (Ir°) than the
exchange current in the presence of sulfur (I,). For a
sulfur-free melt 6y approaches unity for n = o0, and
therefore

Im_)u = Ig° = 2FkPy,° = I/ (6m°)2 [25]
N>

Replacing I, in Eq. [24] with Igr°®
I = Ig°6Mm?[Puy/Puy° — (Pugo * Pcog/Prso® * Peos®)
exp (—2Fn/RT)] [26]

Equations [26] and [20] represent the approximate
rate equation for small sulfur coverages. The pressure
ratios (P/P°) can be obtained from Fick’s law.

The limiting current is obtained for ¢, m = o0, or di-
rectly from Eq. [19] for e > « and Eq. [13] and [25]

1/Lim = 1/Ia + [1 + (KsPups/Pus®)/
(1 — Iim/13) 12/ - Ir®  [27]

The curves in Fig. 5 were calculated with Eq. [27]
for several values of Kg * Puos/Pu®. The value for Ir°
and Iy were taken from Fig. 2. Corresponding plots of
the experimental data are shown in Fig. 6. The corre-
spondence between experimental and theoretical re-
sults is poor. Qualitatively, the disagreement is a
consequence of the fact that the hydrogen activity does
not decrease in correspondence with the increase in
sulfur coverage. As can be seen from Fig. 6, the
ratio Ijim/Iq is smaller than unity at higher values of

5 Superscripts (°) refer to ocp.
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w, but increases toward unity with decreasing rota-
tional speed. This means that Pmuys/Ph, increases in
the same direction at any given value of Puys/Puy°
(Eq. [16]). Thus the reaction-limiting current, and
thereby I;im decrease, but to a lesser degree than is
predicted by the simple theory.

The difficulty of defining surface activities for hy-
drogen and sulfur appears to be fundamental in nature
and not restricted to the problem of interpreting elec-
trochemical test results. Thus the adsorption isotherms
in Ref. (9) and (10) differ by more than one order of
magnitude in Puys/Pu,. In these experiments in the
gas phase the respective gas pressures at the metal
surface are well defined and cannot be the cause of
such discrepancies. It has been suggested (11) that the
observed differences are due, rather, to sulfur ad-
sorption leading to a saturation coverage at moder-
ately large values of Pyuys/Phy, but that at still larger
values adsorption increases again. The same seems to
be true in the present case with the result that activity
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Fig. 6. Experimental limiting currents. Parameter: KsPuys/Pr® *
108,



Vol. 129, No. 7

for H; oxidation is not completely lost even when the
sulfur coverage appears complete.

Conclusions

The Tafel-Volmer mechanism, adjusted for molten
carbonate, provides a satisfactory explanation for the
oxidation of H in the presence of sulfur as well as
without sulfur. In the absence of HsS the reaction-
limiting current is so large that the limiting current is
essentially diffusion controlled at all but very high
stirring rates. A chemical rate constant of the Tafel
reaction of approximately k ~ 4-10—8 mol/atm cm? sec
follows from the data for the sulfur-free case. The
Volmer reaction is not noticeably hindered. HsS de-
creases the reaction-limiting current, i.e., the rate of
the Tafel reaction. The mechanism appears to remain
the same. The stirring dependency of the reaction-
limiting current with sulfur is due to the effect of
stirring on the Hs pressure at the metal surface, and
thereby on the value of Py,s/Ph, and the sulfur cover-
age.
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Use of a High Temperature pH Sensor as a “Pseudo-Reference
Electrode” in the Monitoring of Corrosion and Redox Potentials at

285°C

Leonard W. Niedrach*

General Electric Corporate Research and Development, Schenectady, New York 12345

ABSTRACT

Corrosion and redox potentials measured at 285°C against a zirconium oxide, membrane-type pH sensor have been
found to be more stable than similar measurements against more conventional reference electrodes. This is attributed
to the excellent resistance of zirconium oxide to attack by high temperature water and to the absence of a liquid

Jjunction that permits exchange of an internal filling solution with the medium being monitored.

In monitoring corrosion and redox potentials in
aqueous systems one ideally determines the pH as
well, because the two parameters are intimately
related. When the pH of the system is known to re-
main within narrow bounds, e.g., as in the cooling
water of nuclear reactors, measurement of only the
corrosion or redox potential against a conventional
reference electrode can be adequate (1-3). Under
such conditions, however, it is equally possible to
employ a pH sensor as a “pseudo-reference electrode.”
It has been our experience that at 285°C, corrosion and
redox potentials measured against a zirconium oxide,
membrane-type pH sensor (4) have been more stable
than any we have achieved against more conventional
reference electrodes. This is not surprising in view of
the excellent resistance of zirconium oxide to attack
by high temperature water. Further, there is no liquid
junction to introduce an uncertain junction potential
and to permit exchange of an internal filling solution
with the medium being monitored and thereby cause
drift. Because of the stability of zirconium oxide pH
sensors we can visualize their being inserted at many

* Electrochemical Society Active Member.
Key words: cell, pH sensor, water, emf.

critical monitoring sites in power plants, chemical
processing plants, or other installations to provide
useful corrosion potential measurements over ex-
tended periods with a minimum of maintenance. They
could also be useful in laboratory tests, particularly
with static autoclaves when consumption of oxygen
deliberately added to the starting solution can be
rapid, and when undetected changes of this type could
lead to serious misinterpretation of data.

The use of a pH sensor in this proposed fashion is
not of itself a new idea. Glass electrodes have been so
employed in the past (5). The new, high temperature
pH sensor merely facilitates extension of the idea to
higher temperature systems. It is the purpose of the
present paper to review some of the background on the
zirconia sensor, indicate how its potential can be re-
lated to the standard hydrogen electrode (SHE) scale,
and present data relating tc corrosion and redox po-
tential monitoring.

Background
Preferred form of the pH semsor.—The concept of
the new, high temperature pH sensor and many of its
properties have been discussed elsewhere (4). A
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photograph of the device is shown in Fig. 1 and struc-
tural details are given in Fig. 2. The ceramic is a % in.
OD tube of yttria [8.0 weight percent (w/o0)] stabilized
zirconia (obtained from Corning Glass Works, Ceramics
Products Division, Solon, Ohio, their composition
1372). It is retained in a Conax Type EG-125 Gland
with a seal consisting of Teflon, Vespel, silver, and alu-
mina elements as shown. On the basis of previous work
we have selected the dry copper/cuprous oxide mix-
ture as our preferred internal junction over the pre-
viously employed aqueous internal junctions. This has
been done for several reasons: (i) we have found it
to be readily prepared by simple mixing of the pow-
ders and packing into the tube; (ii) when prepared in
this fashion it has been found to be extremely stable
and reproducible; (iii) in contrast to aqueous internals
it permits ready designation of the active region of the
sensor because it does not wet the wall with a con-
ducting film; and (iv) in the absence of an internal
aqueous phase, seal fabrication is simplified. It also has
the virtue of permitting a straightforward calculation
of its standard potential against the SHE, a very de-
sirable feature since it is common practice to nor-
malize experimental data to the SHE scale.

Fig. 1. Photograph of an assembled sensor

COPPER WIRE

ALUMINA INSULATOR

TEFLON DISK
TEFLON SEAL

SILVER RING

GLASS WOOL
* MEMBRANE"

MIX OF Cu + Cup0

1"
Fig. 2. Schematic diagram of sensor

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

July 1982

For the junction we are employing a 1:1 (by weight)
mixture of finely divided copper and cuprous oxide
(Fisher Copper Metal-Electrolytic Dust, purified; Baker
Cuprous Oxide Powder, Analyzed Reagent) to a depth
of 2 in. A 30 mil copper wire serves as the contact and
lead from the sensor.

Calculation of the standard potentici of the semsor
vs. the SHE.—For the sensor as shown in Fig. 2, sev-
eral interphase potentials are involved in series be-
tween the external terminal (copper lead wire) and
the solution being monitored. These and the thermo-
dynamic balances involved in the potential determin-
ing reactions at the various interfaces are summarized
in Fig. 3 after the approach of Vetter (6). The balances
are derived from the fact that at equilibrium the alge-
braic sum of the electrochemical potentials, ms, of the
reacting species is zero

Sws ms =0 1]
where
Mms = ius + i2s * F * i¢ [2]

and where jus is the chemical potential of reacting
species s in phase i, j2s is the charge on the species, ¢
is the Galvani (inner) potential in phase i, ws is the
stoichiometric factor of the species involved in the
potential determining reaction, and F is the faraday.

In summing up the interphase potentials between
phases 1 and 4 it is seen in Fig. 3 that the net change
is equivalent to that for the simple copper/cuprous
oxide couple

2Cu 4 H20 22 Cup0 + 2H* + 2e~ [3]

the thermodynamics for which relative to the SHE are
well established.!

This is turn means that to relate the standard po-
tential of the sensor to the SHE, the half-reaction for
which also involves two hydrogen ions

Hy@Ht 4 2e~ [4]
we require only the free energy of the reaction
2Cu 4+ Hy0 22 Cug0 + Hy [5]

which does not involve the hydrogen ion concentra-
tion. If the zirconia sensor is to be used as a reference
in a solution other than one containing the hydrogen

1The membrane may therefore be looked upon as a protective
sheath that prevents the metal and its oxide from interacting di-
rectly with the solution or redox active species in the solution.
While a copper/cuprous oxide mix could be exposed to water and
dilute acids and bases without significant attack, such would not
be the case with strongly acid or basic solutions. Under any condi-
tions use of the unsheathed metal/metal oxide mix would necessi-
tate alternative protection from direct interaction with hydrogen
or oxygen. This behavior suggests that the arrangement might be
useful in studying the electrochemistry and thermodynamics of
other metal/metal oxide or mixed metal oxide systems.

2
cut o=
(Cu0

4
¥

I}
1 UIRE 4
Cut e zrté o= HY Xx-
(cu) (2r0;) H,0

PHASES THERMODYNAMIC BALANCES

INTERPHASE POTENTIALS

12 g~ Gy = F1é) = gy + Fod) = 0 8by-2= 1/Flangy = 1y = gy

23 (aton = 2F28) — (guge = 2F39) = O 8y g = 1/Flhu o0 = Vi)

bl Bbyg= VFlopgy + Yppgn+ e = egpioe = 1hgyd
UFlapicu,o0+ iy — haton = ced

4 w0 = laon = 2F38) = 2lguyy. + Fug) = O Bg g = VF g0+ Yogpuom + sy

Which la equivalent to the potential of the half-reaction:

Cu® + 1H,0 = %Cu0 + H' + @

Fig. 3. Interphase potentials and related thermodynamic data for
the sensor.
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ion at unit activity, a pH correction must be applied
in relating back to the SHE scale.

Relationship between the sensor potential and that
of the oxygen electrode.—Also of interest in the moni-
toring of aqueous systems containing dissolved oxygen
is the relationship between the sensor potential and
that of the oxygen electrode. In this case the overall
reaction is obtained from the sum of reaction [3] and
the half-reaction for the oxygen electrode

1% Oz + 2H* + 2e~ &2 H0 [6]
to give
2Cu + % Oy 2 Cu0 [71

The potential of this cell can therefore be calculated
directly from the free energy of formation of cuprous
oxide from the elements.

Experimental

Determination of the standard potential of the sen-
sor at 285°C.—Using equipment and procedures de-
scribed in Ref. (4), the potential of the sensor has been
measured against the hydrogen electrode. A well-
passivated titanium autoclave was employed and the
water entering the autoclave at a flow rate of ap-
proximately 15 ml/min was equilibrated with “form-
ing gas” (10% hydrogen in nitrogen) at 25°C. A plati-
nized platinum flag served as the sensing element of
the hydrogen electrode. The results of three separate
experiments, each yielding steady potentials for about
36 hr, are summarized in Table I.

In calculating the correction term for the hydrogen
concentration in the water it was assumed that the
concentration at 285°C was equal to that obtained in
the equilibration at 25°C. This is reasonable since the
test system was operated about 200 psi above the
saturation pressure of water at 285°C and no gas phase
was present in the autoclave. From data of Himmel-
blau (7) the hydrogen concentration in equilibrium
with the 10% H:-N; mixture at 25°C was estimated to
be 0.152 ppm. At 285°C the concentration of hydrogen
in equilibrium with 1 atm of hydrogen is 7.40 ppm.
These concentrations coupled with the slope of 110.76/2
mV/decade at 285°C give the correction term of 93 mV.
For the standard potential of reaction [5] data of
Macdonald (8) were interpolated to 285°C. It is seen
in Table I that the agreement between the measured
and theoretical is very satisfactory.

Measurement of the potential of the semsor vs. the
oxygen electrode.—Data for this combination were ob-
tained over the pH range from 0.0005m sulfuric acid to
0.001m sodium hydroxide using aerated solutions con-
taining about 8.2 ppm dissolved oxygen. In this case
the agreement with theory was less satisfactory than
in the case of hydrogen, and the value varied with pH
as shown in Fig. 4. The theoretical potential of 635

Table I. Comparison of the measured value of the standard
potential of the sensor with the calculated value at 285°C

E of sensor AE for

vs. hydrogen hydrogen
electrode activity*
Run (mV) (mV) E° (mV)
A 274
B 272
o} 280
Mean 275 93

368
Calculated value 366**
Difference 2

* AE = (2.303 RT/nF) log (Ci/Cx) = 55.38 log (7.40/0.152) = 93
mV, where Ci is the solubility of hydrogen at 285°C and 1 atm
pressure and Ca is the actual hydrogen concentration in water.
[Solubility data from Ref, (7).]

** Based on data from Ref. (8).
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Fig. 4. Comparison of measured and calculated values of the
potential of the oxygen electrode vs. the pH sensor. (Oxygen con-
centration in equilibrium with air at 25°C, i.e., 8.2 ppm.)

mV was calculated from literature data for the free
energy of formation of cuprous oxide (9) applying a
correction term to allow for an oxygen concentration
below that in equilibrium at 1 atm. The solubility of
oxygen at 285°C at a pressure of 1 atm was taken as
110 ppm (7). The discrepancies are most likely as-
sociated with the oxygen electrode which is probably
not yet sufficiently reversible even at 285°C.

Monitoring corrosion and redox potentials.—In the
course of the develorment of the zirconia pH sensor
two tests of about 40 days duration were performed to
demonstrate long-term stability. During most of the
period of these tests the system was exposed to aerated
water at 285°C, but periodically excursions to 0.0005m
HySO4 and 0.00lm NaOH were introduced. Potentials
of the sensor (with Cu/CuzO internal), a platinum
probe, and the 316 S.S. autoclave were monitored
throughout using an Ag/AgCl reference electrode (10)
initially charged with water and AgCl crystals, i.e., no
KCl was added. (This type of filling solution has proved
to be more stable than those containing 0.01 or 0.1m
KCl.) The potential of the zirconia sensor wvs. the
platinum probe was also followed directly throughout
the tests. We have now reexamined the data as they
bear upon the monitoring of corrosion and redox po-
tentials with the autoclave serving as the corroding
electrode.

The relative stabilities of the wvarious electrodes
against the reference electrode are shown in Fig. 5,
and similar data for the corrosion and redox potentials
against the pH sensor are shown in Fig. 6. In con-
nection with the latter figure, it should be noted that,
in contrast to the platinum probe, the potential of the
autoclave was not monitored directly against the pH
sensor during the tests. As a result, all of the corrosion
potentials have been derived from independent mea-
surements of the autoclave and the pH sensor against
the Ag/AgCl reference. This may account in part for
the greater scatter. Nevertheless, both sets of measure-
ments indicate that the potentials measured against
the pH sensor are at least as reliable as those measured
against the more conventional reference electrode.

While the data in Fig. 5 and 6 pertain to the dilute
acid solutions, similar results were obtained with
water and the dilute base. This is evident from the
clustering of the data points obtained throughout the
tests and plotted for Run ZR02-19 in Fig. 7 and 8.
Here we see additionally that the influence of pH on
the corrosion potential essentially parallels that of
the pH sensor. The slope of the redox probe response



1448 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July 1982
4001
400
300
1 e I T-285°C
_____ ] RUN ZRO2-19
PT REDOX PROBE 2
- 00
100+
ok PT REDOX PROBE
> 200
£ >
1 E
w " -100F
S i
= S
o a
“ S 200k CORROSION
w 100 = POTENTIAL
=
u =}
& T=285°C & -300r
lS:J_ < OPEN POINTS: RUN ZR0O2-19 W
£ CLOSED PQINTS:RUN ZRO2 - 20 & 400
- P [
= -200 <
o 2
5 £ -500f
= i
= pH SENSOR S
-600f
-300
0 10 20 30 20 ~T00f

TIME ~ DAYS

Fig. 5. Potentials measured against an Indig reference electrode.
(0.0005m H2SO4 electrolyte; 8.2 ppm dissolved oxygen.)
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Fig. 6. Corrosion and redox potentials measured against the pH
sensor, (0.0005m H3SOy4 electrolyte; 8.2 ppm dissolved oxygen.)

(from the oxygen/water couple) is somewhat greater.
As noted in the previous section this probably reflects
remaining irreversibility in the oxygen reduction re-
action at 285°C.

All of these data support the use of the pH sensor as
an alternative reference electrode for the measure-
ment of corrosion and redox potentials. They also in-
dicate that using the pH sensor as a reference elec-
trode automatically eliminates spurious pH change ef-
fects from the measurement of real interest, i.e., the
shift in the relative oxidation level of the system

3 4 5 6 7 8 9 10
pH
Fig. 7. Effect of pH on the potentials measured against the Indig
reference electrode. (8.2 ppm dissolved oxygen.)
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Fig. 8. Effect of pH on corrosion and redox potentials measured
against the pH sensor. (8.2 ppm dissolved oxygen.)

through changes in concentration of redox active
species per se.

In-Plant Applications

For in-plant applications we would envision the in-
sertion of zirconia electrodes at a variety of locations
where monitoring of corrosion and/or redox poten-
tial(s) were felt appropriate. In its simplest form the
probe would be inserted through the wall of a pipe or
flange. Only a female % in. NPT is required for mount-
ing. To monitor corrosion potentials a high impedance
meter could be connected directly across the sensor
and the pipe as indicated in Fig. 9. Because a small
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Fig. 9. Mounting of sensor for direct monitoring of the corrasion
potential of a pipe.

platinum redox probe will respond more rapidly to
changes in water chemistry than will the large area
piping, it would generally be desirable to include such
a probe in the monitoring system. This too can be in-
serted through a ¥ in. NPT, and it can be multiplexed
to a common high impedance meter.

To allow for possible breakage of a zirconia tube, a
slightly more sophisticated arrangement might be de-
sired in which the zirconia sensor is surrounded by a
screen or perforated shield that could retain any
broken pieces. The screen or shield could be con-
structed of the same alloy as the piping and connected
electrically to the piping. Under such conditions it
would assume the corrosion potential of the more mas-
sive system and should not interfere with measure-
ments.

It is conceivable that sensors would be desired at
several sites around a plant as indicated in Fig. 10
where a boiling water reactor power plant is used as
an example. In such a case it would probably be de-
sirable to monitor potentials immediately after the
demineralizers, farther along the feedwater train, and
in the cooling water recirculation loop.
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Reactions of Formation and Stability of Iron (1) and (III)' Oxides in
LiCI-KCI Eutectic Melt at 470°C
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Laboratoire d’Electrochimie Analytique et Appliquée, Laboratoire associé au C.N.R.S.,No.216,Ecole Nationale Supérieure
de Chimie de Paris, Université Pierre et Marie Curie, F. 75231 Paris Cedex 05, France

ABSTRACT

The study of the different oxides of iron (II) and iron (III) was carried out potentiometrically in LiCl-KCI eutectic
at 470°C by means of an yttria-stabilized zirconia electrode indicator of the oxide ion activity and an iron electrode
indicator of the ferrous ion activity. These measurements were complemented by the determination of cyclic voltam-
mograms and by x-ray diffraction and infrared spectrophotometry analysis of certain compounds formed. The main
results obtained are the followmg strong oxidizing power (oxidation of Cl™ ions into Cl,) and high oxoacidity (great
stability of ferric oxide) of Fe®* ions; possible redissolution of Fe,O, in the oxide ion rich media by the formation of
ferrate (III) ion; FeO, - Fe** ions react with O?~ ions to form ferrous oxide, which is probably stabilized in the form of a
solid solution FeO-LiFeO, of composition Fe, ,Li,O. Magnetic oxide, Fe;0,, is stable and can be obtained by the action
of oxide ions on a mixture of iron (II) and iron (III). The standard potentials of the different electrochemical systems,
which involve iron in its different oxidation states, and the expressions of these potentials as a function of the oxide
ion activity and different concentrations were given. The solubility products of iron oxides were also determined; the
values corresponding to ferrous oxide, magnetic oxide, and ferric oxide are, respectively, 10->4, 10-%%3 and 10-*%¢
(molality scale). The constant of formation of ferrate (III) ion (from ferric oxide) has the rough value 10'* mol - kg™'
These results were assembled in the form of a potential —pg:- equilibrium diagram which shows, in particular, that in
oxobasic media, magnetic oxide disproportionates into ferrate (III) and FeO. In the presence of a high concentration of

oxide anion, FeO leads to the formation of metallic iron because of its disproportionation into FeO; and Fe (s).

In fused chlorides, and in particular in LiCl-KCl
eutectic, iron exists in the oxidation states O, II, and
III (1). Iron (II) and iron (III) are known to form
numerous chemical combinations with oxide ion, such
as ferrous oxide, magnetic oxide, and ferric oxide.
Certain compounds, which are richer in O2~ ions than
the oxides of iron of the same oxidation state, are also
known; ferrates (III) of the type MFeO, (M = Li, K,
for example) or M'FesO4 (M’ = Co, Ni, Mn, Zn, Mg).
Iron is also included in the composition of many more
complex compounds existing in the natural state, such
as chromite, FeO - CryOg3; ilmenite, FeO - TiOz; hercy-
nite, FeO - Al;O3, etc.

The large number of chemical combinations involv-
ing the 02~ ion and iron (II) and iron (III) (alone or
in the presence of other metals), underlines the interest
of an analytical study of their chemical and electro-
chemical formations.

As a result of their role in the construction of re-
chargeable and high performance batteries, the prop-
erties of sulfide compounds of iron in LiCl-KCl melt
have been the subject of many studies (2), but the
oxides, on the other hand, have been studied very little.
Delarue has qualitatively established the potential-
po2— diagram of iron and has considered that ferric
oxide is not stable in this medium and decomposes to
magnetic oxide (3); Iwanec and Welch have showed
the formation of hematite by oxidation of ferrous chlo-
ride with oxygen (4). Inman et al. (5) and Legey (6)
have studied iron and chromium in LiCI-KCl eutectic
in order to elucidate the chemical behavior of chromite,
FeO - Cry0;. However, they have not determined any
solubility product corresponding to the oxides of the
elements studied; only Molina (7) has given a value
for ferrous oxide (i.e., 10—5-0 mol2 - kg—2) at 480°C.

Thus there is little experimental data concerning iron
oxides in fused chlorides. In addition, the data is
sometimes contradictory (as is the case of ferric oxide).
The aim of this study was to determine the nature
and the stability of the different oxides of iron (II)
and iron (III), by defining the conditions of their
formation in LiCl-KCl eutectic at 470°C, the tempera-
ture of our previous studies (8-11).

* Electrochemical Society Active Member.

1Present address: Rhone-Poulenc Recherches, Centre de Re-

cherches d’Aubervilliers, 93308 Aubervilliers, Cedex, France.
Key words: thermodynamics, fused salts, solubility, voltam-

metry.

This aim was achieved by carrying out potentiometric
titrations involving, on the one hand, O2~ ions, and, on
the other hand, iron (II) and iron (III), while the
oxide ion activity was measured by means of an yttria-
stabilized zirconia electrode. To facilitate the interpre-
tation of these titration curves, analysis of the com-
pounds formed was carried out by x-ray diffraction
and infrared spectrophotometry analysis. Finally, this
study was completed by analysis of several voltammo-
grams obtained at a glassy carbon electrode.

Experimental

Technique and procedure. — Potentiometry. — The
electrochemical cell, the furnace, the programmable
regulation, the reference electrode (Ag/Ag* 0.75 mol -
kg—1), and the yttria-stabilized zirconia electrode have
been described previously (8). All potentials are vs. the
standard chlorine electrode whose potential is +1.027V
with respect to our reference electrode (9). The iron
electrodes used for the coulometric generation of Fe2+
jons and for the measurement of their activities con-
sisted of a 1 mm diam iron wire of high purity, sup-
plied by Johnson-Matthey. The electrodes were cleaned
before each experiment by means of concentrated
hydrochloric acid. The coulometric production of Fe2+
jons in the eutectic was carried out automatically by
means of a previously described electronic apparatus
(9). Measurements of weight loss of the iron electrode
as a function of the quantity of electricity have given
the number of electrons exchanged during the oxida-
tion reaction, i.e.,, n = 2.05 = 0.07. The auxiliary com-
partment used for the coulometries was analogous to
the one designed by Legey (6); it is formed from a
Pyrex closed end tube having a sintered Pyrex side
arm 2.0 cm from the bottom. The cathode was com-
posed of liquid bismuth that forms an alloy with the
lithium produced during the reduction of the eutectic.
This device prevents any metallic dendritic growth that
could damage the sintered glass. The electric contact
was made from a tungsten wire that was covered with
Pyrex glass. The iron (II) solutions produced are color-
less.

The values of po2— were deduced from measurements
of the potential of an yttria-stabilized zirconia elec-
trode. Standardization of this electrode was carried out
by the oxoacidobasic HCl(g)/H20(g) couple before
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each titration experiment, and by the CO32—/CO2(g)
couple or of an excess of oxide ions at the end of the
experiment, as was described earlier (8).

The variation of the potential of the iron electrode
as a function of the number of coulombs of Fe (II) ions
introduced was measured by an Aries 20000 Tacussel
millivoltmeter as a function of the logarithm of this
concentration and is indeed linear (Fig. 1). Two ex-
periments were carried out, and the observed experi-
mental slope is close to the theoretical value of 0.074V.
The standard potential of the Fe(s)/Fe(II) electro-
chemical system (vs. the standard chlorine electrode)
is: E,°(Fe(s)/Fe(II)) = —1.447 = 0.010V (1). This
value is comparable to that obtained at 450°C by Laiti-
nen et al. (12, 13) (—1.478V) and subsequently con-
firmed by Saboungi et al. (2c).

Cyclic voltammetry.—The voltammetric scans were
performed with a Tacussel “PRT 30” fast-rise potentio-
stat coupled with a GSTP-3 function generator. The
i-E curves were recorded on an XY Sefram TRP 10-100.
The indicator electrode used was made from 3 mm
diam glassy carbon rod (quality V.25) supplied by
Carbone-Lorraine.

X-ray diffraction analysis.—The precipitates formed in
situ were kept in a desiccator under vacuum. At the
time of their analysis, they were reduced to powder,
then washed, and dried. The washing operation is in-
dispensable in order to dissolve a large quantity of
eutectic (lithium and potassium chlorides) whose pres-
ence leads to very pronounced lines that can mask
those of the compounds formed; it has the disadvan-
tage, however, of also eliminating all the other soluble
compounds. Nevertheless, the x-ray diffraction pat-
terns permit qualitative identification of the products
as well as an estimation of their proportions.

Infrared spectrophotometry.—The procedure is that de-
scribed by Brunet and Labbe (14): 1 mg of recovered
product is mixed with 200 mg of cesium bromide, then
made into a pellet by means of a hydraulic press under
a pressure of 1500 bars. The infrared spectra of the
products, determined by means of a Perkin-Elmer 457
double-beam spectrophotometer, were compared with
those of the reference compounds (Fe2O3, FezO4) and
their mixtures in different proportions (in particular at
the wave numbers 350, 400, 450, and 500 cm—1).

Products.—The oxides a-FeyO3 (purity: 99.999%) and
FeCl; (purity: 98%) were supplied by Alpha-Ventron;
Fe304, NagCOs, LiCl, and KCl were PROLABO (qual-
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Fig. 1. Potentiometric determination of the standard potential
of the Fe(s)/Fe(ll) electrochemical system.
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ity: R.P.) products. The experimental details for the
preparation and purification of the lithium chloride-
potassium chloride eutectic have been described earlier
(8). Potassium tetrachloroferrate was obtained by
melting a mixture of KCIl and FeCls which was pre-
pared previously in a glove dry box. Sodium carbonate
was melted at 1000°C before use. All products were
kept in a desiccator under vacuum.

Experimental Results
Behavior of hematite.—Delarue (3) has postulated
that ferric oxide was not stable in this medium and
that it led to the formation of magnetite, according to
the decomposition reaction

3Fez03(s) - 2Fe304(s) + 1/2 02(g) (1]

It was necessary as a preliminary to verify experi-
mentally the stability of ferric oxide. Part of the oxide
used gave x-ray diffraction patterns of pure a-FezOs.
Another part (8g) was introduced into 100g of eutectic
at 470°C, which corresponded to a total Fe (III) concen-
tration of 1 mol - kg—1. After 3 hr of contact with the
molten salt with vigorous stirring, the solid, which still
showed a dark red coloration, was isolated and then
analyzed with x-rays. The x-ray diffraction pattern
obtained still corresponded to that of pure hematite
and did not show the characteristic lines (2.967 and
4.85) of magnetite. It can be concluded that hematite
remains stable in the molten salt. Furthermore, this
conclusion confirms that of Iwanec and Welch (4).

Titrations of ferrous and ferric chloride solutions by
sodium carbonate.—Adding potassium tetrachlorofer-
rate into the eutectic, at total concentration C,, leads
to the formation of chlorine and ferrous chloride, whose
concentration (which is the initial concentration at the
beginning of titrations), |Fe2+|; is related to that of
the remaining ferric chloride, |[Fe3+ [;, by the relation

C, = |Fed+|; 4 |Fe2*t|; [2]

Each experimental curve of the three titrations car-
ried out (Fig. 2) shows two equivalence points, 1 and
ar, corresponding to two successive chemical reactions;
visual observation during these titrations, as well as
the shape of the curves obtained, indicate the formation
of precipitates. Table I gives the characteristic values
of these titrations, i.e., the values of o (defined as:
o« = added carbonate/C,) corresponding to the equiv-
alence points and the values of poz— referring to the
beginning of each of the precipitation reactions. Fi-
nally, the results of x-ray diffraction and infrared

l 1 1
0 05 10 15 20 25

= (008 /[Fely

Fig. 2. Potentiometric titrations of iron (1) and (l11) solutions of
total concentration C, by sodium carbonate in LiCI-KCl eutectic
melt at 470°C. Curve 1: C, = 7.60-10~2 mol - kg—! (H);
curve 2: C, = 0.63 mol - kg~ ! (@); curve 3: Co, = 1.0 mol -

kg1 (O).
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Table I. Characteristics of the titration curves of ferrous and
ferric chloride solutions by sodium carbonate in LiCI-KCl eutectic.
Results of x-ray and infrared analysis of the products obtained.
(a3 = equivalence point corresponding to the end of the first
reaction; ar = cumulative equivalence point.)

Experi-
ment 1 Experi- Experi-
Co = ment 2 ment 3
7.60 - 10-2 Co = 0.63 Co = 1.00
Quantities mol - kg-t mol - kg-1 mol - kg-t
ar 1.20 1.25 1.42
a1 0.76 0.92 1.25
Do~ 8.4 9.2 8.8
po- 41 4.0 5.4
X-ray _ 67.0
7Fe20 { Infrared — Not 60+5
X- ) 0! g
%Fe0u {Tnirared o432 analyzed 0%
%FeO X-ray 45.5 —_

analysis of the products obtained, which permit identi-
fication of their nature and estimation of their propor-
tions, are also given in the table. Thus, one notes that
only the experiment carried out with the highest iron
concentration (C, = 1 mol : kg—1) led to the formation
of ferric oxide.

Titrations of oxide ion by potassium tetrachlorofer-
rate.—As a result of the strong oxidizing strength of
iron (III) chloride and its instability (5b), it is not
possible, as in the case of aluminum (8), to carry out
titrations of ferric chloride alone by sodium carbonate.
But since the formation of stable oxide decreases the
oxidizing strength it was possible to carry out the in-
verse titration (O2~ by the addition of Fe3+).

When oxide ion is introduced by dissolution of
sodium carbonate, under bubbling argon and then
under vacuum, a solution of only Na* and O2~ ions
is obtained. The curve corresponding to the titration of
this solution (0.8 mol - kg—1) by potassium tetrachlo-
roferrate is shown in Fig. 3. We can see a weak increase
of po2— for a1 = 0.5 and a more pronounced increase for
ap = 0.66.

X-ray diffraction analysis of the recovered pre-
cipitate at the end of the experiment indicates clearly
the formation of hematite. The product formed at the
beginning of the titration was recovered in a second
experiment carried out under the same conditions as
the first but stopped at the value a = 0.42; x-ray dif-
fraction patterns indicate that it is the ferrate LiFeOz
in the presence of a certain quantity of LiFesOs.

Electrochemical behavior of iron (II) and (III) at a
glassy carbon electrode.—In a “neutral” medium.—In
a “neutral” medium (without an oxoacidobasic sys-

| 1
0 05062 066 10 15
o = [Fe*laq /[CO% ]

Fig. 3. Potentiometric titration of oxide ion (initial concentration
0.80 mol - kg—1) by potassium tetrachloroferrate (l11).
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tem) the LiCl-KCIl eutectic is not buffered with regard
to oxide ions. The po2— value, measured by the zirconia
electrode, before scanning of the voltammograms is
only given as an indication; it indicates the presence of
residual oxide ions and O2~ donor impurities.

The residual current at a glassy carbon electrode
with a geometric area 7.07 mm? in LiCl-KCl eutectic
(initial po2—: 4.7) is shown as a function of the rate
of variation of the potential, by curves 1, 2, and 3 in
Fig. 4. A high cathodic intensity is observed toward
—2.427V (peak b) followed by a reoxidation peak c.

In the presence of iron (II) (produced by coulomet-
ric oxidation of iron), the voltammograms have the
general shape represented by curves 4, 5, and 6 in Fig.
4, obtained for an Fe2+ concentration of 4.88 x 10—3
mol - kg—! [ie, 80 X 1078 mol - cm~3, using the
density, 1.637 g - cm~3 determined by Van Artsdalen
and Yaffe (15)] and with the respective voltage sweep
rates of 0.121, 0.143, and 0.199 V - sec—!. In addition to
the preceding peaks (b and c), a reduction peak a and
two reoxidation peaks d and e are observed. The in-
tensity of the reduction peak a varies as a function of
the rate of variation of the potential as shown in
Table II.

Figure 5 shows the voltammograms corresponding to
the oxidation of an Fe2+ solution of concentration 5.81
% 10-3 mol - kg—1, where the rate of variation of the
potential is between 0.131 and 0.031 V - sec~! and the
Po2— initially measured is 5.7. These curves are entirely
analogous to those obtained by Uchida et al. (16) with
a tin oxide electrode. The magnitude of the residual
current on the glassy carbon electrode does not permit
one to obtain well-defined oxidation peaks of iron (II).
The oxidation potential of Fe2* into Fe3+ is very close
to that of C1— into chlorine.

In oxobasic medium.—After a coulometric addition
of 4.88 - 10—3 mol - kg—1! of iron (II), the po2— of LiCl-
KCI eutectic was buffered at a value of 0.1 (measured
by the zirconia electrode) by adding sodium carbonate,
whose decomposition was made complete by the crea-
tion of a partial vacuum. The curves obtained (Fig. 6)
have the same general shape as that corresponding to

=
o

10° Intensity / A
o
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-051

-10 :
-25 -20 =15 -10
Potential /V
Fig. 4. Cyclic voltammograms at a glassy carbon electrode (A =
7.07 - 10—2 cm2) in LiCI-KCI eutectic melt at 470°C. Curves 1, 2,
and 3, without Fe2+; curves 4, 5, and 6, with Fe2+ 4.88 - 1073

mol - kg~ 1. Voltage sweep rates: curves 1 and 4, 0.121 V - sec™1;
curves 2 and 5, 0.143 V - sec—1; curves 3 and 6, 0.199 V - sec™1.
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Table 11. Electrochemical behavior of iron, at a glassy carbon
electrode (A = 7.07 mm2) in LiCI-KCI eutectic melt at 470°C
(Co = concentration of Fe2t initially introduced)

Medium v/V - sec-t =108 Ip/A
) v 0.121 58
Neutral,” po?- ~ 4.7 0.143 68
Co = 8.0 - 10~ mol + cm-? 0.199 87
. - 0.115 50
Oxobasic, po?- ~ 0.1 0.230 3
Co = 8.0 - 10~ mol - cm-3 0.454 79-80

the neutral medium. Again, a reduction peak (a’) is
observed, followed by a sharp increase of the cathodic
current (b’), and reoxidation makes three peaks (c/,
d’, and e’) appear. It should be noted, first of all, that
peak e’ is correspondingly larger when the potential
has previously attained more negative values (compare
curve 1 to curves 2, 3, and 4), and secondly, that the
difference in potential between the reoxidation peaks
d’ and e’ is virtually equal to that observed for peaks
d and e in neutral medium (Fig. 4). The rates of
variation of the potential and the corresponding in-
tensities of the reduction peak a’ are given in Table II.

Interpretation and Discussion

Formation of Ferric, Magnetic, and Ferrous Oxides and
Determination of Their Solubility Products
Principle of interpretation of the titration curves of
ferrous and ferric chloride solutions.—The initial con-
centrations of Fe3+ and Fe2+ ions are expressed on the
basisof their sum (relation [2]) and their ratio =

|Fed+|; = 2Co(1 4 x) —1 [3]
and

|Fe2+|; = Co(1 4+ x) 2 [4]
where x = |Fe3+*|;/|Fe2*|;. In the formation of ferric,

magnetic, and ferrous oxides, two cases were consid-
ered: (i) the first oxide to precipitate is ferric oxide
and (ii) the first oxide to precipitate is magnetite. In
each case, the relations between the values of « cor-
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Fig. 5. Cyclic voltammograms at a glassy carbon electrode (A =
7.07 - 10~2 cm2) corresponding to the Fe(ll)/Fe(lll) system in
LiCI-KCI eutectic at 470°C containing Fe2+ 5.81 - 10~3 mol kg~ 1.
Voltage sweep rates: curve 1, 0.131 V -sec™1; curve 2, 0.123
Y - sec™!; curve 3, 0.076 V - sec!; curve 4, 0.031 V - sec™ !,
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Fig. 6. Cyclic voltammograms at a glassy carbon electrode (A =
7.07 - 10~2 cm2) corresponding to the reduction of iron (l11) pro-
duced by the disproportionation of Fe(ll) 4.88 - 10—3 mol - kg—1.
LiCI-KCI eutectic buffered at po2— = 0.1. Voltage sweep rates:
curves 1 and 4, 0.454 V - sec™!; curve 2, 0.115 V - sec™!; curve 3,
0.230 V - sec—1,
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responding to the titration equivalence points, the
values of po2— of the precipitation of the oxides, and
the proportions of oxides formed, on the one hand, and
the values of x and C,, on the other hand, were estab-
lished.

Only the calculations corresponding to the first hy-
pothesis are shown here, as an example; only the
results are given for the second hypothesis. In addi-
tion, the ferrous oxide formed is assumed to be stoi-
chiometric as postulated by Delarue (3), Molina (7),
and Legey (6).

Establishment of the relation « = f(x).—The equiv-
alence point corresponding to the end of the precipita-
tion reaction

2Fe3t+ 4- 3CO32~ = Feg03(s) + 3CO2(g) [5]

is such that the concentration of carbonate added,
|CO32~ |aaa., is expressed as a function of the initial
iron (III) concentration by the relation

|CO32~ |agq. = 1.5 |[Fed3+|; = 1.5 xCo (1 + x) !

The relationship «1 between the quantity of car-
bonate added and the quantity of tetrachloroferrate
introduced is therefore

_ |COs* |aga.
- o

This first equivalence point thus depends on the
value of x and is not necessarily equal to 1.5. As x = o0,

=15x(1+ x)~t

ol
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i.e., when there is no iron (II), oy = 1.5 (formation
exclusively of FexO3).

When the formation of ferric oxide is finished, the
excess carbonate can react with the Fe2* ions to form
ferrous oxide. But, thermodynamically, this oxide is
likely to reduce ferric oxide to form magnetite. It will
thus be postulated that the reaction is, in fact, the fol-
lowing

Fex03(s) + Fe2t 4+ CO32~ - Fe3O4(s) + COz2(g)
[6]

whose equilibrium constant is deduced from the con-
stant K of the reaction

Fep03(s) + Fe2+ 4 02~ - FegO4(s)

and from the dissociation constant, Kp, of the carbonate
ions.

Two cases can be distinguished: either limitation
of reaction [6] by the quantity of Fe;O3 formed (if
x < 2), or limitation by the concentration of iron (II)
(if x> 2).

The case of x > 2: formation of Fe3O4: The concen-
tration of carbonate added during reaction [6] is thus
expressed by

|COg2~ |aga. = |Fe2+|i = Co(l 4+ x) ~1
and the second equivalence point a by the relation
=1+4+x) —1

The same value of az would be obtained by postulat-
ing the formation of FeO. The value of ar, correspond-
ing to the total quantity of carbonate necessary for the
formation of Fe;O3 and then FesOy, is thus

ar=a; + a2 = (L5x 4+ 1) (1 4 x)~!

Case of x < 2: formation of FesOs and then FeO:
The quantity of ferric oxide produced during reaction
[5] limits the quantity of FesO4 which is obtained. The
second equivalence point (reaction [6]) thus corre-
sponds to the relations

1C032_‘add. =05 1Fe3+|1 =052 Co(1 + )1
where oy’ = 0.5x (1 + x) L

It is then possible to form ferrous oxide by means of
an excess of sodium carbonate, according to

Fe2+ + 02~ - FeO(s)

In this case a third equivalence point appears, whose
value depends on the quantity of Fe2* remaining,
|Fe2+|,, at the end of the second precipitation (reac-
tion [6])
|Fe2+ |, = |Fe2+|; — 0.5|Fe3+|; = Co(1 + x) 1
—0.52Co(1 4 x) !
The equivalence point g’ is thus given by
ag’ = (1 — 0.5x) 1+ x) -1
and the total quantity of carbonate added is given by
ar = (1.5 + 1A + x) 1
ar is thus independent of whether x is greater or less

than 2.

Relations between the proportions of oxides formed and
the value of the ratio x.—Case of x > 2: formation of
Fe;0; and then FegOs: The number of mols [n(Fez203) ]
of Fe;03 produced during reaction [5] is given by

n(Fex03) = 0.5n (Fest)

where n(Fe+) represents the number of mols of
Fe3+ initially contained in an amount m of eutectic
(where m is expressed in grams). Its value is

n(Fex0s) = 0.52Co(1 + )~ - m - 103 [71
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The number of mols [n(Fe304)] of FesO4 formed dur-
ing reaction [6] is equal to that which corresponds to
iron (II)

n(Fez04) = Co(l +x)~1m -10-3 [8]

The number of mols of FexO3 remaining at the end of
the experiment is thus

n(Fex03)r = (0.52 — 1) - Co(1 + x)~1-m-10-3 [9]

From relations [8] and [9] it is possible to deduce the
proportions of oxides formed during the experiment;
they are equal to (x — 2)x~! for ferric oxide and to
2x~! for magnetite.

Case of x < 2: formation of Fe;O3 and then Fe3Oq4
and FeO: The number of mols of FesO3; produced dur-
ing reaction [5] is given by Eq. [7]. However, reaction
[6] leads to the total transformation of ferric oxide
into magnetite. The quantity of Fe3O4 formed is there-
fore given by the same relation [7]

n(Fe304) = 0.52Co(1 4+ x)~1m - 103
and
n (Fex03) =0
The quantity of ferrous oxide subsequently obtained
depends on the number of mols of Fe2+ remaining

n(FeO) = a3’ Co*m-10-3
and thus

n(FeO) = (1 — 05x) (14 x)-1-Co-m-10-3

The proportions of oxides are therefore the follow-
ing: 0.5x for magnetite and 1 — 0.5x for ferrous oxide.

po2— at the beginning of precipitation as a function of
x, Co, and the solubility products of the oxides.—Case of
x > 2: Ferric oxide precipitates from the value of
Po2— given by

Pos2— = 1/3 [pKs(Fez03) — 2pFe+] [10]

where pFet is obtained from Eq. [3].
The beginning of the precipitation of Fe3O4 takes
place at a value of po2— equal to

DPog2— = PK — pFe2+ [11]

where the value of pFei2t+ is deduced from relation
[4]. (The constant K corresponds to reaction [6], where
the partial pressure of carbon dioxide is very low.)

Case of x < 2: As in the preceding case, ferric oxide,
Fey03 precipitates first at a value of po2— given by Eq.
[10], then magnetic oxide at a value of po2z— given by
expression [11], and finally ferrous oxide when the
value of po2— attained is given by

pog2—' = PKs (FeO) —pFe2+
where

pFe?+ = — log |Fe2+|, =
—log [(1 — 0.5x) Co(l 4+ x)~1]

Diagnostic criteria.—The same calculations carried out,
taking as a hypothesis that Fe3O4 precipitates first, give
different resuits, which are presented in Table III,
along with those just established above. These results
depend on the hypothesis used to obtain them. They
can thus be used, by comparison with experimental
values, to “choose” the most realistic hypothesis con-
cerning the reactions that really take place. These
quantities (Table III) thus serve as “diagnostic criteria”
and are used in the following way.

Criterion (n) shows that the quantity or depends
only on the value of x; its expression is independent
of the hypothesis which is postulated, and it remains
valid whether the value of x is greater than, less than,
or equal to 2. It thus, permits unambiguous determina-
tion of the value of x corresponding to a given titra-
tion; this value permits determination of the equiva-
lence points corresponding to the different hypotheses
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Table I11. Interpretation of the titration curves of iran (11) and (I11) solutions. Criteria corresponding to hypothesis | and II.

Hypothesis I

Hypothesis II

A—x > 2

1. Precipitation of Fe20s(s)
(a) a1 =15z (1 + x)-t

(b) Do = —3 [PKs (Fe:03) + 2 log {xCo (1 + x)-1}]

2. Precipitation of Fe:0:(s)
(c) a2 = (1 + x)1
(d) poi~ = pK + log {Co (1 + )1}
and [pK = pK. (Fes0s) — pKs (Fez0s)]

1. Precipitation of FesO4(s)
(1) ea=4(1 + x)2

1
(j) Doz = —4 [(pKs (FesOs) + 2 log {xCo (1 + x)-1}
+ log {Co (1 + x)-1}]

2. Precipitation of Fe20s(s)
(k) az =15 (x — 2)(1 + x)-1

1
(1) Pog~ = -; [pPKs (Fe:03) + 2 1log {Co (x — 2)(1 + x)-1}]

B—x <2

1. Precipitation of Fez0s(s)
(a) a1 =15z (1 + %)=

1
(b) po2- = -; [pKs (Fe:03) + 2 log {xCo (1 + x)-1}]

2. Precipitation of FesO:(s)
(e) as’ =052 (1 + x)-*
(f) DPo2" = pK + log {Co (1 + x)-1}
3. Preclpita'tion of FeO(s)
(g) as’ = (1-0.5x) (1 + x)-?
(h) Po2’ = pK. (FeO) + log {(1-0.5z) Co (1 + x)-%}

1. Precipitation of FesOs(s)
(m) oo’ =2x (1 + x)-1

1
(J) po2 = -4— [pKs (FesOs) + 2 log {xCo (1 + x)-1}

+ log {Co (1 + x)-1}]

2. Precipitation of FeO(s)
(g) ar = (1-0.52) (1 + x)-1
(h) po?-’ = pKs (FeO) + log {Co (1-0.5x) (1 + z-1}

C—Value of ar

(n) V hypothesis and V x,ar = (152 + 1) (1 + x)-!

D—Percentages of oxides precipitated
V Hypothesis, they depend only on x

x>2 <2
%Fex0s (0) 100 (x — 2) xt 0
%oFes04 (p) 100 x 2 -t (4) 100 x 0.5z
%FeO 0 (r) 100 (1-0.5x)

and, consequently, comparison of them with experi-
mental values. The order of the precipitation of oxides
is thus determined and their solubility products are
calculated from the values of po2— at the beginning of
precipitation.

Results: The different characteristics of the curves
shown in Fig. 2 were interpreted according to the
previously defined criteria.—First experiment.—The
equivalence point corresponds to ar = 1.20 (Table I),
that gives, for the ratio x of the concentrations of iron
(III) and iron (II), the value 0.67 (Table IV). The
order of precipitation of the oxides is known from
comparison of the two criteria (a) and (m). The value
0.80 of ay’ obtained by means of criterion (m) (Table
IV) corresponds to the experimental value 0.76 (Table

Table IV. Interpretation of the titration curves of iron (I1) and (III)
solutions (obtained by adding KFeCly at the concentration C,
(mol * kg—1) into LiCI-KCI eutectic at 470°C).

x = |Fe3+|/|Fe2t|; see the text for the definition of criteria.
Experi-
ment 1 Experi- Experi-
Cri- Co = ment 2 ment 3
Quantities teria 7.6 - 10-2 o = 0.63 Co = 1.00
x n 0.67 1.00 5.25
a1 a 0.60 0.75 1.26
i 0.64
ar’ m 0.80 1.00
PKs (Fex0s) b 26.6
PK d 6.2
PKs (Fes04) d 32.8
PKs (Fes04) i 38.0 38.3
pKs (FeO) h 5.6 4.8
%Fe20s o 619
% Fes04 P 38.1
%FesOu q 33.5 50.0
%Fe0 r 66.5 50.0

I). It is thus established that magnetic oxide, Fe3O4,
precipitates first. Its solubility product (38.0) is ob-
tained by applying criterion j. The solubility product
of terrous oxide, which is then formed, is estimated
by means of criterion h: its value is equal to 5.6. Finally
criteria q and r give the following proportions of these
two oxides: 33.5% for Fe3O4 and 66.5% for FeO.

Second experiment.—The value ot = 1.25 corresponds
to x = 1.0. Determination of the first equivalence point
by criteria a and m indicates, in this case as well, that
magnetic oxide precipitates first (a1’ = 1.0 and aexp =
0.92).

Thus, as previously, the solubility products of the
two oxides are obtained: 38.3 for Fe3O4 and 4.8 for FeO.

By employing the same criteria as were used for the
first experiment, it is shown that equivalent quantities
of oxides were formed.

Third experiment.—This titration, carried out with the
highest concentration of tetrachloroferrate, corresponds
to the value ot = 1.42 or x = 5.25 (criterion n).

Application of criteria a and i indicates that ferric
oxide precipitates first (oy calculated: 1.26; a; mea-
sured: 1.25). The solubility product of this oxide is
given by criterion b: 26.6. The latter value is used to
determine the solubility product of magnetic oxide by
applying criterion d: 32.8. The percentages of these
two oxides (criteria o and p) are: 61.9 for FepO3 and
38.1 for Fe304.

Conclusion.—X-ray diffraction analysis of the prod-
ucts formed during titration corroborates the preced-
ing treatment of the titration curves with regard to the
identification of the oxides formed and their respective
proportions.
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The percentages of ferric oxide and magnetite ob-
tained during the third titration were, in fact, identical
according to the different means of determining them
(see Tables I and IV). In the case of the first titration,
the proportion of magnetic oxide determined with
x-ray diffraction is higher than that obtained from the
titration curve. This seems to be due to partial oxida-
tion of ferrous oxide to magnetic oxide by the carbon
dioxide used at the end of the experiment (under a
pressure of 1 atm) to realize a supplementary standard-
ization of the zirconia electrode.

The variation of poz— obtained at the beginning of
the second titration might suggest the transitory for-
mation of oxychloride, but this seems improbable. Such
a variation was not, in fact, observed during the first
experiment, nor does the titration curve O2~ by tetra-
chloroferrate (Fig. 3) suggest this formation. It there-
fore seems more probable that this variation is due
either to the slowness of the precipitation reaction or to
the reaction of dissolved chlorine (produced by oxida-
tion of Cl1~ by potassium tetrachloroferrate introduced)
with CO32~ ions

Clz(dissolved) 4+ CO32~ - % Oa(g) + COa(g) + 2C1-

Solubility Product of Ferric Oxide and Formation of Ferrate (I11)

Solubility product of Fe;0O3—X-ray diffraction anal-
ysis showed that hematite precipitates during titration
of oxide ion by potassium tetrachloroferrate (Fig. 3).
After the equivalence point corresponding to the for-
mation of this oxide (a« = 0.66), redissolution equilib-
rium can be envisaged by the formation of oxychloride

Fes03(s) 4 Fe3t+ < 3FeO+ [12]

However, it should be noted that no equivalence
point is observed for the value « = 1 (which corre-
sponds to the formation of 0.8 mol - kg—! of oxychlo-
ride). Furthermore, the values given in Table V show
that the equation

PKs( Feo03) = 2pFe3 + g 3po2-—

corresponding to the sole dissociation equilibrium of

Fep0;3 into Fe3+ and 02~ is confirmed. This permits a

precise determination of the solubility product of fer-

ric oxide

pK(Fes03) = 29.6 (with the standard deviation of 0.2)
Contrary to the case of alumina (8), it is thq most

stable form of ferric oxide, according to x-ray diffrac-

tion analysis, that precipitates and the solubility prod-
uct obtained is, thus, that of hematite, a-FepOa.

Formation of ferrate (III).—In Fig. 3, the equivalence
points corresponding to the possible formation of
LiFeOs and LiFe;0s and then to the formation of Fe20s3,
according to the reactions

202~ 4 Fe3t —» FeOa~ [13]
4FeOy~ + Fel+ 4 Lit ~ LiFe;Os(s) [14]
3LiFe;03(s) + Fe3+ — 8FexO3(s) + 3Lit  [15]

have been indicated by letters a, b, and c.

Table V. Determination of the solubility product of Fe2Og by
analysis of the end of the titration curve of the oxide ion
(concentration C,) by iron (l11) introduced in the form of KFeCl,.

The concentration of Fe3+ is given by |Fe3+| = (a — 0.66)C,.
Fest Po>- pKs = 2pFes+
a calculated measured + 3po*
0.8 0.95 9.25 29.65
0.9 0.72 9.45 29.70
1.0 0.56 9.50 29.62
1.2 0.36 9.60 29.54
14 0.23 9.65 29.41
16 0.12 9.70 29.34
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X-ray diffraction analysis of the product obtained for
a = 0.42 showed the presence of LiFeO; and LiFe;Os,
which suggests that the three reactions given above
take place during titration. Nevertheless, LiFe;Og can
also be produced, during partial washing of the recov-
ered precipitate, by hydrolysis of LiFeO; according to

5LiFeO; + 2H;0 - LiFe;0g + 4LiOH

In this case, the reactions corresponding to the begin-
ning of titration are reaction [13] and the reaction

3FeO2~ + Fed+ — 2Fe03(s)

which seems more probable because of the value of «
corresponding to the second equivalence point (0.66).
Thus, for « = 0.50, the equilibrium to be considered is

2Fe0y~ < Fep0s3(s) 4 02— [16]
for which the corresponding constant is
K(FeO;™) = |FeOz—|2/|0%~|

Since the concentration of ferrate (III) ion is virtually
equal to half the concentration of oxide ions initially
added and the measured po2— is 2.7, it is possible to
calculate this constant

log K(FeO2~) = 1.9

which is comparable to the value previously estimated
(1.7) for the formation of aluminate (8).

Solubility Product of Ferrous Oxide

Evaluation of the solubility product by ferrous oxide,
assumed stoichiometric, and determination of the stan-
dard potentials E°; and E°s5 of the electrochemical sys-
tems Fe/FeO and FeOQO/Fe304+—The equilibrium con-
stants of the oxide ion exchange reactions permit deter-
mination of the so.ubility products of metallic oxides
by taking, as a reference, an oxoacidobasic couple of
known constant such as HCI/H,O (17, 18).

The solubility product ot ferrous oxide, for example,
can be obtained from the constant of the exchange re-
action

FeO(s) 4+ 2HCIl(g) < FeClz (dissolved!) 4 Hy0(g)
(17}
P(H20) - [FeClp(dissolved)]
= P(HCD)?

= Ks(FeO) /K (H20/HCI)

This constant K can be determined from the variation
of standard free enthalpy AC* of reaction [17], but em-
ploying pure FeClz(s) instrad of FeCls(dissolved) and
of the activity coefficient of ferrous chloride, which is
related to the variation of standard free enthalpy, AGselv
of the dissolution reaction

FeClp(s) > FeClg (dissolved)
by the equation

AGsolv = 2.3RT log f (FeClg)
which gives

pKs(FeO) = pK (H:0/HC1) +

AG*
2.3RT

The activity coefficient of ferrous chloride is calcu-
lated from the electromotive force AE° of the cell
Fe(s) /FeClz(dissolved) /Cla(g) and the variation of
standard free enthalpy AG:* of the formation of solid
ferrous chloride, by means of the equation

log f(FeCly) = (—2FAE° — AG*)/2.3RT

where AE° = E°(C1~/Cly) — E°;(Fe/Fe?+) = 1.447V,
and AG*; = —249.2 kJ (19).

1 Which is generally noted as Fe?.

+ log f(FeClp)
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The experimental value of pK of the HoO/HCI1 couple
(8), the logarithm of the activity coefficient of ferrous
chloride thus determined (—2.1), and AG* obtained
from the data in the literature (35.0 kJ) lead to the
value pKs(FeO) = 5.4, which is close to the experi-
mental sum po2- + pFe2+ = 5.3, which is observed
during titration of ferrous ions by oxide ions (20).
Furthermore, this value is in good agreement with the
value experimentally determined by Molina (7), viz,
5.0 at 480°C.

The variation of the standard free enthalpy, AG, of
the reaction

Fe(s) 4 Fe304(s) = 4FeO(s)

in related to the difference of standard potentials E°;
and E°s5 (Table VI) of the electrpchemical systems

Fe(s) 4+ 02~ > FeO(s) + 2e-~ [18]
and
3FeO(s) + 02— - Fe304(s) + 2e~

The standard potential E°, of the Fe(s)/Fe2+ elec-
trochemical system, —1.447V, and the solubility prod-
uct of FeO(s), 5.3, give the standard potential, E°y =
—1.839V, from which it is possible to obtain E°5 (Table
VI), knowing AG = —22.8 kJ)

AG
E°s = E°y — — = —1.721V
2F

The precision of this value depends largely on the
value of the chemical potential of FeO, which is known
with a lower precision since the variation of standard
free enthalpy of formation of FeO from iron and mag-
netite is small.

The different standard potentials of the electrochem-
ical systems using Fe2+ and FeO;~ ions and the solids
Fe, FeO, and Fe304 are collected in Table VI that also
gives the variation of equilibrium potential correspond-
ing to these various systems as a function of po2— and
the different ionic concentrations in solution.

On the basis of these values, one can establish the po-
tential-po2— equilibrium diagram represented in Fig. 7
that shows in a very oxobasic medium (high O2- ion
activity) that magnetite and ferrous oxide necessarily
disproportionate according to

Fe304(s) 4 02~ —» 2FeOy~ + FeO(s) [19]
and
3FeO(s) + 02— - 2FeOz~ + Fe(s) [20]

For sufficiently low values of po2—, FesOy4 is dispropor-
tionated, yielding metallic iron directly, through the
formation of ferrate FeOz~

3Fe304(s) + 4 02~ - 8FeO2~ + Fe(s) [21]

The diagram in Fig. 7 is a simplified representation
of the phenomena that presuppose a full range of ex-
istence of ferrous oxide. Not only is this oxide well
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Fig. 7. Potential-po2— equilibrium diagram of iron in LiCI-KCI
eutectic at 470°C: range of the most negative potentials. (The
lines shown in this diagram correspond to the following concen-
trations: y —=——: 1 mol +kg—1!; —+—: 4.88-10"3
mol - kg—1.

known to be unstable at temperatures below 580°C, but
the temperature at which our experiments were car-
ried out is in the neighborhood of that (480°C) which
corresponds to the maximum rate of disproportionation
of pure ferrous oxide into magnetic oxide and metallic
iron (21). It can thus be deduced that the presence of
LiCl-KCl eutectic has a stabilizing effect on ferrous ox-
ide. It has, indeed, been shown that it is possible to re-
place, in the ferrous oxide structure, two Fe2+ ions by
an Fe3+ jon and a lithium ion (22), thus leading to
solid solutions Fe;—g,2*+Fe,3+Liy*02~ whose composi-
tion [(1 — 2y)FeO 4 yLiFeO:] can vary continuously
from the oxide FeO (y = O) to lithium ferrate (III)
LiFeOz (y = 0.5).

Taking these considerations into account, it is thus
likely that what is precipitated is not pure ferrous ox-
ide, but a stable solid solution according to the reac-
tion (20)

(1 — 05y)Fe2+ 4 02~ 4 (yLit) -
[Fe;—yLi,01(s) + 0.5yFe(s) [22]

Interpretation of Results Obtained by Cyclic Voltammetry
“Neutral” medium.—Part b of curves 1, 2, and 3 in
Fig. 4 corresponds to the formation of intercalation
compounds of lithium inside the carbon of the electrode.

Table VI. Expressions of the equilibrium potentials of the electrochemical systems of iron in LiCI-KCI eutectic melt at 470°C
(2.3RT/2F = 0.074V; concentrations are expressed in the molality scale).

Electrochemical systems

Equilibrium potentials

Standard potentials/V (vs. C1-/Clz (1 atm))

Fe(s) — 2e- = Fe?+ E = Eo® + 0.074 log |Fe2+| Eo® = —1.447

Fe(s) — 2e- + 0> = FeO(s) E = E:° + 0.074po*- E:1* = Eo° — 0.074pK. (FeO) = —1.839

Fe* — e- = Fe¥* E = E»* + 0.148 log {|Fe3+|/|Fe2+|} Ey’ = —0.212

2Fe2+ — 2e- + 3 0>~ = Fe:0s(s) E = Es° + 0.222po*- — 0.148 log |Fe?*| Es® = E»* — 0.074pK, (Fe20s) = —2.402

3Fe2+ — 2e- + 4 02 = Fes04(s) E = E+° + 0.296po>- — 0.222 log |Fe2+| Es° = E2° — 0.074pKs (Fes04) = —2.898
3FeO(s) — 2e- + 02 = Fe30:(s) E = Es° + 0.074po*- Es':_= Ez;zi" 0.074 [3pKs (FeO) — pKs (Fes04)1

2Fes0s(s) — 2e- + 02~ = 3Fe20s(s) E = E¢° + 0.074po>-
Fes04(s) + 2 0>~ = 3FeOz + e-
FeO(s) + 02~ = FeO: + e-

Fe(s) + 2 02- = FeOz + 3e-

Fe2+ + 2 0> = FeOsr + e-
|[Fe2+|}

E = Er° + 0.296po + 0.444 log |FeOx|
E = Es° + 0.148po>- + 0.148 log |FeOx|

E = Ev° + 0.990po*- + 0.049 log |FeOz-|
E = Ex° + 0.296pox- + 0.148 log {|FeOz|/

Ee® = Eil; 0.074 [2pKs (Fes0s) — 3pKs (Fe20s)]

E:* = Es° + 0.222pK (FeO:-) = —1.837
Es° = E2° + 0.074 [PK (FeO2-) — pKs (Fe:0s) +
2pKs (FeO)]l = —1.759

Ev® = (2E1° + Es°)/3 = —1.812
Ei® = E»* + 0.074 [pK (FeO:") — pKs (Fe:0s)]
543
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These compounds have been studied by Fondanaiche
(23), James (24), and Selman (25). Their formation
can be written schematically

xC + Lit 4 e~ = C,Li

They are reoxidized to give the oxidation peak c.

In the presence of Fe2* ions (curves 4, 5, and 6) the
cathodic peak is due to the reduction of these ions into
metallic iron. The observed potential of reduction is in
good agreement with that given by the previously de-
termined Eq. [1]. The peak potential (—1.671V) is in-
dependent of the rate of variation of the potential; the
difference between the peak potentials and the half-
peak potentials (0.032V) is close to the theoretical value
0.773 RT/nF = 0.025V at 743 K (26-28). Consequently,
given the accuracy of reading the voltammograms, the
Fe/Fe2+ electrochemical system can be considered
reversible on the glassy carbon electrode. The intensi-
ties corresponding to the peaks on the voltammograms
in Fig. 4 are thus expressed theoretically by (26, 27).

I, = 2.33 - 105 n3/2CAD/2p1/2 [23]

where the number of electrons exchanged n = 2, the
concentration C = 8.0 - 1076 mol - cm—3, and the area
of the electrode A = 7.07 - 10~2 e¢m2. From this rela-
tion, the following equation can be deduced

AD1/2 = 0,19Ip~1/2

The values of the product AD!/2 thus obtained are
3.17 - 104, 3.42 - 10—4, and 3.71 - 10—¢ cm?3 - sec~1/2 for
the rates of the variation of the potentials, 0.121, 0.143,
and 0.199 V - sec—!, respectively. These values exhibit a
significant shift between the value corresponding to the
first curve scanned and the third. This difference is ex-
plained by the increase of the area of the glassy carbon
electrode during successive cycles as a consequence of
the formation of intercalation compounds C,Li [this
phenomenon has been used to obtain large-area elec-
trodes (29)].

Using the value corresponding to the first voltammo-
gram and supposing that the real area of the electrode
was then close to the geometric area, it is possible to
determine the diffusion coefficient of the Fe2* ions. Its
value of 2.0 - 10~3 cm? - sec™!, is in good agreement
with the value obtained at 500°C by Inman et al. (5b)
by chronopotentiometry with a tungsten electrode
(average value 2.2 - 10—% cm? - sec~1); this is never-
theless slightly higher than the value at 470°C deduced
from the results of Poignet and Barbier (30) obtained
as a function of the temperature, by chronopotentiom-
etry with an iron electrode (1.2-10-5 cm?2-sec—1).

After reduction of the Fe2t ions, part b of the vol-
tammetric curve (Fig. 4) cannot be due to the forma-
tion of lithium-iron alloys. James (24) has shown that
lithium deposits on the iron electrode and that the po-
tential then takes the value corresponding to the elec-
trochemical system Li/Li+. Since this phenomenon was
not observed here, it is probable that the iron deposit is
not uniform (powdery or dendritic); it permits the
lithium to attain the glassy carbon and form the com-
pounds of intercalation previously mentioned. This for-
mation is independent of the activity of oxide ions, as
is shown by comparison of Fig. 4 and 6. Peak c thus cor-
responds to the reoxidation of C;Li compounds, as in
the absence of iron (II) ions, but nevertheless with
lower intensity, which may be due to more difficult dif-
fusion of Lit ions toward the carbon electrode to form
C;Li compounds. Peak d corresponds to the reoxida-
tion of deposited metallic iron. The small peak (e’) is
not observed in the absence of previous reduction of
Fe2t ions and does not depend on poz2—; it is probably
due to reoxidation of metallic iron which has diffused
into the glassy carbon.

Oxobasic medium.—During the experiment corre-
sponding to Fig. 6, iron (II), which has been intro-
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duced, was disproportionated upon addition of car-
bonate ions, according to the overall reaction

3Fe?* + 402~ - 2FeO;~ + Fe(s)

Thus a solution is formed of FeO:—, whose concen-
tration equals 2/3 of the concentration of Fe2* ions ini-
tially introduced, viz., 5.34 - 10~6 mol - ecm—3,

With cathodic sweep, ferrate (II[) is directly re-
duced to metallic iron, as is indicated by the potential-
po2— diagram in Fig. 7, according to the electrochemical
reaction

FeO;~ 4 3e~ - Fe(s) + 202~

The corresponding peak shows a difference between
potential E;, and the half-peak potential which is
clearly greater than the theoretical value for a reversi-
ble system with three electrons, i.e., 0.017V. Effectively,
the experimental values obtained are, for curves 2, 3,
and 4 in Fig. 6, —0.070, —0.083, and —0.090V, respec-
tively. Since the Fe/FeOy~ electrochemical system is
thus not reversible on the glassy carbon electrode, it
was not possible to calculate the diffusion coefficient
of ferrate (II[) ions from the current of the peak. On
the other hand, the limiting value m; of the semi-inte-
gral of the current, which is independent of whether
or not the electrochemical system is reversible (31, 32),
permits an estimation of the diffusion coefficient of fer-
rate (III) ion by means of the equation

my; = nFACD/2

In the case of curve 3 (Fig. 6) the value of m; was
determined. The residual current was assumed to be
identical to that obtained by linear extrapolation of the
existing current before reduction of ferrate (III) ion.
Since m; is 4.7 - 104 As!/2, we deduce an approximate
value of the diffusion coefficient of FeOz~ (1.8 -10-5
cm? - sec—1), which is slightly weaker than the diffusion
coefficient of Fe2* [or, in reality, FeCls2— (33) 1.

The standard potential of the Fe(s)/FeOs~ electro-
chemical system can be calculated from the constant
of formation of ferrate ion and from the solubility
products of ferric and ferrous oxides (Table VI). The
equation for the equilibrium potential is thus obtained

E/V = —1.812 4 0.099 po2— -+ 0.049 log |FeOy~| [24]

The values po2— = 0.1 and |[FeO;~| = 3.25 - 10—3 mol -
kg~! permit calculation of the value —1.924V, which is
slightly lower than that determined from the voltam-
mograms, in Fig. 6, but close to the peak potentials
(—1.887, —1.895, and —1.947V). This shift and the fact
that the electrochemical system is not reversible may
be explained by the influence of the reduction of fer-
rous oxide (in solid solution), which is formed trans-
iently and which might be not fully disproportionated.
Therefore, only the value determined by relation [24]
was taken into consideration.

Determination of the Solubility Product of Fe304 and the
Standard Potential of Fe? * /Fe3+ Electrochemical System

It is possible, as in the case of ferrous oxide, to esti-
mate the solubility product of magnetic oxide by con-
sidering the exchange reaction of 02—

Fe304(s) + 8HCl(g) -
4H>0 (g) + FeCly(dissolved) + 2FeCl;(dissolved)

However, the activity coefficient of ferric chloride
is not known and would have to be evaluated. Thus, it
is preferable to determine both the solubility product
pK;(Fe304) and the standard potential E°; of the Fe2+/
Fe3t+ electrochemical couple, as follows.

Table VI provides the expressions of the equilibrium
potentials of the iron electrochemical systems that can
be considered on the basis of the existence of different
iron oxides and of ferrate (III). One notes that the
standard potential E°s of the FeO(s)/Fe3O4(s) elec-
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trochemical system depends on the standard potential
E°y and the solubility products of ferrous oxide and
magnetic oxide. In addition, the standard potential E°g
of the Fe3O4(s)/Fes03(s) electrochemical system de-
pends on the standard potential E°; and the solubility
products of magnetic and ferrous oxides.

The standard potentials E°s and E°s were obtained
from the standard potential E°; of the Fe(s)/FeO(s)
electrochemical couple [which is deduced from the
solubility product pKs(FeO) and the potential E,® of
the Fe (s) /Fe2* couple] and from the values of the va-
riations of standard free enthalpy of the reactions

a Fe3O4(s) + Fe(s) - 4FeO(s) [25]
an
3Fe303(s) + Fe(s) » 2Fes04(s) + FeO(s) [26]

which permits calculation of the differences of standard
potentials E°s — E°; and E°¢ — E°;.

The solubility product of magnetic oxide and the
standard potential E°; are then obtained by means of
the following two equations

dE°5 — 0.222pKs(FeO) = E°3 — 0.074pKs(Fez04)
an
E°g 4+ 0.222pK;(Fez03) = E°3 + 0.148pK;(Fe304)

The experimental values E°, = —1.447V, pK(FeO)
= 5.3, and pK;(Fez03) = 29.6, as well as the variations
of standard free enthalpies of reaction [25] (—22.79
kJ) and [26] (—81.83 kJ), give

E°p = —0.212V
PK;(Fe3O4) = 363

The solubility product of magnetic oxide is close to
the estimation based on titration curves of iron (II) and
(III) solutions. Furthermore, the position of the Fe3O4/
Fe;03 electrochemical system in relation to that of
oxygen (20), in the potential-po2— diagram (Fig. 8),
clearly shows that there is no decomposition of ferric
oxide into magnetic oxide and oxygen in this molten
salt (stability of hematite).
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Fig. 8. Potential-po2— equilibrium diagram of iron in LiCI-KCI
eutectic at 470°C: range of the most positive potentials (the lines
shown in this diagram correspond to the following concentrations:
——: 1 mol - kg—1; —+—: 4.88 1073 mol - kg~
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The standard potential of the Fe2+/Fed+ electro-
chemical system is in good agreement with that found
in the literature (1), which is —0.236V, with regard to
the chlorine electrochemical system at 450°C, while
ours was determined at the slightly higher temperature
of 470°C. The latter value corresponds to that which
can be obtained from voltammetric curves scanned with
glassy carbon electrodes (Fig. 5) and explains the
strong oxidizing strength of ferric chloride which is
expressed by oxidation of LiCl-KCl eutectic according
to (5b)

2Fe3+ 4 2Cl- S Cla(g) + 2Fe2+ [27]

The kinetics of this reaction has been studied by
Slama and Méala (34) between 400° and 500°C. The con-
stant K of equilibrium [27], K = P(Cly) - |Fe2+|2 -
|Fe3+|~2, can be calculated from standard potentials of
the two electrochemical systems involved

pK = [E°(C1~/Clp) — E°3(Fe2t/Fe3+)1/0.074 = 2.86

The relation which gives the partial pressure of
chlorine as a function of the ratio of the concentrations
of iron (II) and iron (III) is thus

log P(Cly) = — pK + 2log {|Fed+|/|Fe2+|}

If one postulates a residual pressure of 10—3 atm of
chlorine in LiCl-KCI eutectic, the addition of iron (III)
leads to the formation of iron (II), until one obtains a
ratio |Fe3+|/|Fe2+| = 0.85, which corresponds, at equi-
librium to reduction of 54% of the iron (III) added.

Conclusion

The existence of oxidation states (II) and (III) of
iron in LiCl-KCl eutectic at 470°C complicates the
chemical and electrochemical behavior of this element
in this molten salt. The potential-po2— equilibrium
diagram of iron which has been established permits
summing up, in an easily comprehensible form, the
properties founded.

Without oxide ion, iron (III) is highly oxidizing and
can oxidize the LiCl-KCl eutectic into chlorine, with
the simultaneous formation of ferrous chloride. This
reaction is very favorable for the formation of chlorine
since more than 50% of the ferric chloride that is in-
troduced into the eutectic is reduced. Thus the Fe3+ jon
is stable only at high values of po2— and in the presence
of a large quantity of ferrous ions that are necessary
in order to lower the potential of the Fe2+/Fed+ elec-
trochemical system.

It has also been shown that the presence of lithium
oxide, even in small quantities, leads to the precipita-
tion of ferric oxide, FesOs. This oxide is stable and does
not decompose into oxygen and magnetic oxide in the
fused bath. In addition, the oxide formed in-situ is
hematite, i.e., the most stable oxide of iron (III). One
thus notes the different behavior of iron (III) and alu-
minum (III) in this eutectic; in the second case, it
had been shown that it was possible to obtain a more
reactive oxide than the «-alumina (8).

In a sufficiently basic medium (low value of po2-)
the oxide Fe;Os redissolves, forming ferrate (III) ions,
FeO,~. The existence of this ion plays a very large role
in the chemical and electrochemical properties of iron
in the eutectic.

It has been shown that in basic medium, iron (II)
leads to the formation of ferrous oxide which is prob-
ably stabilized by the presence of the lithium of the
eutectic. The ferrous oxide becomes unstable in highly
basic media in which it disproportionates to give me-
tallic iron and ferrate (III) ion in solution. Thus, in
these media, metallic iron oxidizes directly to the oxi-
dation state (III) (FeOz™).

In addition, it has been shown that the simultaneous
presence of iron (II) and iron (III) can lead to the for-
mation of magnetic oxide, Fe;O4. This oxide, which is
stable when the activity of oxide ions is weak, dispro-
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portionates into FeO and FeO:~ in basic media, and
even into metallic iron and FeO,~ when the basicity
is high enough to provoke also the disproportionation
of the ferrous oxide.

Finaliy, it should be noted that a ferrate (II) of the
type LisFeOq, corresponding to the LizFeS; phase which
has been shown in particular by Saboungi et al. (2¢) in
the case of sulfides, cannot be considered here accord-
ing to our experimental results. Furthermore, while it
was possible to determine unambiguously the solubility
products of iron oxides, nevertheless, there exists an
uncertainty concerning the value of the constant of
formation of ferrate (III) ion.
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ABSTRACT

Synthetic, single crystal, n-type semiconducting WS, (bandgap =~ 1.3 eV) has been characterized as a photoanode
in aqueous and nonaqueous electrolyte media. The WS, was synthesized from the elements by bromine and chlorine
transport to yield plates up to 3 x 3 mm in dimension. Interface characterization includes (i) cyclic voltammetry in
the presence of a large number of fast, one-electron redox couples in CH,;CN/0.1M [n-Bu,N]ClO, solutions; (ii) steady-
state photocurrent-voltage properties in aqueous and nonaqueous solutions of X~ (X~ = CI-, Br-, I); (iii) tests of
durability; (iv) wavelength dependence of photocurrent and photovoltage; and @) high resolution (~5 wm) laser map-
ping of the surface to reveal surface inhomogeneity with respect to output photovoltage. Highlights of the results are:
(@) n-type WS, is durable in aqueous electrolytes containing high concentrations of X~ to yield efficient visible light-
assisted oxidation of X~; e.g., CI- — 1/2 Cl, has up to 6.9% and Br~ — 1/2 Br, up to 12% efficiency at a 632.8 nm input
power of 16 mW/cm?; (ii) in aqueous, but not nonaqueous, solutions I~ adsorbs such that the onset of photocurrent is
shifted several hundred millivolts as for other metal dichalcogenide photoanodes; the shift is sufficient that visible
light can be used to sustain the conversion of 2HI to H, and I, with no other energy input; (iii) cyclic voltammetry in
CH;CN/0.1M [n-Bu,N]CIO, for a number of redox couples shows that a photovoltage of up to ~0.7V is possible;
photovoltage varies from 0.0 to ~0.7V for redox couples having E,, from ~0.0V vs. SCE to ~+0.8V while the photovol-
tage is fixed at ~0.7V for E,,'s more positive than ~ +0.8V vs. SCE; (iv) efficiency for halogen generation in aqueous
solutions generally exceeds efficiency in CH,CN solutions; and @) the diffusion length of holes parallel to the surface
is ~200 um which explains the dramatic influence of the steps on the recombination of carriers on layered compounds.

Metal dichalcogenides have been shown to be rela- apparently capable of sustaining the photoelectrolysis
tively durable and efficient photoanode materials for of HI represented by Eq. [1] with no energy input
use in photoelectrochemical cells for conversion of oh,

isible 1i - ¢ g »
visible light to electricity or to chemical energy in the oHI Ho 4 I 28]

form of oxidation and reduction products (1-7). The
materials MoSz, WSez, and MoSe; have received other than visible light (3). This is important, in part,
because Hy; and Ip can be separated, stored, and used

most attention, but there are a number of other metal

dichalcogenide materials that might serve as durable
and efficient photoanodes. One of the intriguing find-
ings concerning WSe; is that it is an anode material
* Electrochemical Society Active Member.
i Electrochemical Society Student Member.

Key words: photoelectrolysis, solar energy, laser mapping, sur-
face photovoltage.

in a fuel cell for the generation of electricity. The
E°(H*/Hz) — E°(Iy/I7) difference is ~0.5V (8). Very
few illuminated photoelectrode materials have been
found that are capable of sustaining such photoelec-
trolyses without additional energy input in the form
of electricity (9).
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In general, the ability to drive an uphill electro-
chemical reaction such as that represented by Eq. [2]
requires the set of interface energetics

hy
A+Bt— At +B [2]

represented by Scheme I. The key feature is that the
bottom of the conduction band at the interface, Ecs, is
more negative than the E° of the cathode couple, B*+/B,
and the top of the valence band at the interface, Evs,
is more positive than the E° of the anode couple, A+/
A (9). Under these conditions the electrons available
at Ecp are sufficiently reducing that the B+ - B re-
duction is possible, while the holes available at Evp
are sufficiently oxidizing that the A - A+ oxidation
is possible. The differences in potential between Ecp
and E°(B+/B) and Eyg and E° (A*/A) can be regarded
as the excess driving force needed to have sufficient
rate (current density) for the electrode reactions.
These differences need to be minimized in order to
achieve high energy conversion efficiency, since they
represent losses in output. For solar energy conversion
applications it is important to seek a bandgap, Eg, that
comes close to 1.4 eV to achieve high efficiency in a
single photoelectrode cell (10).

Part of the difference between Ecg and E°(B+/B)
for an n-type semiconductor [or between Eyg and
E°(A+/A) for a p-type semiconductor] must be used
to inhibit the recombination of photogenerated elec-
tron-hole pairs by appearing as a potential drop across
the semiconductor, Egg, to create a region near the
surface where the bands are bent. The band bending
region near the surface is depleted of majority charge
carriers and provides the field that inhibits electron-
hole recombination. The field drives the hole to the
interface and the electron into the bulk such that a
full cell in operation would have the energetics repre-
sented by Scheme II where Ef and E¢ are the photo-
electrode and counterelectrode potentials, respectively.
Note that since the two electrodes are short-circuited
they are at the same potential, Ef = E¢, but when cur-
rent passes to produce A+ and B optical energy is con-
verted to chemical energy with an efficiency, n, that is
proportional both to the quantum yield for electron
flow, ®., and to the ratio of the photon energy, hy, to
the difference in Ereqox(A*/A) and Ereqox(B*/B).
Generally, Egg must be ~0.3V in order to achieve &,
near 1.0. Further, E; is generally ~0.1V below the
bottom of the conduction band in the bulk. This leaves
only (Eg — 0.4V) as the available photovoltage. In
order to achieve a good rate for the cathode and anode
processes, we can conservatively add another 0.3V to

(<)
4
) E

. CB
@
= +°(8"/8)
2- E
- g
o
B E°(A*/A)
=4
3
o Eve

v

(+)

Scheme I. Interface energetics required to drive the reaction

A 4+ Bt - At 4 B with no other energy input other than light
of >Eq.
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Scheme I1. Full cell energetics for an n-type semiconductor-based
photoelectrochemical cell in operation for the light driven reaction
A+ B+t > B4 At.

the loss of photovoltage. This 0.3V is partly the dif-
ference in Evyg and E°(A+/A) needed to drive the
oxidation and partly the extra voltage needed to drive
the B+ - B reduction at the cathode, E,y. This leaves
only ~(Eg — 0.7V) as the available photovoltage when
good photocurrents (high &) result. This means that
a 1.4 eV bandgap material will, at best, only be able to
efficiently drive processes represented by Eq. [2] where
E°(B+/B) and E°(A+*/A) differ by no more than
about 0.7V. These considerations illustrate, in part,
why it is difficult to find photoelectrochemical processes
to store chemical energy that can be efficient. Not only
must an appropriate bandgap semiconductor be found,
but the half-cell reactions must have E°s properly
disposed relative to the interface energetics of the
semiconductor (9).

In addition to the issues already raised, there are
two other practical problem areas. First, photoelec-
trodes, and particularly photoanodes, are thermo-
dynamically unstable when illuminated with = E;
light in the presence of the electrolyte solution (11).
Thus, even when all energetic problems are solved, the
photoanodic decomposition of the photoanode may be
kinetically competitive with the desired A - A+ pro-
cess. Second, recent studies, from several groups on a
number of small bandgap materials, reveal that the
maximum available photovoltage from the photoelec-
trode is smaller than might be expected (12-14). The
low photovoltages have been attributed to surface
states situated between Ecpg and Eygp or to carrier in-
version. It should now be apparent why we attach
special significance to being able to effect the photo-
electrolysis of HI, requiring a photovoltage exceeding
0.5V, with visible light as the only energy input.

We now report the full characterization of n-type
WSs, a visible light responsive (Eg =~ 1.3 €V) photo-
anode material. A prior report (15) has described the
application of n-type WSy in cells for the process
represented by Eq. [3] using no energy input other
than light

2hy
2H,0 + SO; ———— Hj + HsS04 [3]
6M HySO4

and where Eregox(S042=/S02) and Ereqox (H2O/Hz)
differ by ~0.3V. The ability to oxidize SOz to HySO4
requires the use of I~ as a mediator, suggesting that
photoelectrolysis of HI can also be sustained. Much of
the present characterization relates to the study of the
WSs/electrolyte solution interface without regard for
the counterelectrode process, except for the HI system.
In particular, we set out to (i) establish the Ecg, Evs
positions of WS, as a function of the contacting me-
dium to determine whether there is an important role
for surface states or carrier inversion, (ii)establish the
conditions where illuminated WSg is durable, (iii)
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establish factors influencing the efficiency of optical to
electrical energy conversion, and (iv) identify combi-
nations of half-cell reactions that might be useful in
photoelectrochemical energy storage or electricity gen-
eration.

Experimental

Preparation of WS; crystals.—Tungsten powder (Ma-
terials Research Corporation, 99.999%) was reduced in
a dry 15% H3/85% Ar atmosphere for 8 hr at 800°C to
remove oxygen impurities. Sulfur (Gaillard-Schles-
inger, 99.999%) was resublimed in vacuo at 80°C be-
fore use. Large single crystals of WS, were prepared
by chemical transport using a concentration of 5 mg/
cm3 of bromine as the transporting agent. A melting
point capillary containing the calculated weight of
bromine was sealed at a pressure of 10—3 Torr and
placed in an H-tube filling apparatus (16).

Stoichiometric quantities of tungsten and sulfur were
added, and the apparatus was evacuated to 10—5 Torr
and sealed off. The bromine capillary was then opened
and the bromine distilled onto the charge. The silica
transport tube was then sealed off. The dimensions of
the completed transport tube were 1.2 cm diam x 28
cm long. This tube was then placed in a transport
furnace. The furnace was operated so that the empty
portion of the tube, or growth zone, was heated to
1100°C, while the charge end was heated to 700°C. This
temperature profile was maintained for 15 hr, allow-
ing the charge powder to react, and for back transport
to clean the growth zone of unwanted nucleation sites.
The charge zone was then raised to 1100°C over a 5
hr period. The temperature of the growth zone was
then programmed to 1050°C at 1°C/hr. Crystal growth
was allowed to proceed for 4 days, after which the
furnace was turned off. The transport tube was re-
moved when cold, opened, and the crystals washed
with CCly to remove the bromine. Crystals in the
form of plates up to 3 X 3 mm were grown using this
technique. In an analogous manner WSy crystals were
grown by chlorine vapor transport except that the
concentration of chlorine was 0.2 mg/cms3.

Electrode preparation and testing.—Flat, plate-like
crystals of n-WS; were peeled apart using fine tweezers
to give paper-thin crystals, 0.01-0.1 c¢m?2 in surface
area. Crystal supports were made by hammering the
end of heavy gauge copper wire flat and sanding with
emery paper to give a smooth, oxide-free surface; the
remainder of the wire was passed through ~10 cm of
4 mm Pyrex tubing. One side of the crystal was rubbed
with Ga-In eutectic to insure ohmic contact, then at-
tached to the support using conducting silver epoxy
and cured in an oven at ~100°C for ~1 hr. Electrodes
were completed by sealing in two part epoxy [leaving
only the WS, (001) face exposed] and curing at
~100°C for ~15 min. Each electrode was tested in the
dark and under illumination by observing the cyclic
voltammetry for 1 mM TCNQ in CH3CN/0.1M [n-
BuyN]ClO4, 25°C at 100 mV/sec. Leakage, photovolt-
age, and peak shapes were considered in selecting
electrodes for use in further experiments; Fig. 1 is
representative of the voltammetry for a good elec-
trode.

Electrochemical procedures and equipment for cy-
clic voltammetry and current-voltage data.—Cyclic
voltammograms were recorded in Ar- or Na-purged
CH;CN/0.1M [n-BuyN]ClO,; solutions with redox re-
agents present at 1 mM (current-voltage curves under
conditions indicated elsewhere) using a PAR Model
173 or ECO Model 551 potentiostat controlled by a
PAR Model 175 programmer; scans were recorded with
a Houston Instruments Model 2000 X-Y recorder. Ex-
cept where otherwise stated, a single compartment,
three-electrode cell was used with a Pt counterelec-
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di ne and chloranil at Pt and n-WSy (dark, - - -
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trode and saturated calomel reference electrode (SCE).
Measurements were made at 25°C.

Light sources included a 5 mW He-Ne laser (632.8
nm, 500:1 polarized; Aerotech Model LS5P) and a 5W
Ar ion laser (514.5 nm; Spectra Physics Model 164).
Intensities were varied using a beam expander and/or
polarizing filter in the case of the He-Ne laser and by
adjusting the power control for the Ar ion laser. A
Tektronix J16 digital radiometer equipped with J6502
probe was used to measure intensities. For the elec-
trolysis of HI, a 500W tungsten-halogen lamp served
as a light source. Efficiency data are uncorrected for
reflection losses or losses from electrolyte/redox
couple/solution absorption.

Photoelectrolysis of HI with a platinized single crys-
tal of n-WSs.—A single crystal of n-WS; (~3 X 3 X
0.1 mm) was mounted over a hole drilled in a 2 X 2
in. piece of plexiglass. The crystal was sealed to the
plexiglass with ordinary epoxy such that the top and
bottom faces of the crystal were each exposed on
different sides of the plexiglass sheet. Two additional
holes were drilled in the plexiglass and these were
covered with Nafion film. A cell was constructed by
clamping the plexiglass sheet containing the crystal
and Nafion between two glass vessels with O-ring
connector joints. One side of the cell was filled with a
solution of 1M Nal in 50% HsPO4. The n-WS; crystal
was platinized on its second side by filling that side
of the cell with a solution of ~1 mM KyPtClg in 5%
H3;PO4 and then irradiating the opposite side with a
5 mW He-Ne laser for 45 min. After platinization the
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cell and crystal were rinsed four times with distilled
water. The cell half containing the naked n-WS; crys-
tal face was filled with a fresh solution of 1M Nal in
50% H3PO4. The cell half containing the platinized
face of the crystal was filled with 50% H3PO4 and
fitted with an inverted pipette for gas collection. The
naked face of the crystal was irradiated with a 500W
tungsten-halogen source. Gas evolution was monitored
during a 100 hr period.

Surface photovoltage measurements.—Surface photo-
voltage measurements were obtained in both “dry”
and “wet” cell configurations using both stationary
(wide beam) and scanning (narrow beam) procedures.
In the “dry” cell configuration, the crystals were il-
luminated through a semitransparent metallic oxide
film (Corning Pyrex Infrared Reflecting Glass)
counterelectrode which was separated from the crystal
by a transparent (2.5 pm) “Mylar” polyester film
(du Pont 10c). In the “wet” or electrochemical cell
configuration, the measurements were made in dry,
deoxygenated CH3CN/0.1M [n-BusN]BFy with Pt as
the counterelectrode (no active redox couples).

For spectral measurements, the optical systems con-
sisted of a tungsten light source and a double prism
Zeiss monochromator. The mapping arrangement util-
ized a 5 mW He-Ne laser (632.8 nm) that was focused
to give a ~5 um diameter spot on the crystal. The
crystal was moved by means of a motor-driven dual
axis translation stage. The intensity of the incident
light was reduced with neutral density filters so that
the photovoltage signal was directly proportional to
the photon flux (¢) and reciprocally proportional to
the chopping frequency. The photon flux incident on
the crystal was chopped at a frequency of 45 Hz and
measured with a spectrally flat pyroelectric detector
(Oriel 7089). Adjustments in the experiments were
made to account for cell absorption and reflections,
but no corrections were made for the reflectance at
the crystal surface.

The system that was used to measure the photo-
voltage consisted of a high input impedance source
follower, a PAR Model 124A lock-in amplifier, and
Hewlett Packard Model 7047A X-Y recorder.

Photoacoustic spectroscopy.—The photoacoustic spec-
tra of n-WSg crystals (from the same batch used for
preparation of photoanodes) were recorded on a PAR
Model 6001 photoacoustic spectrometer employing
three gratings and order filters under microprocessor
control to cover the 200-2600 nm wavelength range. A
beam splitter reflects ~10% of the light to a pyroelec-
tric detector, providing continuous compensation for
light intensity fluctuations; nonidealities in the optical
system were corrected by dividing the spectra by a
carbon black reference spectrum. Using the sample
cell supplied with the instrument (air as the coupling
gas), 1.0 V/W sensitivity is attained by modulation of
the 1 k€W xenon arc lamp source at 40 Hz. A 1.0 mm
slit width provided 4.0 nm resolution; scan rate was
100 nm/min.

Photoaction spectroscopy.—Photoaction spectra
were obtained by interfacing the photoacoustic spec-
trometer with a potentiostat. The photoacoustic sam-
ple cell was replaced by a single compartment, three-
electrode electrochemical cell with n-WS; photoanode
positioned in the light beam. While maintaining the
photoanode at a fixed potential on the plateau of the
appropriate current-voltage curve (Fig. 6), the wave-
length was scanned and the output of the potentiostat,
a signal proportional to photocurrent, sent to the
microprocessor. Because the photoacoustic spectrom-
eter provided constant intensity illumination, it was
possible to obtain relative quantum yield spectra by
dividing the photocurrent spectra by a signal (stored
in the reference channel) proportional to wavelength.
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A modulation frequency of 100 Hz and scan rates of
20 and 50 nm/min were used; 1.0 mm slit width gave
4.0 nm resolution. Spectra were recorded under con-
ditions given in Table V for n-WS;; similar conditions
were used for the photoaction spectra of n-MoS; and
n-MoSes.

Chemicals.—HPLC grade CH3CN (Baker) was fur-
ther purified and dried by distillation from P;Os. The
H,O was deionized and distilled. The [n-BusN]ClO4
electrolyte was obtained from Southwestern Analytical
Company and dried at 70°C under vacuum for 24 hr
prior to use. All other electrolytes were obtainad
commercially in reagent grade and used without puri-
fication after ensuring the absence of electroactive
impurities in the potential range of interest. Most
redox reagents listed in Table I were commercially
available or have been synthesized and used previously
in related studies (5, 12); these were used without
additional purification, and cyclic voltammetry at Pt
confirmed the absence of electroactive impurities.

Results and Discussion

Classification of redox couples in CH3sCN/0.IM [n-
Bu4yN]1Cl04—Cyclic voltammetry of fast, one-electron
redox couples at semiconductor electrodes allows
establishment of the essential interface energetics
without the complication of poor electrode kinetics
(5, 17). We adopt the redox couple classification
scheme used in the study (5) of MoSe; where the
redox couples are put into one of five classes accord-
ing to their behavior at the n-type semiconductor
electrode:

Class I: E° more negative than Ecg; reversible elec-
trochemistry in the dark unaffected by = E; illumina-
tion.

Class II: E° near Ecp such that dark redox behavior
appears sluggish kinetically; = Eg illumination moves
the anodic current peak more negative and improves
kinetics.

Class III: No dark oxidation of reduced form of the
couple; = E, illumination gives anodic current peak
that is more negative than at a reversible electrode
to an extent that depends on E°; more positive E°’s
give larger photovoltages.

Class IV: E° sufficiently positive that photovoltage
is independent of E°.

Class V: E° so positive that photoelectrode decom-
position precludes study of the couple.

In our studies we typically employed Pt as a re-
versible electrode to compare with n-type WS, photo-
anodes. All couples were studied in dry, deoxygenated
CH3CN/0.1M [n-BuyN]ClO4 at ~1 mM concentration
and the E°’s ranged from ~ —0.5 to +1.8V. For redox
couples belonging to Classes II-V, illumination at 632.8
nm, 20 mW/cm?2 or 514.5 nm, 200 mW/cm?2 and 1 W/
cm?2 was used. Table I and Fig. 1-5 summarize the
significant findings from a wide range of redox re-
agents.

The redox reagent tetracyanoquinodimethane, TCNQ,
has proved to be particularly useful, inasmuch as
E,/2(TCNQ—/2—) falls at a potential where reversible
electrochemical behavior is found, Class I, while
E1/2(TCNQ®~) is in a region where the oxidation is
essentially blocked in the dark, Class III. Thus, these
two redox levels straddle the Ecp position and allow a
rather definitive measure of the value of Erg, the value
of E; where the bands are not bent. As shown in Fig. 1,
the onset of photocurrent is close to —0.2V vs. SCE as
is found for the other redox couples for Ej/2 no more
positive than ~ +0.7V vs, SCE. We thus take —0.2V
vs. SCE as Erg in CH3CN. The TCNQ svstem has been
our routine “test” couple for n-type WS electrodes.
Good, nonleaking electrodes show essentially reversible
behavior for the TCNQ~—/2— couple and no dark oxi-
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Table 1. Comparison of n-WSs with Pt: anodic current peaks, photovoltages, and classification of a range of redox couples*
Potential, V vs. SCE
Pt n-WsSa
Redox couple (No.)** Eya*** Epa*** Eps (dark) Epa (light)t Ev, Vi Class$
[MV]+/0 —0.85 —0.82 —0.82 —0.82 — I
[MV]2+/+ —-0.45 —0.41 —0.40 —0.40 — I
[TCNQI-/2- —-0.35 —0.32 —0.31 —0.31 — I
[Decamethylferrocenel*/® —0.10 —0.06 —0.02 —0.02 — I
[Chloranill¥/- (No. 1 0.02 0.06 0.11 —0.02 0.08 I
[(TMPD]+/?° (No. 2) 0.10 0.14 0.25 0.00 0.14 II
[Tetrachloro-o-benzoquinonel?/- (No. 3) 0.11 0.15 —_ 0.03 0.12 III
(Pentamethylferrocenel+/ (No. 4) 0.12 0.16 — 0.06 0.10 I
[TCNQJ%~- (No. 5) 0.20 0.23 = 0.02 0.21 III
[TCNE]%- (No. 6) 0.21 0.24 o 0.05 0.19 or
(1,1-Dimethylferrocenel*/° (No. 7) 0.28 0.32 - 0.06 0.26 I
[Biferrocenel+/¢ (No. 8) 0.30 0.33 — 0.03 0.30 111
(Ferrocenel+/¢ (No. 9) 0.38 0.42 — 0.06 0.36 IIX
(1,1-Bis (trimethylsilyl) ferrocenel+/° (No. 10) 0.39 0.42 — 0.06 0.36 111
[Ferrocenecarboxylic acidl+/* (No. 11) 0.62 0.66 — 0.15 0.51 I
[Acetylferrocenel+/* (No. 12) 0.63 0.66 — 0.17 0.49 111
(Biferrocenel?+/+ (No. 13) 0.65 0.68 —_ 0.16 0.52 111
[TMPD]2+/+ (No. 14) 0.68 0.72 —_ 0.10 0.62 III-IV
[1,1'-Diacetylferrocenel+/° (No. 15) 0.85 0.89 — 0.22 0.67 111V
[Ru(2,2’-bipyridine)s]3+/2+ (No. 16) 1.26 1.30 —_ 0.56 0.74 v
[CIRe (CO)s(4-cyanopyridine)21+/9 (No. 17) 1.51 1.55 — 0.86 0.69 v
[(CHsCN)Re (CO)s(phen) 12+/+ (No. 18) 1.76 1.81 =3 1.08 0.73 v-v

* All data are for CHsCN/0.1M [n-BusNIC1Os solutions at 25°C, 100 mV/sec. . . .
** Redox couples present at ~1 mM. Abbreviations: MV is N,N’-dimethyl-4,4"-bipyridinium; TCNQ is tetracyanoquinodimethane; TMPD

is N,N,N’,N’-tetramethyl-p-phenylenediamine; TCNE is tetracyanoethylene.

Numbers are keyed to Fig. 5.

«+% f1/2’s were calculated from cyclic voltammetric data according to Evz = (Erpa + Ero)/2, where Era, Evc are the anodic and cath-

odic current peaks, respectively.

+ Illumination of n-WSz was with 514.5 nm light from an Ar+ laser, ~200 mW/cm? with the exception of the four most positive redox
couples, where 632.8 nm light from an He/Ne laser, ~20 mW/cm?®, was used.
t

Ev = Epa,pt — EPAst1lum* WS,
§ See text for explanation of classes.

dation of TCNQ~. A photoanodic peak at ~0.0V wvs.
SCE for the TCNQ~ - TCNQe process typifies good
electrodes. The lower left portion of Fig. 1 is repre-
sentative of the characterization of electrodes used in
this study. Electrodes showing dark current, poorly
developed photoanodic waves or a photoanodic wave
significantly positive of 0.0V wvs. SCE were found to
give poor energy conversion efficiency with respect to
Xo/X~ systems (wvide infra) and were not used in
these studies.

For redox couples having Ej/2 in the range ~ 0.1
to +0.8V vs. SCE we find Class III behavior. For such
couples we find that the photoanodic peak for the oxi-
dation of the reduced form of the couple is in the
range 0.0 to 40.2V vs. SCE. Taking the photovoltage,
Ey, to be the difference in the anodic peak at Pt,
Epa.pt, and the photoanodic peak at n-WSg, Epa iitum. wsg,
Eq. [4], we find that Ev depends on Ey/s in a linear
fashion for the E;/o’s in the ~ 40.1 to 4-0.8V vs. SCE
range

[4]

Even for the two-electron reductants, TMPD and bi-
ferrocene, Fig. 2, we find that nearly ideal semicon-
ductor/liquid interface considerations apply in that
the two-electron oxidation TMPD -» TMPD2+ or bi-
ferrocene — biferricenium2+* occurs in the 0.0 to 0.2V
vs. SCE range. For an ideal semiconductor/liquid in-
terface there should be one, two-electron photoanodic
wave, not two, one-electron waves as at Pt. The
n-type WS, comes close to this ideal for Class III redox
couples.

For the E;/o’s that are more positive than ~ +0.8V
vs. SCE we find that Evy is nearly constant at ~0.7V.
Figure 3 shows behavior of a representative couple in
this range. Photoanodic decomposition current does not
onset significantly until ~ +41.5V. Thus, couples having
Ey/2 in the range ~ +0.8 to +1.8V vs. SCE still give
reliable cyclic voltammetry data and are given the
Class IV designation, since Ev is fixed. Redox couples
more positive than ~ 41.8V vs. SCE cannot be studied
owing to the significant photoanodic decomposition and
such couples would be assigned to Class V.

Figure 4 illustrates that the presence of more than
one redox reagent does not affect the cyclic voltam-

Ey = |Epa,pt — Epa,iium.wsg|

metry response. This tends to rule out significant
problems from adsorption of a given redox couple.
Figure 5 summarizes all of the Ey measurements for
several electrodes and light intensities for a wide range
of redox couples. The extrapolation of the plot of Evy
vs. Ey» is consistent with the value of Epp of —0.2V vs.
SCE assigned above based on the onset of photocur-
rent in the cyclic voltammetry. The data show three
regions of behavior: (i) reversible electrochemistry,
Ey = 0; (ii) Ey depends on E;/2; and (iii) Ey fixed at
~0.7V, independent of E;/». Photovoltage is observed
for a range of E;/» values that exceeds the separation
of Ecg and Eyp which is E; = 1.3 eV (vide infra).
These results are very similar to those reported earlier
for n-type MoS; and MoSes, except that the values of
Epp are somewhat different, and most importantly, the
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Fig. 2. Cyclic voltammetry at Pt-and n-WS; as in Fig. 1 except
data are for TMPD and biferrocene.
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Fig. 3. Cyclic voltammetry at Pt and n-WS> as in Fig. 1 and 2
except data are for Ru(bipy)s2*.
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Fig. 4. Cyclic voltammetry at Pt and n-WS; as in Fig. 1-3 except

data are for a solution containing several redox reagents each at
~1 mM.

Ey for the Class IV couples is ~0.7V for WS, somewhat
higher than for MoS:; (5, 14) and MoSe: (5, 14) or
WSez (3,14). This means that n-type WS.-based
cells could have significantly higher efficiency for the
conversion of optical energy than would MoSs;- or
MoSesz-based cells when using Class IV redox couples.

The establishment of a wide range of redox couples
that belong to Class IV and the finding of significant
Ey’s for Ey/9’s spanning a range greater than Eg indi-

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

July 1982
Photovoltoge as o Function i I6 i ®
9.8 of Eyp | | | H
for n-WS,
"
I 2 (”( 8 8
> 06 NS
4 2
: tye
2 oal 7 ) 20 mW/em? |
S s l # 200 mW/cm?
8 N ©1 W/em?
Q ' i &
2
o ozf % ,’('a 1
o . . . . . - L
0.2 0.4 06 08 1.0 12 14 6
E\/p.V vs SCE

Fig. 5. Plot of photovoltage against the E1/z value of the asso-
ciated redox couple. Photovoltage is as defined in text. Individual
number entries are identified in Table I. Where several data points
are included these reflect variation in WSy samples and light in-
tensity.

cate that there is an important role for surface states
and/or carrier inversion. A similar conclusion has been
drawn for other n-type metal dichalcogenides (14).
Whether the effect is due to surface states or to car-
rier inversion is not easily determined from the ex-
perimental results presented. Phenomenologically, the
Class II and III couples give nearly ideal semicon-
ductor/liquid interface behavior, Scheme III, in that
Egp changes with variation in Ey/3 while the Ecs and
Eyp positions remain fixed, while Class IV couples
have a fixed value of Egp and variation in E;/2 changes
the Ecg and Evyp positions. For Class IV the variations
in potential drop across the semiconductor/liquid in-
terface occur across the Helmholtz double layer at the
interface, while for the Class II and III couples the
variation in potential drop occurs across the semi-
conductor. Either carrier inversion or a low density of
surface states situated below Ecp will accommodate the
findings. Despite the fact that WS, might be expected
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Scheme lll. Effect of variation of solution redox couples in Class
LI and Il (a) and Class IV (b) on the potential drop across the
semiconductor, Egg. For Class Il and 11l the Ecp and Eyy positions
are fixed and Egp varies, while for Class IV the Egg is fixed and
the Ecp and Evp positions vary.
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to be relatively free of surface states, we prefer to
invoke a role for surface states, because we find that it
is possible to reduce the oxidized form of Class II and
III redox couples at potentials that are significantly
positive of Erg. The fact that such reduction can occur
more positive than Erg has been previously interpreted
as due to surface states below Ecp (17). It is especially
noteworthy that dark reduction positive of Erp occurs
for couples whose Ej/2 value is such that Egg is less
than one-half of the bandgap where effects from car-
rier inversion would not be important. Thus, we at-
tribute the nonideal interface behavior to surface
states, although they may be present only in low den-
sity (18). When Ey is independent of E;/s the semicon-
ductor is said to be Fermi level pinned (12a), meaning
that the Fermi level of the semiconductor, E;, is pinned
at the surface to a certain value relative to Ecp inde-
pendent of the contacting medium. We have taken Ey
at high light intensity to be a good measure of Egp as
has previously been done for both solid-state Schottky
barrier devices and for liquid junction systems. Gen-
erally, we regard a particular Ey determination to
have an error of +0.05V.

As we have pointed out, the data here for WS, are
qualitatively similar to those for MoS: (5,14) and
MoSe; (5, 14). Additionally, WSez (3, 14) is similar to
WS2 even in quantitative terms: The maximum value
of Ev and the value of Erp in CH3CN solution are quite
similar in the two cases. For the MoS;, MoSes, and
WSez though, other authors (14) attributed the Class
IV region to carrier inversion. While carrier inversion
may be important when Egg exceeds one-half the
bandgap, it is expected to be unimportant when Egp
is small where, at least with WSy, MoSes (5), and
MoS; (5), we are able to detect reductions positive of
Epp in the dark. In any event, WS; and WSe; appear
to yield quite similar output parameters in CH3CN
solutions with respect to Ev and have a very similar
value of Epg.

Photoelectrochemical oxidation of halides in aque-
ous and monaqueous media.—Figure 6 and Table II
summarize the findings concerning the photoelectro-
chemical conversion of optical energy in CH3CN or
H,0 electrolyte solutions of X3/X~ (X = Cl, Br, I). In
all cases the solution contains sufficient Xy and X~ to
poise the solution and the full cell chemistry consists of
oxidizing halide at the WSy photoanode and reducing
halogen at the counterelectrode. The nature of the
species actually present ( I3~, Brg—, Cly, etc.) depends
on X and the amount of added Xy and X~. Since no
net chemistry occurs in the cells summarized by the
data in Table II and Fig. 6, the output from the cells
is electricity. With reference to Scheme II, the full cell
is one where the anode and cathode half-cell couple
are the same. In such a case the efficiency, n, for the
generation of electricity is given by Eq. [5]

(Ey %X 1)100%
- Input Optical Power

nin %

[5]

where Ey = photovoltage in volts, i = photocurrent in
amperes, and Input Optical Power is in watts. The
maximum efficiency, mmax, occurs when (Evy X i) is
maximized and the associated value of E; of the photo-
electrode is the so-called maximum power point. The
value of Evy is the extent to which E; is more negative
than Eyeqox Of the solution and is expected to depend
on light intensity and the Ei/2 of the particular redox
couple used. In general, the Ey in CH;CN at high light
intensity should be predictable from the data in
Table I for the fast, one-electron redox couples where
the Ev’s correspond closely to the high light intensity
value. However, the Xy/X~ couples are two-electron
systems and are known to interact strongly with elec-
trode surfaces. Adsorption effects from I3—/I— on
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Fig. 6. Steady-state photocurrent-voltage curves for n-WSy elec-
trodes in CH3CN or H20O containing X2/X . Data in Table Il are
culled from these and other curves: upper left is run 1, middle left
is run 2, lower left is run 3, upper right is run 4; middle right is run
5; lower right is run 6 in Table II.

metal dichalcogenide electrodes are particularly strong
(15) in HyO solutions. Thus, the energetics and ki-
netics associated with the X,/X~ couples at WSy are
not necessarily a straightforward extrapolation of the
data for the fast, one-electron, outer-sphere couples
used to establish the interface properties in CH3CN/
0.1M [n—Bu4N]C104.

In CH;CN solution the Xy3/X~ couples do give a
value of Ev(max), the open-circuit photovoltage, that
accords well with expectation based on E;/; values:
The value of Ey(max) varies in the order X = Cl >
Br > I. Further, the Cly/Cl— couple apparently yields
the highest energy conversion efficiency in CHsCN
solution and I3~/I~ the lowest efficiency. The poor effi-
ciency for I3—/I~ in CH3CN is attributable to the low
value of Ey(max). The Cly/Cl— couple exhibits the
lowest visible absorption of the three couples and rep-
resents a potential practical advantage. All of the
combinations of WSy/Xg/X~ are durable in CH3CN
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Table I1. Repr ive output par ters for the n-WSo-based photoelectrochemical cells in halogen/halide media
Input Ev (max), mV
Run power, ®. at (Ev at 7max, Fill
No* WS: No.** Solvent/X:/X- (Eredox, V vs. SCE)*** mwWt Eredoxtt mV)itt Amax, %t factortt
1 1 CH;CN/1.0M [Et:NICl/Cl: ( +0.83) 0.05 0.67 470 (230) 6.4 0.39
0.10 0.67 510 (230) 6.4 0.37
0.30 0.66 555 (230) 5.9 0.32
0.50 0.65 570 (180) 4.7 0.25
1.00 0.52 590 (180) 2.8 0.18
1.50 0.52 600 (150) 23 0.14
2.00 0.51 610 (150) 2.0 0.13
2 2 CH:CN/1.0M [n-BusN1Br/Br: ( +0.46) 0.05 0.63 290 (140) 3.3 0.36
0.10 0.62 310 (140) 3.2 0.32
0.30 0.59 350 (120) 2.5 0.24
0.50 0.55 (120) 21 0.21
1.00 0.46 390 (100) 1.6 0.17
1.50 0.37 400 (100) 1.3 0.17
2.00 0.33 410 (100) 11 0.16
3 1 CH:CN/1.0M [n-BwNII/I: ( +0.06) 0.30 0.05 150 (80) 0.07 013
2.00 0.05 220 (80) 0.07 0.11
4 3 H:0/15M LiCl/Cle ( +1.00) 0.05 0.67 480 (260) 6.2 0.38
0.10 0.68 530 (260) 6.5 0.35
0.30 0.66 600 (260) 6.9 0.35
0.50 0.63 630 (260) 6.8 0.33
1.00 0.64 660 (240) 6.0 0.28
1.50 0.57 680 (240) 5.0 0.25
2.00 0.54 680 (240) 4.6 0.25
5 4 H:0/12M LiBr/Br: ( +0.64) 0.05 0.63 560 (440) 9.7 0.54
0.10 0.67 610 (440) 11.4 0.54
0.30 0.69 660 (440) 12.5 0.55
0.50 0.65 680 (440) 12.1 0.54
1.00 0.65 710 (440) 11.9 0.51
1.50 0.62 720 (440) 11.0 0.48
2.00 0.61 720 (440) 10.0 0.45
6 2 H:0/1.0M Nal/I: ( +0.28) 0.05 031 490 (390) 4.0 0.50
0.50 0.33 580 (390) 5.5 0.56
2.00 0.28 625 (390) 4.8 0.52
7 1 H:0/1.0M Nal/Iz ( +0.28) 0.05 0.26 520 (430) 2.6 0.41
0.50 0.26 600 (430) 4.1 0.57
2.00 0.22 620 (430) 4.1 0.59
8 2 H:0/12M LiBr/Bre ( +0.64) 0.05 0.67 570 (400) 10.0 0.55
* 0.50 0.66 670 (400) 12.4 0.50
2.00 0.63 710 (340) 8.7 0.38
9 2 H:0/15M LiCl/Clz ( +1.00) 0.05 0.63 420 (260) 4.0 029
0.50 0.56 600 (260) 5.1 0.30
2.00 0.47 700 (260) 4.6 0.26
10 2 CH3CN/1.0M [Et«NICl/Cl: ( +0.83) 0.05 0.63 290 (210) 3.2 0.34
0.50 0.58 420 (210) 39 0.32
2.00 0.44 480 (210) 25 0.23
11 1 CHsCN/1.0M [n-BusN1Br/Brz ( +0.46) 0.05 0.59 340 (140) 2.0 0.19
0.50 0.47 420 (140) 1.3 0.13
2.00 0.26 440 (140) 0.8 0.12
12 2 CHsCN/1.0M [n-BuiNII/I2 ( +0.06) 0.30 0.04 120 (60) 0.05 0.10
2.00 0.04 190 (60) 0.05 0.09

* Run No. 1-6 are given in Fig. 6. Data in all cases are from steady-state (10 mV/sec) photocurrent-voltage curves.

** WS: No. refers to the particular electrode sample used.

*++ Electrolyte solutions were prepared and X: was added to the concentration necessary to bring the solution potential, Ercaox, to the

value indicated.

i Input power is at 632.8 nm. Multiply by 32 cm-* to obtain power density. . . .
7 Quantum yield for electron flow measured at E:caox. Data are *15% and are uncorrected for reflection or solution absorption.
i1 Photovoltages. Ev(max) is difference in onset of photocurrent and Ereaox. Ev at 7max is difference between maximum power point

and Eredox.
(Ev X i)max
t 7max, % defined as —— M  ——.
Input power
(®e at 7max) (Ev at 7max)

(®e at Eredox) (Ev(max))

11 Fill factor is

under the conditions indicated. The low absolute effi-
ciencies appear to be attributable to the fact that Egg
> 0.3V is required to achieve good &, values. For ex-
ample, in run 1, the Ey (max) at the highest intensity is
~610 mV meaning that E; ~ Epg ~ +40.22V vs. SCE,
since Ereqox is at 0.83V ws. SCE. At the maximum
power point Ey is only ~150 mV meaning that E; =
+0.68V vs. SCE where Egg is thus =0.36V. The &, at
the maximum power point is significantly less than
®e at Eredox. The poor current-voltage behavior is quan-
titated by the fill factor that is given in Eq. [6]

(®e at Mmax) (Ev at Nmax)
(Ev (max)) (®e at Eredox)

The data in Table II show that the fill factor is =0.25
for input power of >16 mW/cm2. Phenomenologically,
poor fill factors mean that recombination of photo-
generated e~ -h*+ pairs is important even though there
may be a significant value of Egp as for the Cly/Cl—
couple. When Egg is sufficiently large, as when E; —
Eredox for the Cly/Cl~ and Bro/Br— couples, the value

Fill Factor = [6]

of ®. is ~0.6, uncorrected for a significant reflection
loss. For I3—/I~ the value of Egg, even at Ef = Eredox,
is too small to give good values for ®.. In most re-
spects, the output parameters from n-WS; in CH3CN/
X,/X~ solutions are similar to those for n-MoSes in
the same solutions (5). The WS; does give a somewhat
larger value of Evy(max), but this is offset by the
higher fill factors for the MoSes.

In H,O the highest efficiencies significantly exceed
the highest efficiencies obtained in CH3CN. As for
other metal dichalogenides, there appears to be ad-
sorption of I3~ in HyO, but not in CH3CN that results
in a good value of Ev(max) for the I3~/I~ couple in
H,0. However, light absorption of the I3~/I~ does at-
tenuate the uncorrected values of ®.. Correcting for
light absorption would improve the ®.’s and give effi-
ciencies that are similar to those for the Brs/Br—
couple. The efficiency for the Brs/Br— couple ap-
proaches 13% in the best case, significantly exceeding
the efficiency previously reported for the n-MoSe; or
n-MoS; under similar conditions (19). The lower effi-
ciency for the Cly/Cl— couple in HoO may be due to
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a weaker interaction of the Clp/Cl— couple with the
MY, surfaces as reflected in the diminished fill factors
compared to those obtained with the Brz/Br~ couple.

The n-WS, is durable in the high concentration LiBr
or LiCl as we previously reported for MoSz and MoSez
(19). Data in Table III show some representative ex-
amples for Cl, generation from 15M LiCl. In no case
do we observe deterioration of properties for the time
periods and current densities reported. Similarly, the
durability of n-WS, in 12M LiBr/0.1M Br; is good: At
~40 mA/cm2 the output is constant, +5%, for a
0.002g n-WS, electrode held at 40.2V vs. SCE for a
period of time long enough to pass 90C. At low con-
centrations of Br— or Cl— the n-WS; is photocorroded
in H,O but not in CH3CN, a result that again parallels
earlier findings for MoS; and MoSe, (19). Thus, the
main difference between WS, and the materials studied
earlier is that the efficiency of WS, is significantly
better.

Photoelectrolysis of HI in aqueous solution.—The
data in Table II and Fig. 6 show that the onset of pho-
toanodic current for the 31— — I3~ reaction occurs at
~ —0.4V vs. SCE for high light intensity. This nega-
tive onset in aqueous solution indicates that n-WS, can
be used to effect the photoelectrolysis of HI, Eq. [1],
in acid medium, since E° (H*+/Hy) = —0.24V vs. SCE
under standard conditions. With the good fill factors for
the I3—/I— couple and the knowledge that platinized
Pt requires only a small value of E, (20), Scheme I,
for Hy evolution, the efficient photoelectrolysis of HI
should be possible in a photoelectrochemical device
consisting of an n-WS; photoanode, a platinized Pt
cathode, and an aqueous acid electrolyte.

The photo-oxidation of 31~ to Is~ and simultaneous
reduction of 2H+ to Hy can be effected using an
n-WSs-based photoelectrochemical device with visible
light as the only energy input. The cell was configured
in a number of different ways as detailed in Table IV.
In all cases the initial current efficiency for Ha genera-
tion was unity. After significant photoelectrolysis,
though, the cells generally decline in efficiency owing
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to the diffusion of I3~ to the cathode compartment
where I3~ - 31~ can compete with Hy evolution. But
more importantly, we typically find that the E,, re-
quired at Pt goes up with time to a value that sig-
nificantly attenuates the photocurrent when the n-WSs,
is merely short-circuited to Pt. We established that
the E,, for Pt changes during photoelectrolysis experi-
ments by running the steady-state current potential
curve for Hy evolution before and after photoelectrol-
ysis. By way of contrast, the photocurrent-voltage
properties for the n-WS; were constant during such
experimentation. For example, potentiostating the
n-WS; at ~ —0.2V vs. SCE, the maximum power point,
results in no change in photocurrent during a 100 hr
period whereas cells where the WS, and Pt are just
short-circuited show significant photocurrent decline
during the same time period.

One final experiment concerning the photoelectrol-
ysis of HI is worth describing. We prepared a two-
compartment cell separated by a Nafion membrane and
a single crystal of n-WSy as described in the Experi-
mental. One side of the WSy was platinized by photo-
electrochemically reducing PtClg2—. The cell was then
used to effect the simultaneous generation of Hy and
I3~ using visible light generation from a 500W tungsten
halogen lamp to excite the n-WS;,. The solution con-
tacting the naked n-WS; was 50% H3;PO4/1M Nal and
the platinized side was contacted only by 50% H3;PO4
initially. During 100 hr of irradiation approximately
5 ml of Hy gas was collected above the illuminated
crystal and the generation of gas was linear in time up
to 100 hr. During the 100 hr the generation of I3~ in
the other compartment was obvious from change of
the colorless to red-orange solution. After 100 hr the
yellow color began to appear in the compartment
where H, is generated and net H, production ceased.
This result again shows that WS, is capable of sustain-
ing the photoelectrolysis of HI, but separator problems
may ultimately be a limiting factor. In H2O splitting,
where the Hs and O: products are not too soluble in
H,O and where Oy does not poison the Hs electrode,
such separator problems may not be as severe.

Table 111. Durability of N-type WS for the generation of Clo*

Initial wt. of Charge Volume Current Turnover Current den-

Exp. No. WSa Xtal (x mols) passed, C Cle, m1** efficiency, %1 No.tt sity, mA/cm?
1 0.004g (16.1) 68 86 22 60
2 0.003g (12.1) 87 91 38 67
3 0.009g (36.3) 360 92 52 80

* Data are for n-WS: photoanodes potentiostated at + 0.8V vs. SCE in 15M LiCl in a two-compartment cell with an ultrafine glass frit
separator. Electrodes were illuminated with a 632.8 nm He-Ne laser providing ~1 W/cm?, Exp. No. 1 and 2, or with a 514.5 nm Ar ion laser

providing ~4 W/cm?, Exp. No. 3.

** Chlorine was collected in a graduated cylinder over the photoanode.
+ Efficiency for generation of Cl: based on number of electrons passed. .
t Mols of chlorine produced per mol of n-WSs; in all cases electrode is unchanged after the experiment.

Table 1V. Experimental data relating to the photoelectrolysis of HI

j, mA/cm?f
Experi- Q,
ment* coulombs Ne, mol** Vg, mlt Nu,, moltt Max Min. Mean t, hrit n1, %8
I 60.77 6.30 x 10+ 6.79 3.03 x 10~ 8.4 3.9 6.7 28.7 96
o 1174 12.2 x 10+ 12.4 5.54 X 10+ 9.2 4.6 7.2 51.6 91
mx 61.00 6.32 x 10~ 6.68 2.98 x 10—+ 1.1 1.9 4.0 4.3 94
v 43.11 4.47 x 10+ 4.75 2.12 x 10—+ 2.3 1.2 1.9 64.0 95

* I: n-WSa #2/Pt separated by Nafion membrane. WS: side contains 2M Nal/H:0. Pt side contains 30% H2S04, II: n-WSa #2/Pt sepa-

rated by Nafion membrane. Both sides contain 1M Nal in 25% HzSOs.

III: n-WSs #47/Pt 0.65M HI in 6.5M HCI. The I: product was extracted

from cell with cyclohexane which was introduced through a frit at the bottom of the cell and pumped through with a peristaltic pump.
IV: n-WSz #47/Ru plated Pt 0.65M HI in 6.5M HCL. HI/HCI solution is constantly renewed from a reservoir of fresh solution by pumping.

** Mols of electrons passed through circuit during operation.
t Volume H: gas collected in inverted pipette.
ttMols of Ha gas collected.

$ Maximum, minimum, and mean current densities at n-WS: electrode during operation.

3t Time of operation
§ Current efficiency for Ha collected.
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The data for the I3~ /I~ couple in Table II and Fig. 6
likely reflect optimistic values for the photoelectrol-
ysis of HI using WS, except for the optical absorption
of I3~/I- that could be reduced further by smaller
path lengths. Thus, photoelectrolysis efficiencies for
HI are probably in the range of ~5% for 632.8 nm
light and considerably lower for solar light that is
polychromatic.

Optical properties of WSz and surface inhomogene-
ities.—Several different techniques have been used to
determine the wavelength response of the n-WS;
samples used in this study. Photoacoustic spectroscopy,
photoaction spectra, and surface photovoltage mea-
surements as a function of wavelength have yielded
internally consistent information concerning the onset
of the indirect transition of the WS, samples.

The photoacoustic spectrum of a typical WS, sample
is shown in Fig. 7. Consistent with published properties
of WS; (21), the onset of the photoacoustic signal oc-
curs in the vicinity of 950 nm (1.3 eV). The signal
more or less flattens at wavelengths shorter than 700
nm. The photoaction spectra under various conditions
also show onsets in the vicinity of 950 nm. Figure 7
includes two different experiments where the effect
from absorption of the Is~/I~ couple is plainly obvious
at the wavelengths shorter than ~600 nm. Even the
Cl2/Cl~ couple absorbs some, but the attenuation of
the relative &, is not as severe in this case. The photo-
action spectra clearly show that the high values of
&, are for wavelengths shorter than ~700 nm despite
the onset in the 950 nm.

The onset region of the photoaction spectra and the
photoacoustic spectra are consistent with a region of

| ' | ! | ! |
- Spectral Response 4
of n-WSp

RELATIVE &e, arbitrary units
RELATIVE PHOTOACOUSTIC SIGNAL —

O—I | 6]

1000

400 600 800
WAVELENGTH, nm ——

Fig. 7. (a) Photoacoustic spectrum of n-WSy (right scale). (b)
Relative quantum yield for electron flow, ®., vs. wavelength mea-
sured at 4 1.3V vs. SCE in H20/15M LiCl/Cl; (sat’d.) (left scale).
(c) Relative ®. measured at 4-0.2V vs. SCE in HoO/5M Nal/1 mM
la. Note that the relative loss in &, at shorter wavelengths is due
to light absorption by the 13/1~ redox couple.
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relatively low absorptivity associated with indirect
transitions as reported earlier for MoSs, MoSe;, and
WSe; by other workers (22). A plot of (relative signal
X hy)*% in the photoaction spectra in the onset region
vs. (hy) is a straight line with an intercept on the
energy axis that should correspond to the indirect gap
(23), Eg Data from photoaction spectra give E; =
1.3 + 0.05 eV and these data are summarized in Table
V.

For the region of strong absorption, a plot of (rela-
tive signal x hy)2 vs. (hy) should give a straight line
with an energy axis intercept corresponding to the
onset of the direct transition(s) (23). Such plots give
values of 1.78 e€V. The assignment of this as the true
direct gap is doubtful and we simply use the designa-
tion “direct” to refer to the onset of relatively high
absorptivity.!

Another technique used to evaluate the optical prop-
erties of the n-WS, samples is the surface photovoltage
measurement vs. wavelength. These results accord well
with the photoacoustic and photoaction spectra. At low
intensity wide beam illumination, the absolute magni-
tude of the photovoltage signal for a crystal (24)
under depletion conditions is given by the relation
given in [7]

—aW
|aVs|oc¢/,,[1_ﬂ__°‘_l]

7
14 oL i L2
where W is the width of the space charge depletion

region, « is the absorption coefficient, and LH is the
parallel component of the diffusion length of the minor-

ity carriers (along the c-axis). The sign of 8Vs de-
pends on the doping type of the crystal. In all mea-
sured crystals (both n-and p-type) the signs of 8V
coincide with the type of the crystal expected from the
growth procedure. The signs of Vs were not observed
to change during surface photovoltage mapping, and
hence, no domains of opposite type were observed in
any of these samples.

Spectral dependencies of the 8V were used to de-
termine the bandgap of WS,. Near the onset of the in-
direct absorption both «W and oL will be much less
than unity. In this case, [7] can be simplified to ex-
pression [8]

|8Vs| ¢/a(L” + W)w [8]1

Thus, |[8V;| can be used to determine spectral depend-
ence of the absorption coefficient. As shown in Fig. 8,
photon energy dependence of the absorption coefficient
(a o« [8Vs|/¢) can be described by the relation given
in [9]

(ahy) % o< (hy — Eg) [91
which is characteristic of indirect transitions (22, 23,
25). Similar results are reported from photocurrent

measurements of other transition metal dichalcogen-
ides (26). The bandgap value derived from photovol-

1Ref., (21) and (23) discuss the nature of the transitions in the
low energy region of strong absorption as due to excitons.

Table V. Bandgap of WS, electrodes from photoaction spectra*

Bandgap, eV
Elec- e
trode Electrolyte/ Poten- N Indi-
No. Solvent redox couple tial Direct rect
12 H:0 15M LiCl/Cle (satd.) +13 1.78 1.33
9 H:0 5M Nal/l mM Iz +0.2 1.77 1.34

9 CHsCN 1M [Et:NICl +1.2 1.78 135

5 CHsCN 0.1M [n-BusNII/1 mM I +1.0 1.77 —

* Data taken from plots of ®. vs. \ as in Fig. 7. Data are plotted
using equations in text to give the direct and indirect bandgaps.
N-type WS: photoanode was irradiated in the indicated solvent/
electrolyte/redox couple combination at the potential indicated.
The potential is V vs. SCE.
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Fig. 8. Surface-photovoltage spectra near the absorption threshold
of p-(Nb doped) and n-type WSy grown by Clz and Brs vapor trans-
port techniques. The intercept with the energy axis is taken as the
indirect bandgap (Eg).

tage measurements is independent of the donor type
and sample configuration (wet and dry). The value of
1.30 (+0.03 eV) compares favorably with the results
from photoaction spectra shown in Table V. Table VI
summarizes the results for WS; and other MY, samples
that have been evaluated.

In order to assess the role of surface inhomo-
geneities, mapping of the crystals was performed at
short wavelength illumination, i.e., at high absorp-
tion coefficient. Under this condition the dependence of
8Vs on oW and aL” (described by [7]) can be ne-

glected. Therefore, the height of the photovoltage signal
will be a measure of the width of the space charge
depletion region (W). The width of 8V peak vs. dis-
tance is determined by either the size of the light spot
or the perpendicular component of the diffusion length
(Li ), whichever is larger. A typical result for n-WS,

is shown in Fig. 9. The photovoltage signal increased
at the steps. This demonstrates that the width of the
space charge is larger at steps. For an n-type crystal

Table VI. Summary of bandgap data for group VI metal
dichalcogenides

Bandgap, eV

o “Direct” Indirect
ductor This work  Literature This work  Literatureif
MoS: 1.77 (1) 1.75* 1.22 (4) 1.17 (3)
MoSea 1.38 (1) 1.4+ 1.10 (2) 1.06 (3)
WSa 1.78 (1) Not 1.34 (2) Not
available available
WSea Not det’d. 1.57t Not det’d. 1.16 (3)

* H. Tributsch, Z. Naturforsch., Teil A, 32, 972 (1977).
** H. Tributsch, Ber. Bunsenges. Phys. Chem., 82, 169 (1978).
(19’;8{' Gobrecht, H. Gerischer, and H. Tributsch, ibid., 82, 1331
Tt W, Kautek, H. Gerischer, and H. Tributsch, This Journal, 127,
2471 (1980).
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Fig. 9. (a) Optical micrograph of n-WS; showing steps on the
surface. (b) Single surface-photovoltage scan. Horizontal line in
(a) indicates path of this scan. The photovoltage maxima A, B, and
C coincide with points A, B, and C in (a). (c) Three dimensional
surface photovoltage micrograph over the same portion of crystal
shown in (a).

this increase of W at the steps can be connected with
either a high negative charge at the step and/or with
lower net doping concentrations (Np — Na) in this
region (24). The width of the peaks at the steps is
much larger than the size of the spot (5 um). There-
fore, we attribute this broadening of the peaks to the
large values of the perpendicular component of the
diffusion length (L ) at the surface. Measurements

of the width of aVg peaks corresponding to a single
edge lead to L. ~ 200 ym which is much larger than
typical values of L|| found for transition metal di-
chalcogenides (for MoSg, L ~ 1 ym) (22). The large

ratio of L /L|| is partly associated with the anisotropy
of the hole mobility perpendicular and parallel to the

c-axis of the crystal as well as with the local electric
field generated around the step. The latter is due to
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the large negative charge (n-type materials) at the
steps. Similar effects were also observed for p-type
crystals. Thus, as other workers have found (27), the
surface quality of the layered semiconductors is an
important parameter in determining recombination
rates. Surface steps can account for the variation in
efficiencies observed from sample to sample.

In terms of efficiency for photoelectrochemical ap-
plications the weak response in the 950-700 nm wave-
length region seriously undermines the expected effi-
ciency for solar applications. Apparently, holes created
by light in this wavelength range simply do not come
to the field region near the surface, paralleling the
frustrations encountered in attempting to use indirect
bandgap semiconductors in any photovoltaic applica-
tion. The indirect gap limits the photovoltage, and ab-
sorptivity and/or hole mobility is not sufficiently great
that good @, values are possible until the onset of the
“direct” transition that is ~0.5V away from the in-
direct gap of 1.3 eV,
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The Galvanostatic Method: Analysis of Error and Computation of
Parameters
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ABSTRACT

Galvanostatic transients arising from multi-step processes of the type: »O + ne = vzR are treated mathematically
for systems subjected to both activation and diffusion control. Analysis of error based on the error matrix is presented.
The galvanostatic method is characterized by the information contents [I(i,) and I(C,)] for a single-estimate analysis
(i.e., estimate of i, for known C, or the reverse) and that for a two-estimate analysis (simultaneous determination of i,
and Cg). The correlation between the estimates of i, and Cy, is given as a function of the dimensionless scale T/7..
Information contents for i, and Cy, in single and two-estimate systems are given and this permits the determination of
the accuracy and the limits of the method as well as the choice of optimal experimental conditions. The optimal full
time scale for estimation of i, depends on the value of 7./r,. For t/r, between 0.5-500, T /7. varies from 6 to 18
(single-estimate system) and from 4 to 25 (two-estimate system). The upper limit for i, in a single-parameter estimation
is 3-12 A em~? (for Cy 10-40 uF cm~?) and the upper limit for ky(a, = «. = 0.5) is 8 cm sec™'. This is three times greater
than k, for the coulostatic method. For a given value of k,, the accuracy of the galvanostatic method is better than that
of the coulostatic for systems when /7, > 0.6, but is not as good when 7/ry < 0.6. The upper limit of k; and the
accuracy of the galvanostatic method for two-estimate analysis (i, and C,) are considerably lower than those for
single-estimate analysis. An iteration method is developed with which a large improvement is achieved. Estimation of

i, and Cg4 with a computerized curvilinear regression analysis is proposed.

The galvanostatic method is one of the oldest tech-
niques employed in electrochemistry and is currently
used in the study of fast electrochemical reactions.
Equations describing the galvanostatic potential-time
relationship have been derived by Berzins and Delahay
(1) for a simple redox system of the type O + ne = R
subjected to both activation and diffusion control (and
with double-layer-charging currents taken into ac-
count). More complex cases incluing coupled chemical
reactions or adsorption of reactants have been also
treated (2).

Sluyters et al. have done a thorough analysis of the
method: nomograms, tables and a complex plane anal-
ysis for treatment of experimental data were proposed
(3-6) ; the accuracy of the approximation methods was
discussed (3) and optimal experimental conditions
were proposed (4).

_ i
T Caly—8)

In this work we treat some of the problems en-
countered in the study of fast electrode reactions by
the galvanostatic method.

1. Mathematical expressions are developed for multi-
step reactions y»,0 4+ me = yrR, where y, and vr differ
from unity.

2. Simple criteria for optimal experimental condi-
tions are given.

3. The accuracy of the method and its limits are
estimated on the basis of error analysis. The analysis
is extended to cases in which i, is a single estimate
(known Cgq) and to cases in which i, is estimated
simultaneously with Cq.

4. The correlation between the estimates i, and Cq
is given.

5. An iteration method for the simultaneous deter-
mination of i, and Cg based on measurements at dif-
ferent parts of the transient curves is proposed.

6. Estimation of i, and Cg with a computerized
curvilinear regression analysis, based on the method
of least squares, is proposed.

The approach applied in this work is similar to that
used previously for the coulostatic method (7, 8). The

Key words: diffusion, galvanostatic method, regression analysis.

application of statistical methods in this work per-
mitted the extension of that treatment to the case of
the simultaneous estimation of i, and Cg.

Computation of Parameters

Potential-time relationship for the galvanostatic
method at small perturbation (|n| = RT/oF) for a
redox system O 4+ me = R subjected to both activa-
tion and diffusion control with accounting for double
layer charging has been derived by Berzins and
Delahay (1), Eq. [1]. Treatment for multi-step pro-
cesses of the type voO + nme = yrR results in identical
expressions in terms of t. and t4. The relaxation con-
stants 1. and tq contain the parameters vo, vgr, and v
of the multi-step process. All discussions about the
applicability of those equations are identical to those.
in previous work on the coulostatic method (7)

v i\
—E; [exp(ﬁ2t)erfc(ﬁt%) + 28 ( ) -1 ]

Eld

s £ \% [1]
—-— [exp(-yzt)erfc('yt%) + 2y (—) -1 ]
2 m
where

B = [ta% + (za — 4vc) %21/27 [2]
v = [ta% — (va — 4tc) %1/27 [31

RT C
s .- 141

n F i

2 2
Td% — RT Cdl ( Vo + VR ) [5]
n2F2 Co°Do*%  Cr°Dgr*%

There are two common methods of data handling
for the estimation of parameters (e.g., i, Ca1) from a
transient n/t:

(i) Selecting a single point along the transient and
calculating p from the relation p = p (n,t). For an
implicit p-n relationship (as in the case of the gal-
vanostatic method), p cannot be easily isolated. Kooij-
man et al. have facilitated this problem by the nomo-
gram method (4).

(i1) Fitting the experimental points from given sec-
tions of the transient to the theoretical function by
the least-squares method. This method is well suited
for implicit relationships; it is important in cases of
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two-parameter estimation (e.g., i, and Cq) and serves
as the basis for all discussions in the present work.
Sluyters et al. (6) have elaborated a transformation
procedure by which transients are converted into
impedances and subsequently treated by the complex-
plane method.

Our approach for the estimation of the parameters
is to use direct parameter fitting of the analytical n-t
expression (Eq. [1]) to the experimental data (from a
section of the transient) by means of computerized
curvilinear regression analysis. By this method, the
estimates of i and Cg are those which minimize the
sum of squares

T
Q= 2 (ne(exp) — me(calc)?

6
t=0 a(n)?2 (9

for t = 0, AT... (N — 1)AT, T. Equally weighted
points from the experimental n-t curve are fitted to
the analytical expression of n-t (Eq. [3]), by the use
of the library program MINUIT (10). The same ap-
proach was applied to the coulostatic method (8).

Analysis of Error

Our approach in the analysis of error is based on
the use of the concept “information content,” I. This
has been defined in a previous paper, where it was
applied to the analysis of the coulostatic method (8).
The quantity I is a dimensionless parameter, which
determines quantitatively the amount of information
on a calculated parameter, p, contained in a measured
quantity, n. It characterizes the power of the method,
independently of the precision of the instrumentation
or of the accuracy by which measurements are made.

The higher the information content of a parameter
the better is its characterization. The power of different
methods or of the same method under different condi-
tions can be compared on the basis of information con-
tent. It also enables an immediate calculation of the
standard deviation of the estimated parameter p, pro-
vided the standard deviation of n is given (Eq. [10]).
The instantaneous information of the parameter p (all
other parameters exactly known) at time t along the

transient, is defined as
D an
MNmax P /e

where nmax is the maximum value of the measured
quantity, n. In the galvanostatic method, Mmax is the
value of n at the end of a given transient (att = T),
because the overpotential rises with time. However, in
the coulostatic method, nmax is the value of n at t = 0,
since in the latter method the overpotential decays
with time.

As stated above, the computation of parameters is
made with data taken from sections of the transient,
and thus the integrated information! I(p), contained
in that section is relevant

I(p) =

. 1 x
I(p) =7 j; I(p)dt [8]

The limits for I (as for I) are 0-1. A zero value for
I(p) means that the measured parameter n is inde-
pendent of p (does not provide information about p).
Ilp) = 1, corresponds to a first-power relationship
n = const p*1, where p is the only parameter that

11In previous work (8) the expression “average information” was
used for this function,
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determines n. I(p) = % corresponds to n = const - t -
ptl.

A knowledge of I (or I) allows the estimation of (%)
the optimal experimental conditions, (ii) the limits of
the method, and (iii) the standard deviation of the
estimate of the parameter p under given experimental
conditions [with known variance of the overpotential
o(m)]. The relation between the information content
I(p) and the population standard deviation ¢, is ob-
tained by replacing gn/dp by (e(n)/N%)/e(p) (see
Appendix A)

P o) 1
o(P) Mmax N%

I(p) = [8]

The quantity of interest is not the absolute value of
s(p), but its coefficient of variation, e(p) = o(p)/p,
since for a given ratio tc/7q,2 e(p) [as well as I(p)] is
a single-valued function of t/t.. In most measurements
a(n) is independent of n, for a given sensitivity of the
measuring device. Furthermore, we idenitfy o(n)/
(MmaxN*2) by e(nmax), which represents the instru-
mental precision of the measurement. With the use
of this parameter, Eq. [9] becomes

€ (Nmax)
P) = ——— 10
e(p) T [10]

where ¢(p) is the relative error in the determination
of p at a confidence level of 68.3% (1 standard devia-
tion unit). Given the instrumental precision e(nmax)
it enables us to predict the precision by which p can
be measured. Equation [10] correlates the instru-
mental precision with the power of the method.

Error analysis based on the error matriz.—In the
case of the coulostatic method, I(p) was calculated
according to Eq. [8] for different values of t./tq over
a wide range of time (8). By this method only I values
for single-estimate systems can be acquired. Here, we
have applied a more general method, based on the
error matrix (Eq. [10]). It allows determinatin of I in
a two-estimate system which is of importance in the
simultaneous determination of i, and Cg.

The error matrix E [called also variance-covariance
matrix (Ref. 11, p. 62)] contains the variances of the
parameters i, and Cgq; as diagonal elements, and the
covariance, p[20(io) 1[20(Ca1)] as the off-diagonal ele-
ments. p is the correlation coefficient between the two
parameters

20 (1) 2 p+ 20(io) * 20 (Ca1)
oFE = [ [11]

p+20(io) * 20(Ca1) 20(Ca1)?

The prescript stands for the number of estimated pa-
rameters. The principle of the method is to calculate
the population variances and population covariances
of the estimated parameters (i, and Cq) in the func-
tional relationship n = f(t; 40, Ca1), where n has a
known analytical expression (Eq. [1]); n is a depen-
dent variable with a standard deviation ¢(n); t is an
independent variable, bearing no error of measure-
ment, i.e., the errors are practically negligible as com-

pared with the error of n; the respective oI values are

21t will be noted that the ratio 7¢/74 is a measure of the relative
contribution of the activation and of the diffusion control. Sys-
tems with identical 7./7a behave identically when compared on
a dimensionless scale t/7. (regardless of individual values of io
and Cai) (4). T7¢/Ta can be conveniently estimated from 7c/7d4 ~
n3C%/ (ioCa1) for C = Co°® = Cr°; Do = Dr = 10~ cm? sec-!, v = vo
= yr = 1, C in mM, % in A, Ca1 in F cm-2). For orientation pur-
poses it will be added that systems with 7¢/7a4 > 1000 have low
diffusion contribution, and systems with 7c/7a < 10 have a high
degree of diffusion control.
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calculated according to Eq. [9]. 1I values are calculated
from oI and p as shown later.3

The error matrix E is calculated by inverting the in-
formation matrix G. Since the least-squares estimator
is used in the estimation of the parameters i, and Cqi,
the elements of the information matrix G are [Ref.
(11), pp. 126 and 169]

T

Gy = 7(:1)2 t2=£) [ (%),(%)g]

T 2T (N-1)T
fort =0, —,—, ... ——, Tand N= o
N N N

The limits of the summation are 0 and T, since for
calculating the integrated information I(p), the popu-
lation variances o(p) for entire sections of the tran-
sient are needed.

The quantities 20 (i,), 20(Ca1), and p appearing in the
matrix E thus calculated are the integrated values cor-
responding to a given time scale T. Calculations were
made for various time scales with different values of
t./tq¢ and these yielded the parameters of interest,
summarized in Fig. 1, 2, and 3. The graphs of these
three parameters I(i,), I(Ca), and p plotted vs. T/
depend on t./tq only (as mentioned before).

If one of the parameters is “fixed” at the correct
value, the standard deviation of the estimated pa-
rameter is always smaller than is the case when the
estimation is carried out for the two parameters (Eq.
[11]). This is so, since by fixing one of the parameters,

‘d_(P) calculated according to the statistical method may in
some cases differ from that calculated according to Eq. ;81. The

bl i 1/
statistically calculated iI(p) is given by i = (1/T) di‘dt)
o
T
(Appendix B), while the nonstatistical one is il = (llT)f ildt

(Eq. [8]). The difference beween them stems from diﬁeremges in
estimators: the statistical I is calculated with the least-squares es-
timator, while the latter can be derived by minimizing the square
of the sum of the absolute values of the deviations (not the sum
of squares of the deviations). The difference depends on the type
of relation between the _parameters p and 7. They may not differ
.at all, as in the case of I (i) or may differ by several percent as
in the case of I (C.u)..While the correct function is the statistically
calculated one, the differences between them are negligible in the
application to which they are put here.

T/t

Fig. I._ll_(io) and 2I_(io) as function of T/t. at various t./tq4.
1/(i) [single-estimate system (i,-estimate, Cg-fixed)];
- - - - al(ig) [two-estimate system (i, and Cgqi-estimates)].
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Fig. 3. Correlation coefficient between i, and Cay as function of
T/

one is supplying information about the other. This in-
formation is transmitted by means of the correlation
between i, and Cq [Ref. (11), p. 198]

19(p) = 20(p) (1 — p2) % [14]

The relation between the iﬂformation content for a

system with two estimates [2I(p)] and that for a sys-

tem with one estimate [;I(p)] (with a frozen param-
eter) is derived from Eq. [9] and [12]

() = 20(p) (1 —p2)~% [15]

Concerning the form of the information curves (Fig.
1 and 2): For T << T, the double layer is charged and
the overpotential increases linearly with time (n =it/
Ca). In this region, n is a function of Ca1 only, but
not of i, and thus I(i,) = 0 and I (Cg) obtains its
maximum value. In an intermediate range of T/
(5-30 depending on 7t./tq), maximum values for I(i,)
are reached. At T >> 7., the influence of the diffusion

is increased, and thus T(i,) decreases. For the specific
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case 1./tq = oo (negligible diffusion contribution),
the overvoltage reaches a constant value, independent
of time and of capacitance [n = (i/i,) (»/n) (RT/F)].
Thus a limiting value for I(i,) is obtained: I(i,) =
(This is the maximum information that is obtained in
a linear relationship between measured value and cal-
culated parameter.) In the coulostatic method (8) the
limiting value for I(i,) (obtained for t.t/q = o0) is
only 0.30.

The time scale, on which the maximum value of
I(i,) is reached (see Fig. 1) depends on t./t4. The
larger 1./74, the larger the value of the dimensionless
time scale T/t. (Fig. 4). The optimal time scale,
T/v., varies from 4 to « for t./tvq varying from 10—2
to «. The importance of Fig. 4 is that it supplies in-
formation on how to choose the optimal scale for mea-
suring the galvanostatic transient.

In fact, optimal results for each t./tq can be obtained
for quite a wide range of time scales. For example,
for v/tq = 5, T/t. ~ 5-15 (for a single-estimate sys-
tem) and T/t 5-20 (for a two-estimate system) can
be used (Fig. 1). For 1./tq¢ = 100, the respective time
scales are 5-20 and 9-30. Sluyters et al. (4) also esti-
mated the optimal time for single parameter estima-
tion. However, their calculations correspond to single
point determinations and not to determinations based
on entire sections from the transient, as it is in our
case. One can see from Fig. 1, Ref. (4), that the opti-
mal time is shifted to larger values with the increase
of 1./7q. The extent of the shift in the range shown
0.2 < t/7a < 100, is small, which is in good agreement
with our results (cf., Fig. 4, solid line). According to
the case we consider, T/x. is 6 for 0.1 < t./1q < 5; for
to/1q > 10, the optimal full time scale increases rapidly
with t¢/7q.

While the optimal time scale for the galvanostatic
measurements increases with t./tq. that for the coulo-
static measurements is independent of t./tq and is
T/t. = 2 (8). The reason for this difference stems from
the fact that for a galvanostatic transient, n increases
with time (or reaches a constant value for t./tq = )
while for a coulostatic transient, n decays to zero (that
is, after a certain time, the information content de-
creases to zero even for cases without diffusion con-
trol).

The values of I(i,) and 2I(i,) at which the in-
formation curves (Fig. 1) reach maxima are plotted as
functions of t./7q in Fig. 5. There is a considerable loss
of information in the two-estimate system. As will be
shown in a future publication, in the coulostatic method
this loss is much smaller.

35 —

301 4

251 A1)

0 ey NS EUIT] B S e | Ll

0.1 | 10 100 1000
Tc /rd

Fig. 4. Optimal time scale for estimation of i, as function of
To/Td. Single-estimate system (io-estimate, Coi-fixed);
- - - - two-estimate system (i, and Cgj-estimates).
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Fig. 5. Maximal values of 1IGiy) and ol(ic) as function of TC/T([.
Single-estimate system (io-estimate, Cgqj-fixed); -- -
two-estimate system (i, and Cgj-estimates).

Conditional dependence between parameters.—In the
case of single-estimate analysis, an error Aps of the
“known” (fixed) parameter brings about an error
p(20(p1) /20 (P2) ) Ap2 in the estimated parameter [Ref.
(11), p. 63]. Thus

Aio/ACq1 = plao (i) /20(Ca1) ] [14]

The negative sign of the correlation coefficient (Fig.
3) indicates that a positive error in Cg causes a nega-
tive error in i, (and vice versa). General presentation
of the conditional dependence is achieved by the use
of relative rather than absolute variations in Eq. [14]

(Aio/io) / (ACa/Ca1) = pl2o (i0) /16]/ [20 (Ca1) /Car]l [15]

The rhs of Eq. [15] depends on t./tq only when com-
pared on a dimensionless time scale T/, while the rhs
of Eq. [41] depends also on i, Cq;, and concentrations.
Plots of (Aio/i0)/ (ACai/Ca1) vs. T/x. for different tc/tq
values are given in Fig. 6 and are used to calculate the
relative error in i, as result of an error in Cq and vice
versa.

The larger the diffusion contribution (the smaller
te/7d), the larger the systematic error Ai,/i, caused by
error in Cy. This error increases with decrease of the
time scale.

It should be stressed that although the accuracy in
the estimation of a parameter is conditionally depen-
dent on the error of the “known” parameter, the pre-
cision is independent of it. The precision, and thus the
information content are those for single-estimate anal-
ysis with a precisely known value of the fixed param-
eter [Ref. (11), p. 63].

Iteration Method for Simultaneous Determination of
ioand Ca

The precision achieved in the single-estimate deter-
mination of i, is substantially higher than that for the
case in which i, and Cq; are both estimated parameters
(compare full lines with dotted lines in Fig. 1 and 2).
The usual technique in the latter case is the determina-
tion of Cy from the initial part of the transient, in
which n vs. t is linear (Cq = i(gm/dt) ~1). But when
dealing with fast electrode reactions, the linear region
is shortened to such an extent that this method is
impractical. For example, if it is desired to estimate
Cq with an error of 5% in a system with Cq = 20
uF/cm2 and i, = 0.5 A/cm?2, measurements must be
carried out at a full time scale T ~ 0.1 usec. Noises at
the beginning of the pulse (due to unmatched im-
pedances, stray capacitance, and inductance) may last
about 50 nsec) make the use of a full time scale
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shorter than 0.5 usec impractical. In such a case, i, and
Cga1 must be determined by the two-parameter fitting
procedure proposed here.

The precision in the simultaneous determination of
i, and Cyq is greatly enhanced by using an iteration
procedure, in which the two parameters are deter-
mined for several time scales. Due to the fact that the
optimal time scale for the determination of i, and Cq
differs greatly (cf., Fig. 1 and 2), the following itera-
tive method is proposed.

Initial step, n = 0: Simultaneous estimation of i,
and Cgq. The two parameters are estimated by the
curve-fitting procedure from several arbitrarily chosen
time scales. The mean value of each parameter is
calculated.

nth iteration step, Cg single estimate: i, is fixed at
a value calculated from the (n — 1) iteration step.
Data from the transient with the shortest full time
scale are used.

nth iteration step, i, single estimate: Cq is fixed at a
value calculated from the nth step above. The optimal
time scale for this estimation is chosen on the basis
of Eq. [20] as will be discussed in the next paragraph.
The last two steps are repeated until i, and Cg remain
unchanged, within the expected error as estimated
from Eq. [20] and [21].

The enhancement of the accuracy achieved by the
iteration procedure will be demonstrated by following
the decrease of the relative error of the estimates.
The errors are calculated at the 68.3% confidence level,
corresponding to one standard deviation.

At the initial step, n = 0, i, and Cq are simultane-
ously estimated with relative random errors ©e(io)

= 20(i0)/io) and %(Cq) (= 20(Cq;)/Ca1). According
to Eq. [10], ©%(io) = e(Mmax)/2I(i,) and °e(Ca) =
e(Mmax) /21 (Ca1) where 2I(i,) and 2I(Cq) are the in-
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formation contents for a two-estimate system (the re-
spective average values over the time scale used).

The relative error in the determination of Cyi,"(Cal),
at a fixed value of i, at the nth iteration step, comprises
two terms. One is a random error, arising from un-
certainty in m, which is incorporated in the single-
parameter estimation and is 16(Caq)/Cai = e(Nmax)/
I(Cq), where 11(Cq) is the information content corre-
sponding to the data from the shortest time scale used
in the initial step. The second term is an error con-
ditional on the error of the fixed parameter and is
equal to "=1e(i,) /A (T.), where A (T) = | (Aio/i0)/ (ACa/
Ca)|. The value of A(T) varies with T/x. (Fig. 6).
A(T). is the value of A(T) corresponding to the time
scale used for the determination of Cg.

For the total relative error, ne(Cyq), we have

ne(Ca1) = ""Le(io) /A (Te) 4 ¢(Mmax)/11(Car) [16]

In the case of n = 1, the first term on the rhs of

Eq. [16] will be % (ig) /M(T) = E(ﬂmax)/(ZT(io)}\(Tc))~
The total relative error of i, at the nth step is

me(io) = "e(Car) * MTi) + e(nmax)/1I(le)  [17]

where A(T;) is the value of A(T) at the optimal time
scale for the determination of i,.

Combining Eq. [16] and [17] and substituting
e(Mmax) /21 (i) for °e(i,), one obtains (See Appendix
C)

7€ (io) _( A(Ty) )" 1

cCma) N\ MTo) /T Go)
(A(Tl) )
A(To) A(TY) 1
AT (ll(cm)+ lzu.,)) L
T AT
and
ne(Car) ( A (Ty) )"_1 1 1
cmar) . \A(To) MTo) oG

(Am) )n-l
T\ AT (xm) 1

A(Ty) A(Te) 11(Ca)
T MTo
1 1 ) 1
= [19]
o M(Te) 1I(d0) * 1I(Ca1)

It is seen from Eq. [18] and [19] that the smaller
the ratio A(T;)/A(T.), the smaller the errors in i, and
Cq1 and the sooner the minimal values of the error are
reached. At an infinite number of iterations

“elio) _ 1 ( AT 1 )[20]
€(Mmax) i MT) N I(Ca) 1 (io)
M(Te)
«e(Car) 1 ( ATy 1
(man) AMTD \ W(To) T(Ca)
T M(TY

1 1 )+ 1
W A(Te) 11 (o) I (Car)

Optimal time scale for estimation of i, with the
iteration procedure—When a single-estimate deter-
mination of i, is made with Cq known from indepen-
dent measurements, the optimal time scale is the one

at which T (i) reaches its maximum value (Fig. 1). In

[21]
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cases in which the interation procedure is applied, the
precision depends on the values of I(p) and A(T) (Eaq.
[201), and the choice of time scale for the estimation
of i, is a bit more complicated (there is no doubt that
the time scale for estimating Cq; is the shortest time
scale that the instrumental setup permits). In the case
of i, there are two contradictory requirements: maxi-
mum ;I (i,) and minimum A(T;). Since the first re-
quirement has a larger weight than the second, the
optimal time scale is largely determined by it. As a
rule of thumb, a time scale 10-50% larger than the
one at which 1I(i,) reaches its maximum value is
suitable, and in most cases, any time scale in this range
is suitable, since the information curve of i, (Fig. 1)
has a broad peak. Data from Fig. 1, 2, and 6 can be
used in Eq. [20] to ensure that for a given system, the
best time scale is chosen.

Example of the efficiency of the iteration procedure.
—The enhancement of the accuracy is exemplified by a
system with t./ta = 0.5 and 1. = 1 usec. The experi-
mentalist who has no previous knowledge of the sys-
tem will record transients, say in three full time scales,
0.5, 5, and 50 usec. If we choose the following typical
values for each transient: mmax = 5 mV, ¢ = 0.1 mV,
and N = 10, then e(mmax) = 0.6% (according to Eq.
on.

In order to follow the iteration procedure theoreti-
cally, it is necessary that I(i,), I(Ca), A(T;), and
A(T.) be known. Data extracted from Fig. 1, 2, and 6
are given in Table I. At the initial step (n = 0), i,
and Cgq; are simultaneously estimated from data of the
three time scales. The average information content

oI (i,) over the three scales is low (0.01), and corre-
sponds to a relative error °(i,) of 60%. The respective
value for Cyq is °%(Cq1)) = 10%. The errors in i, and Cq
at each iteration step are calculated according to Eq.
[16] and [17] and presented graphically in Fig. 7.
After the fifth iteration step, ¢(i,) has decreased from
60 to 20% and e(Cq;) from 10 to 3%. Better accuracy
could be achieved if a shorter time scale for the de-
termination of Cyq were chosen. For the sake of com-
parison, if i, (or Cq) were determined for an exactly
known Cq; (or i,), (i) = 7% [or ¢(Cq1)) = 1% would
be obtained].

Limits of the Galvanostatic Method

The upper limit for i, in a single-parameter estima-
tion is determined as follows. The shortest full time
scale to be used is limited by instrumental problems
and is T ~ 0.5 usec. Since at the lower range of v./1q
the optimal dimensionless full time scale T/1. is 6
(Fig. 4), the smallest of 1. is 0.08 usec, which in terms
of i, is 3-12 A ecm—2 (for Cg; 10-40 »F cm—2). The same
limits for t. and i, are reported by Sluyters et al. (3)
with considerations based on ohmic drop miscompen-
sation. The galvanostatic method enables determina-
tion of exchange currents six times larger than those
determined by the coulostatic method (8).

The upper limit for ks in a single-parameter esti-
mation is calculated for the case of a simple electrode
reaction for which ks = i,[nF (C°) ® (Cr°)®]~1. Com-
bining this expression with Eq. [4] and [5] and sub-
stituting Co® = CRr®; aa + a¢ = 1; Do = Dgr = 105 cm?2
sec™1, an expression of ks as function of v, and v./tq

Table I. Data for a system with t./tq = 0.5

ol (o) 1l (30) - =
T/Te x102 x 102 oI (Ca1) I (Ca1) A
0.5 0.9 4.3 0.11 0.53 11.2
5 1.5 9.3 0.06 0.36 39

50 0.7 6.0 0.02 0.16 2.5
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Fig. 7. Variation of e(i;) and €(Ca)) along iteration procedure
for a system with tc/tq = 0.5, tc = 1 usec, and e(Mmax) = 0.6%.
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(7c in sec) is obtained
ks = 1.6 X 10~3(7;) ~% (c/74) ~ % [22]

The highest value of ks is obtained for the smallest
possible value of 1. that can be measured (0.08 usec
as estimated above) and the corresponding smallest
value of t./t4. The estimation of the minimal value of
1c/tq may be carried out in the following manner. v/t
depends on the value of I (cf., Fig. 5), which in turn
is dependent on the required accuracy at which the
exchange current is determined and on the experi-
mental error e(Mmax) = o¢(n)/ (MmaxN*) (cf., Eq. [9]).
Assuming a maximum relative error of 10% for i,
[o (i) /1o = 0.1 at a confidence level of 68.3%] and an
experimental error e(Mmax) = 1% (¢(n)/Nmax = 0.03
and N = 10), I is determined to be 0.1. This value of
I corresponds to tc/ta ~ 0.5 (cf., Fig. 5). Substituting
1¢/1q¢ = 0.5 and 1 = 0.08 usec in Eq. [22] one obtains
that ks as high as 8 cm sec—1 can be measured. Sluy-
ters et al. (3) have estimated under similar conditions
that the limiting value of ks is 5 cm sec™1.

Concentration limits of electroactive species.—In-
crease in concentration of the electroactive species in-
creases t./tq (cf., Eq. [4] and [5]) and thus brings
about an increase in accuracy in the determination of
i, (Fig. 5). However, the concentration can be in-
creased only up to a certain limit, determined by the
instrumental limitations on i,. For the simple case of
Co® = Cr° = C and ay + ac = 1, the upper limit of
concentration [C (up. lim)] and of exchange current
[i, (lim)] are related as follows (i, = nFCks)

io(lim)
C(up.lim) = 10-3 (mol cm—3)
nKs

Thus for a system with ks = 1 cm sec™!, C(up.lim) =
10/n mM and for ks = 0.1 cm sec™!, C(up.lim) =
600/n mM [i, (lim) has been assumed to be 6 A cm~2,
calculated as shown above for Cgqy = 20 uF cm~2]. In
general, for different reasons (keeping constant activ-
ity coefficients and avoiding adsorption of electroactive
species), the concentration is kept lower than 50 mM.

The lower limit of the concentration is determined
from the minimal value of t./tq for which reasonable
accuracy can be achieved. It was shown above that
the smallest acceptable value of t./tq is about 0.5.
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Combining that requirement with Eq. [5] and [22] one
obtains

k
C(low.lim) = 10—6—2‘ [mol cm—3]
n

For ks = 1 ecm sec™!, C(low.lim) = 1/n2 mM and for
ks = 0.1 em sec~ !, C(low.lim) = 0.1/n2 mM.

The higher ks, the narrower the concentration limits.
Sluyters et al. (3) point out that for a system charac-
terized by limitingly small values of the parameters
1. and t./tg, the concentration can neither be de-
creased, nor increased from an “optimal” value of
about 10 mM (for n = 1), since either of those changes
bring about a decrease of one of the parameters below
its limiting value.

The accuracy of the galvanostatic method in a single-
parameter estimation is superior to that of the coulo-
static method for systems with t./tq4 > 0.6 [compare
solid line in Fig. 5 with Fig. 6 in Ref. (8)]. For t¢/ta
< 0.6, a somewhat lower accuracy is obtained.

The limit and the accuracy of the galvanostatic
method for the determination of i, in a two-estimate
analysis (i, and Cgq;) are considerably lower than those
for single-estimate analysis (Cgq known) (I(i,) <
1I(i,)). Application of the iteration method for the
simultaneous determination of i, and Cq results in
considerable improvement. It is estimated that ks as
high as 2 cm sec~! can be measured (see example in
section “Iteration Method”). Comparison with the
coulostatic method cannot be made at that stage since

oI (i,) values were not calculated in the earlier coulo-
static work (8) (and their presentation here is be-
yond the scope of this work). It will be only men-
tioned that in two-parameter analysis, better accuracy
is obtained with the coulostatic method. Comprehen-
sive comparison of several transient methods will be
the subject of a future paper.
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APPENDIX A
The matrix of error E for a single-estimate system
contains a single element, the population variance
10(p)2. The error matrix E 21.(3 2t;he inverse of the infor-
1 9
mation matrix G. 1G = 2

1 32(22 1
10 (p)2 = ( T 3 ) [A-1]
for N measurements taken at time ¢
@=z [n(exp) — n(calc) ]2 [A-2]

a(n)2
Combining Eq. [A-1] and [A-2] and for N - o«

1 1 ; 2 N 2
___:_z(a_") — (a_") [A-3]
19(p) a(n)2 /¢ o) \gp /¢

c(n)

Thus
( ) :
P N% 10(p)

APPENDIX B

The integrated information I(p) for a one-estimate
system is given by Eq. [8]. Substituting @2 from Eq.

[A-4]
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[6] into Eq. [A-1] and for an infinite large number
of observations along the transient, in the time limits

»

t=T

e & ()

10(P)2 " 1e(n)2 =0 \ gp /4

1 N
=—— ("")dt (B-1]
1w(n)2 T2 P
L s 1 a(n) = MNmax

Substituting N ——— by I(p) - (analogous to

Eq. [11] and an/3p 1‘>y1 (Eq. [7])

ZALL na]

APPENDIX C

The recursion equations for calculating "e(i,) and
ne(Cqp) are

"¢(io)

€(Nmax)

d(p) = [B-2]

A(TY) 1
d(Ca) (i)
[C-1]

(i)

e (Nmax)

MT)
A(To)

"e(Ca)  "le(io) 1
e(Nmax) - e(Mmax) A (Te)
Combining Eq. [C-1] and [C-2]

[C-2]

+ 1I(Car)

me(ia)  %(io) (uri) )
¢(nmax) - E('ﬂmax) A(Tc
A (T ) - (um)
C-3
+({T(cd1> fmo) 2=:o wTo /Y

Substituting for the sum of the geometric series, Eq.
[18] is obtained. Combining Eq. [C-1] and [18] yields
Eq. [19].

LIST OF SYMBOLS

Cal double layer capacity
Co° [Cgr°] bulk concentrations of oxidized [reduced]

form

Do, [Dr] gﬂfuslon coefficients of oxidized [reduced]
orm

E; G error matrix; information matrix. The pre-
subscript when present stands for the num-
ber of estimates

i0, [i_];4 exchange [faradaic] current density; ap-

L plied current density
I(p) instantaneous information in respect to pa-

_ _ rameterp

oI(p), [1I(p)] integrated information in respect to
parameter p for a two-estimate [one esti-
mate] system. The presubscript stands for
the number of the estimates in the system.
In case no presubscript is specified, the
number of estimates is either one or two
depending on the meaning of the other pa-
rameter in the equation

N number of points along the transient used
for the computation of the parameters. The
points are equally spaced in a given time
scale T and originate from zero

P parameter (i, or Cq), estimated or fixed

Ap difference between estimated and true
value of p

t time elapsed from the start of the potential
transient

T full time scale reading

Tont optxmal value of T for the determination

Q2 deﬁned by Eq. [8]

e(p) relative error in the determination of p at

a confidence level of 68.3% (1 standard de-
viation unit), Eq. [12]

ne(p) relative error of parameter p. The prescript
n stands for the number of the iteration
steps

e(Nmax) = 0 (Mmax) / (Mmax N¥%) )

M, [nmax] overpotential [overpotential at t = T]
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ne(exp), [ni(cale)] experimental (calculated) value
of n at time ¢

A = | (Alp/io0) /(ACa/Cal) | | .

AMTY, [A(T:)] value of A at the optimal time scale for

measuring i,[Ca1l

stoichiometric number

stoichiometric coefficients of O [R] in the

overall electrode reaction

P correlation coefficient between i, and Cq

20(p)2, [10(p)2] population variance of parameter p
in a two-estimate (single-estimate) sys-
tem. The presubscript stands for the num-
ber of estimates. In case no subscript is
specified, the number of estimates is either
one or two depending on the meanings of
the other parameters in the equation

v
vo, [vr]

a(n)2 population variance of n
Te, [7d] charge-transfer [diffusional] relaxation
constant
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Modeling of Porous Insertion Electrodes with Liquid Electrolyte

K. West, T. Jacobsen,* and S. Atlung*
Fysisk-Kemisk Institut, The Technical University of Denmark, DK-2800 Lyngby, Denmark

ABSTRACT

The dynamics of porous insertion electrodes during charge or discharge is described by a simplified mathematical
model, accounting for the coupled transport in electrode and electrolyte phases. A numerical method to evaluate the
response of this model to either controlled potential or controlled current is outlined, and numerical results for the
discharge of a porous TiS,-electrode in an idealized organic electrolyte are presented. It is demonstrated how electro-
lyte depletion is the principal limiting factor in the capacity obtained during discharge of this electrode system. This
depletion is a consequence of the mobility of the ions not inserted, hence the performance of this type of electrode is
optimized by choosing electrolytes with transport number as close to unity as possible for the inserted ion.

One of the consequences of the energy crisis is a
renewed interest in secondary batteries for traction
purposes. As a partial electrification of the transport
sector would make the energy consumption pattern of
the community more flexible, and thus less sensitive
to changes in the availability of the different fuels,
much effort is invested in development of battery sys-
tems for this purpose.

Parallel to the continuous development of existing
battery systems, much research is devoted to alkali
metal batteries because of the high energy density
offered by these systems. One of the systems con-
sidered to have potential application as a high rate
battery is a negative lithium or lithium alloy elec-
trode couple with a positive insertion electrode! (1, 2).
The insertion materials under investigation for this
purpose are primarily layered transition metal di-
chalcogenides [e.g., TiSg (3), VSez (4)] and oxide
framework structures like VO3 (5), VeOi3 (6), and
recently (Mo, V)05 (7), but also amorphous chalco-
genides (8) have received some interest.

Until now no entirely satisfactory combination of
electrodes and electrolytes has been found, although
it has been demonstrated (9) that a lithium/organic
electrolyte/titanium disulfide battery could be adapted
to electric vehicle propulsion. In any case, the develop-
ment of new electrode and electrolyte materials is pro-
ceeding very fast, and it is of importance to obtain a
better understanding of the transport processes in this

¢ Electrochemical Society Active Member.

Key words: intercalation, battery capacity, simulation.

1The term “insertion electrode” used here covers as well inter-
calation of a “guest” species in a “host” lattice, as the formation
of solid solutions during the electrode process.

type of batteries in order to anticipate the combina-
tions of electrode and electrolyte properties that can
meet the requirements corresponding to a given set
of battery specifications.

In a previous paper (10) thin, nonporous insertion
electrodes were treated in detail. In the present paper
a mathematical description of porous insertion elec-
trodes is presented to extend these calculations to
more realistic electrodes.

Porous electrode theory has been reviewed by
deLevie (11) and more recently by Newman and Tiede-
mann (12). The porous insertion electrode is, however,
different from the electrode types treated previously,
as it involves transport in both electrolyte and elec-
trode phases. These two transport systems are coupled
both through mass balances and through the variation
of the electrode potential with the surface composition
of the electrode phase. This variation is typically large
for intercalation compounds (hundreds of millivolts)
and current distribution in the pores due to charge
transfer resistance is of minor importance compared
to the effect of the varying surface composition. The
transient behavior of porous electrodes with low
charge transfer resistance has been treated by Pollard
and Newman (14) for the case where the equilibrium
electrode potential is not a function of the utilization
of the electrode material.

Model Formulation

An electrode with irregularly shaped pores and
cavities will be difficult if not impossible to describe
mathematically. Therefore, we have chosen to model
the porous insertion electrode with systems of much
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simpler geometry, but still possessing the important
functional features of the real electrodes. The geom-
etry of these models is shown in Fig. 1 and 2.

Each of these model systems consist of a porous
slab of electrode material of high electronic conductiv-
ity and of thickness l. On one side (2 = 0) this slab is
contacted by a metallic conductor serving as current
collector, and on the other (z = 1) by an electrolyte
also filling the pores of the electrode. This electrolyte
is considered to be liquid with mobile anions and ca-
tions.

The three model geometries consist of equally sized
particles uniformly distributed in the electrode and
of one of the following shapes: parailel sheets (Fig.1);
long cylinders (transport across the ends of the cylin-
ders should be negligible) (Fig. 2a); and spheres (Fig.
2b).

The packing of the cylinders or the spheres should
ensure that all particles are in electronic contact with
the current collector, and they should be evenly dis-
tributed so the porosity does not change significantly
in any directions within the electrode. There are no
restrictions on the orientation of the cylinders, but as
the concentration will be taken to be constant around
a cross section of the particles, the diameter of the
cylinders or the spheres should be small compared to
the thickness of the electrode.

In order to keep the transport equations from getting
too involved and to keep the computational work at
a reasonable level, the model systems are simplified
further by the following assumptions:

1. The particle-particle distance (the width of the
pores) is so small compared with the thickness of the
electrode that the potential and concentrations in the
pores can be considered as varying in one dimension
only (i.e., along the length of the pore).

2. The ionic conductance of the electrode phase is
low compared with the conductance of the electrolyte,
so diffusion in the electrode phase parallel to the sur-
face of the electrode particle will not contribute sig-
nificantly to the overall transport. Solid-state diffu-
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Fig. 1. Schematic diagram of electrode model (plane geometry).
Arrows indicate directions of fluxes considered.
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Fig. 2. Schematic diagrams of electrode models: (a) cylindrical
geometry; (b) spherical geometry.
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sion in the electrode phase thus only removes the in-
serted species from the electrode/electrolyte interfaces
as indicated in Fig. 1.

3. Space charge accumulation is negligible. This
implies that the electroneutrality principle can be ap-
plied in the derivation of the transport equations in-
stead of the more involved Poisson-Boltzmann equa-
tion.

4. Charge transfer overvoltages are negligible.

5. The electronic conductivity of the electrode phase
is so high that the Fermi potential (x) in this phase
is constant.

6. The electrolyte salt considered is mono-mono
valent.

7. Volume flow due to expansion of the solid matrix
and concentration changes in the electrolyte are neg-
lected.

Basic Equations

On the basis of these assumptions the equations
governing transport in the model pore system can be
formulated. As there is no significant transport parallel
to the surface of the electrode particles, the diffusion
equation for the solid phase will be one-dimensional
in the coordinate system belonging to the symmetry
class of the electrode particles (cartesian, cylindrical,
or spherical, respectively). The electric field in this
phase is small, and the diffusion can be treated ac-
cording to the Fick laws. With concentration and
chemical diffusion coefficient of the inserted species
designated by cs and Ds and the time by t, the diffu-
sion equation is

acs (Y, 2)
at

where Vy is the nabla-operator for the direction per-
pendicular to the particle surface. The boundary con-
ditions in the center (y = 0) and at the surface of the
electrode particles (y = r) are

Vyes(Y,2) [y=0 =0 [2]
Vyes(y,2) |y=r = — iy(2) /FDg [31]

where iy is the current density across the particle/
electrolyte interface.

The transport in the electrolyte will be treated as
one-dimensional diffusion and migration according to
the Nernst-Planck equation. For the cations an addi-
tional term must be included in this equation to ac-
count for the flux of cations across the particle/electro-
lyte interface (given by the transfer current density
iy). Due to electroneutrality the anion and cation con-
centrations are equal (c;)

=V : DyVycs(y, 2) [1]

ac1(z) ] [ ac1(z) F  9¢(2) ]
=—D- —aR)  —
at 92 0z RT 9z
[4]
ac(2) 3 [ aci(z)
=—Dy
at 0z 9z
F  9¢(2) i
+ a1(2) T%T s ] +iy(2)g/F [5]

where D+ and D- are diffusion coefficients of cations
and anions, respectively, and ¢ is the electric potential
in the electrolyte. The geometric factor g is the aver-
age ratio between the circumference and the cross-
sectional area of the pore.

The boundary conditions for these equations at the
bottom of the pore (z = 0) and at the electrode sur-
face (z = 1) are

oo - =0 61
02 2=0 0z 2=0
ca(l) =cuo; ¢(l) =¢* [71
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where cjo and ¢* are constants or specified functions
of time. Furthermore it is assumed that the electrode
initially is in equilibrium

t=0=>c=cy and ¢ = ¢° (all2)
(ally and 2) [8]

where ¢° is given by the equilibrium electrode poten-
tial (x — ¢°) corresponding to the composition cj,,
Cs,0.

The last constraint necessary to couple the electrode
and electrolyte systems is the potential relation

(n— ¢(2)) = h(cs* (2),c1(2)) 9]

where cs* (2) is the local surface concentration of the
inserted ion. As local electrochemical equilibrium at
the electrode/electrolyte interface is assumed (no
charge transfer overvoltage), h is a single valued func-
tion of cs* and c; only. The exact form of this func-
tion h will depend on the electrode material chosen.
In many instances, however, a function of the follow-
ing type will give a reasonable good approximation
(13)

RT
(t—¢) = (n—¢)0+ - (In((cs® — c5*)/cs*)

Cs = Cs,0

+ In (e1) — fles*/e) — 0.5)  [10]

where cs° is the saturation concentration of the in-
serted species in the electrode phase. (x — ¢)° and f
are characteristic constants of the electrode material.
Applying this expression implies that the insertion
process is equivalent to an adsorption process with
linear interaction term (Frumkin isotherm).

As n is constant in space, 9¢(2)/9z in Eq. [4] and
[6] can be replaced by —g(x — ¢(2))/92, and the
space and time variations of concentrations and poten-
tial in the model pore system are thus determined by
[1], [4], [5], and [9] together with the appropriate
boundary conditions.

Dimensionless Parameters

In the limited universe of a numerical model it is
often inconvenient to measure quantities relative to
standards (e.g., SI-units) which are not part of the
model. Often it is an advantage to measure the quan-
tities relative to some of the characteristic parameters
of the system and transform the equations into dimen-
sionless forms. With a proper choice of reference pa-
rameters, the dimensionless variables can give a
simpler description of the state of the system than the
corresponding dimensioned variables.

A dimensionless form of Fick’s laws where time is
measured relative to a time constant of diffusion and
length relative to the dimension of the diffusion re-
gion is often used (15). Considering diffusion in the
electrode phase, this transformation gives the di-
mensionless time and length

T =tDs°/72; Y =y/r [11]
where D¢ is a characteristic value of the diffusion co-
efficient of the inserted ion.

Measuring the concentration of the inserted ion rela-
tive to its saturation concentration X = cs/cs°, the

transport equation for the electrode phase [1], assumes
the following form

:_TX(Y) = V- UVeX(Y) [12]

where Us is a dimensionless mobility
Us = Ds/Ds° [13]

The dimensionless electrode current density or ca-
tion flux density across the electrode/electrolyte in-
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terface corresponding to this transformation is defined

as
Iy =iy 7 ng/F ¢ D [14]

Noting that the surface to volume ratio of the three
types of electrode particles considered is mg/r, where
ng is 1, 2, or 3 for planar, cylindrical, or spherical
geometry, respectively, it can be seen that Iy is the
transfer current density measured relative to the spe-
cific charge density available in the electrode phase
and to the time constant of diffusion.

The transport equations for the electrolyte [4] and
[5] must be transformed in a slightly different way,
utilizing the dimensionless time T already defined in
Eq. [11]. Introducing the dimensionless variables

E=(x—-¢)F/RT; Z=2z/l [15]
and the dimensionless mobilities
U4+ = (D4+/Ds°) (U1)2; U- = (D-/Ds°) (1/7)2 [16]

the equations governing transport in the electrolyte
assume the following nondimensional forms

C =c/c;

i 9 c E
L. Y (_a c ) 17
oT 9Z 0Z 0Z
and
3 aC OE )
e AP = _cZ )i, sl
oT 9z  \oz az )T

The dimensionless geometric factor G = g * r * ¢s°/
(c1,0 - ng) contains information on the “shape” of the
pores. For the simple geometries described above, g is
equal to ng(l — P)/(r - P), and G’s dependence on
system parameters is given by G = (1 — P)cs®/(P - c1,0).
Parallel to the definition of Iy, the dimensionless over-
all electrode current I, is defined as the total electrode
current relative to the stoichiometric capacity of the
electrode and the time constant of the electrode par-
ticles
iy r2

F-.c°(1—-P)-1 D

[I, is identical to 1/@Q as defined in Ref. (10).]

Length is measured in different units for directions
parallel and perpendicular to the pore surface in order
to obtain length parameters that always vary between
0 and 1, regardless of the physical dimensions of the
pore system. Also concentration is measured relative
to different standards in the electrode and the electro-
lyte phases.

The porous insertion electrode is thus described by
the local variables C(Z), E(Z), I,(Z) and X(Y,Z),
and transport in this system is governed by Eq. [12],
[17], and [18] together with an expression for the
dependence of E on C and X*

E=E°+In((1 — X*)/X*) 4 1In(C) — f(X* —0.5)
[20]

The transport equations are subject to the following
boundary equations:

1
I, = j; Iy(Z)dZ = [19]

VyX|y=0=0 [21]
VyX|y=1= —I;/Us " ng [22]
C E

‘.:_Z— zZ=90 = %E Z=0 =0 [23]

Ciz=1n-=1 [24]

E(Z=1) =E* [25]

where E* is the (dimensionless) potential difference
between the electrode phase and the electrolyte just
outside the pore.
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Computational Methods

This set of coupled, nonlinear differential equations
cannot be solved analytically in the general case. Nu-
merical approximations to the solution can, however,
be obtained by finite difference methods (16,17),
where the continuous variables are replaced by a set
of approximate values defined at certain mesh points,
and where the differential operators are replaced with
difference operators.

A linearization of X*(Z) on T and Iy(Z) is obtained
at each time step from the numerical solution of Eq.
[12] together with the boundary conditions specified
above. The resulting set of coupled, nonlinear equa-
tions in C, X*, E, and Iy is solved simultaneously with
no further decoupling or linearizations, following the
iterative scheme proposed by Brumleve and Buck (18).
Using this technique, very stable numerical solutions
are obtained, which are only slightly affected (less
than 2%) by changing the number of discretization
points between 10 and 100 in any dimension.

The boundary condition [25] used above, represents
the potentiostatic case, where the charge or discharge
of the electrode proceeds at controlled potential. In
practice, however, batteries are operated at conditions
more similar to the galvanostatic case, where the elec-
trodes are charged or discharged with a controlled
current. To account for this case, an iterative loop is
added to the calculations at each time step, in which
the potential just outside the pore (E*) is adjusted
until the specified value of the electrode current (I,) is
obtained.

Results

The salient features of the model electrode system
under load are illustrated with results from constant
current simulations. The material properties used in
these simulations are those of a porous titanium disul-
fide electrode filled with an ideal organic electrolyte.

Lithium transport in TiS; crystals is anisotropic as
there is virtually no mobility for lithium ions in the
direction of the crystallographic c-axis (23). Con-
sequently, transport in the typically disk shaped TiS;
particles is adequately described by the cylinder
model, as they fulfill the requirements of no sig-
nificant transport across the ends of the cylinders, even
though the “cylinders” are very short.

A reasonable approximation to the emf of Li,TiS:
vs. a lithium reference electrode (¢; = c¢|°) as mea-
sured at this laboratory is given by

RT 1—X*
NLigTiSg — MLicel=ci0) = 2.17V 4 = In T

+ In (C) — 16.2(X* — 0.5)] [26]

This expression does not reproduce the fine structure
of the emf curve [see (19) and (20)], but the overall
approximation is satisfactory for practical purposes.

The values of the transport parameters used in the
simulations are listed in Table I. D+ and t; are ex-
perimental values for a 1M solution of LiClOy4 in pro-
pylene carbonate. All transport parameters are taken
to be independent of the composition of the phases
although this condition is hardly ever met by prac-
tical electrode systems. Detailed experimental deter-
minations of the variation of these parameters with
concentration are, however, not available at present,
and as this variation is only considered to introduce
second-order effects, the idealized case is chosen to
illustrate the behavior of the model.

The magnitude of the geometrical parameters also
listed in Table I are characteristic values of a battery
optimized for traction purposes (9).

On Fig. 3 the equilibrium emf curve is compared
with a simulated constant current discharge. The con-
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Table I. Simulation parameters

Transport data, electrolyte:

Transport number: t+ = 0.20 Ref. (21)
Salt diffusion coefficient D= = 2.58 x 10-% cm?*/sec Ref. (22)
D: = 1.61 x 10-% cm?*/sec
D- = 6.45 x 10-¢ cm*/sec
Transport data, electrode:
Chemical diffusion coefficient of Li in Li-TiSz
Ds° = Ds = 10-° cm?*/sec Ref. (23)

Geometrical data:*

Electrode thickness

Particle diameter

Porosity

Discharge current density

Electrolyte concentration (start)

Saturation concentration of elec-
trode

0.1 cm (L = 0.05 cm)
1104 em (r =510 cm)
0.35

iz = 5 mA/cm?

cio = 1 x 10-2 mol/cm?

L1 I T

= ce® = 2.5 x 10-2 mol/cm?

* The geometrical data correspond roughly to those of Ref. (9).

stant current load chosen, 5 mA/cm2, is equivalent to
a stoichiometric discharge time of 4:21 hr, which is
reasonable for traction purposes. The maximal coulom-
bic efficiency predicted for this load is 80%. The rea-
son for this limitation is the evolution of an electrolyte
depletion region during discharge, as shown in Fig.
4, where some of the dimensionless parameters of the
model are depicted as functions of the length co-
ordinate (Z) at the three different degrees of dis-
charge indicated on Fig. 3. Figure 4a shows how the
electrolyte concentration in the center of the electrode
approaches zero during discharge, as the transport of
lithium ions from the bulk electrolyte cannot keep
pace with the lithium ion consumption. This is a con-
sequence of the relatively high anion mobility. Simul-
taneous with this electrolyte depletion, the surface of
the electrode particles in the outer parts of the elec-
trode gradually becomes saturated with lithium (Fig.
4b). When the surface concentration cannot be in-
creased further, the discharge current in this region is
limited to a value just large enough to support the
equilibration process until all the underlaying elec-
trode material eventually becomes saturated. The elec-
trode current is thus limited both in the depletion re-
gion, due to the low lithium ion concentration, and in
the saturation region. As these regions approach each
other during the discharge, the major part of the elec-
trode reaction is confined to a narrowing zone (Fig.
4c), until it finally becomes impossible to discharge the
electrode further with the chosen current.

The charge transfer resistance of a titanium disul-
fide electrode in LiClO4/PC electrolyte is less than
150 @ cm? for vaules of X between 0 and 1 (23). From
the current distributions of Fig. 4c, it can be seen that

0 05 1

Fig. 3. Equilibrium emf curve (broken line) as given by Eq. [26]
compared with a lated const current discharge curve.
Simulation parameters are given in Table I.
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Fig. 4. Spatial variation of: (a) electrolyte concentration (C),
(b) surface concentration at electrode/electrolyte interface (X*),
and (c) current density at electrode/electrolyte interface (Iy). The
curves correspond to the different degrees of discharge indicated
on Fig. 3 (t; ~ 10%, t2 ~ 50%, t3 ~ 79%).

inclusion of charge transfer resistance in the model
would change the electrode polarization less than 20
mV, which is in agreement with the initial assumption
of negligible influence of the charge transfer over-
voltage on the electrode performance.

For low current loads or thin electrodes this deple-
tion phenomenon will not occur, but still the electrode
utilization can be limited due to the loading of the
electrode particles as described in Ref. (10). This is
illustrated in Fig. 5, where the electrode utilization is
shown as function of the electrode thickness (1) and
the constant current load (i,). The loci of 90%, 50%,
and 10% maximal coulombic utilization is shown both
as they emerge from the porous electrode simulations
and as predicted from plane insertion electrode theory
(10). For a fixed electrode current density it can be

cm[7

RN

001 =
0% 50% ',")

o 1 10 100

Fig. 5. Maximal electrode utilization as function of electrode
thickness (1), and electrode current (i;). All other parameters are
as given in Table I. The dashed lines are utilizations predicted
from plane electrode theory (10).

iz
mA/cm*
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Fig. 6. Simulated discharge curves for varying anion diffusion
coefficients [D— — 6.45 X 10—8 cm2/sec (a); 1.79 X 107 cm2/
sec (b); 1.63 X 10—8 cm2/sec (c)]. Electrode thickness | = 0.1
cm, electrode current iy = 4.2 mA/cm2, all other parameters as
given in Table I. The cation transport numbers are: t+ = 0.2 (a);

0.9 (b), 0.99 (c).

seen that increasing the electrode thickness first in-
creases the electrode utilization as the average loading
of the individual electrode particles decreases. Later,
when electrolyte depletion limits the electrode utiliza-
tion, further increase of the electrode thickness only
decreases the average utilization, as the added material
is not utilized.

As mentioned above, changes in the cation transport
number (t+) are expected to influence the maximal
electrode utilization. This is illustrated in Fig. 6, where
three simulated discharge curves are compared. The
only parameter varied between the simulations is the
anion mobility, whereas the cation mobility, geometri-
cal parameters, and current load are kept constant. It
can be seen that even though the overall electrolytic
conductivity is decreased, a substantial increase in
electrode utilization can be obtained when the cation
transport number is raised toward unity. From these
examples it is concluded that the porous insertion elec-
trode with conventional organic electrolyte is mainly
limited by diffusion either in the pore or in the elec-
trode particles. Optimization of these electrodes there-
fore requires careful consideration of the coupled
transport in both the electrode and the electrolyte
phases. Furthermore it can be concluded that better
utilization can be obtained using electrolytes with
unity transport number of the active cation (e.g., solid
electrolytes), if a satisfactory solution to the contact
problems between a solid electrode phase and a non-
liquid electrolyte can be found.
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LIST OF SYMBOLS

c1 anion and cation concentration in electrolyte

c,0 anion and cation concentration in electrolyte at
time T =Ooratz =1

Cs concentration of inserted species in electrode

Cs0 concentration of inserted species in electrode at
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¢s® saturation concentration of inserted species in
electrode

cs*  value of cs at electrode/electrolyte interface

C di/mensionless concentration in electrolyte =
Ci/CLo

D, diffusion coefficient of inserted species in elec-
trode phase

Ds° reference value of Dy

D+ diffusion coefficient of cation in electrolyte

D- diffusion coefficient of anion in electrolyte

E dimensionless potential difference between elec-
trode and electrolyte = (n — ¢) - F/RT

E°o  constant in Eq. [20]

E* dimensionless potential difference between elec-
trode phase and electrolyte just outside the pore

i “Interaction” parameter in Eq. [10]
F Faraday’s number
g ratio between circumference and cross-sectional

area of pore

G dimensionless geometric factor =

. g7 cs®/Clp g

iy current density at particle/electrolyte interface

I, dimensionless current density at electrode/elec-
trolyte interface = iy - r « ng/F - ¢s° * Dg®

iy overall electrode current density

I, dimensionless current density at electrode surface
=i+ 12/F - ¢° - D°(1 — P) -1

l distance from center to surface of electrode

ng  geometry type (1,2, 3)
porosity

% distance from center to surface of electrode
particle

?T 1;p_roduct of gas constant and absolute temperature
ime

t+ cation transport number

T dimensionless time = t + Dgo/72

U4+ dimensionless mobility = (D+/Ds°) (1/7)2

U- dimensionless mobi'ity = (D—/D°) (1/r)2

Us dimensionless mobility = Ds/Ds°

X dl;nensionless concentration in electrode phase =
Cs/ Cs°®

X* value of X at electrode/electrolyte interface

X mean value of X

Y spatial variable across electrode particle (per-
pendicular to electrode/electrolyte interface)

Y dimensionless spatial variable = y/r

2 spatial variable across electrode (parallel to
the pore)

VA dimensionless spatial variable = z/1

¢ potential in electrolyte
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¢*  potential in electrolyte just outside the pore
7 potential in electrode phase (Fermi potential)
(m — ¢)¢ constant in Eq. [10]
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Use of Liquid Chromatography for Studying Interfacial Properties of
Inorganic Solutes Relevant to Reverse Osmosis Separations

Yutaka Taketani, Takeshi Matsuura, and S. Sourirajan

National Research Council of Canada, Division of Chemistry, Ottawa, Ontario, Canada K1A OR9

ABSTRACT

High performance liquid chromatography (HPLC) offers a means of investigating the properties of inorganic
solutes at polymer (cellulose acetate)-aqueous solution interfaces. Equilibrium constants of solutes distributed between
interfacial- and bulk-phases and restricted diffusion of solutes in the interfacial region can be evaluated using reten-
tion volume and half-width data from HPLC experiments. These data offer a means of correlating and predicting the
differences in free energy parameters governing the reverse osmosis separation of inorganic solutes.

The study of the properties of water at the polymer-
solution interfacial region (interfacial water) is funda-
mental for understanding the transport of solute and
solvent water in a reverse osmosis membrane. This is
particularly so since the properties of water in the
membrane pore are practically the same as those in
the interfacial water, as long as the membrane pore
size is sufficiently small. It is considered that high

. Key words: reverse osmosis, cellulose acetate, inorganic solutes,
interfacial properties, HPLC.

performance liquid chromatography (HPLC) in which
solvent water flows through a column packed with a
polymer material simulates the interfacial phenomena
taking place during the reverse osmosis transport in-
volving membranes made of that polymer material. By
applying the already well-established theories of
chromatography to the analysis of the experimental
retention time and related data, quantities characteriz-
ing interfacial properties, such as the equilibrium con-
stant for the solute distributed between the bulk and
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interfacial waters and the mobility of the solute in the
interfacial water region, can be easily obtained.

It has already been shown that HPLC data for re-
tention times of selected reference solutes in aqueous
solutions can be used for quantitatively characterizing
the polar and nonpolar nature of polymeric membrane
materials (1). The thickness of the interfacial water
layer was also estimated for several cellulosic mate-
rials, such as cellulose diacetate (Eastman E-398 and
E-383) and cellulose triacetate (2). A parameter,
called the g-parameter, was generated as a measure
of the relative adsorption capability of a polymeric
material to organic and inorganic solutes (3), which
was further related to the parameters associated with
solute transport through membranes made of various
polymer materials (4). Equilibrium constants for
organic solutes evaluated by HPLC experiments were
also used to determine the form of the interfacial po-
tential function expressed by a Lennard-Jones type
equation (5). HPLC retention volume data and/or the
ratio of the amount of solute eluted from the column
to the total amount of solute injected were used as a
measure of pregel or gel formation during the separa-
tion of high molecular weight solutes by a membrane
(6).

All the works described above indicate that HPLC
data are useful for providing information on the prop-
erty of water at the solution-polymer (membrane ma-
terial) interfacial region and thus offering a unique
method for understanding the reverse osmosis mem-
brane transport, which is strongly governed by the
nature of the interfacial water.

This paper is a further extension of the application
of the HPLC method to the study of cellulose acetate
(Eastman E-398) reverse osmosis membranes, for
which chromatographic data were obtained with aque-
ous solutions of 32 inorganic solutes and the results
are discussed in conjunction with reverse osmosis
separation data obtained in earlier work (7-9). While
retention volume data of HPLC experiments were of
primary importance in the analysis of chromatographic
data in all of the earlier works, the use of data for the
half-width of chromatography peaks was tried in this
work for the first time, in order to evaluate the relative
mobility of solutes in interfacial water compared to
that of sodium chloride, which was chosen as the ref-
erence solute. Quantities representing the properties of
interfacial water thus generated from HPLC experi-
ments were then used for the prediction of the mem-
brane performance in reverse osmosis with respect to
the inorganic solutes studied in this work.

Experimental

HPLC experiments—The liquid chromatograph
model ALC 202 of Waters Associates fitted with a
differential refractometer was used in this work. The
method of the column preparation and the general ex-
perimental technique used were the same as those re-
ported earlier (1). All experiments were carried out at
the laboratory temperature (23°-25°C). The solvent
(water) flow rate through the column of 0.6m length
was fixed at 0.275 cm3/min. The pressure drop through
the column was 2068 kPa (=300 psi). The 32 inorganic
solutes including various combinations of alkali metal-,
alkaline earth-, and ammonium-cations and halides-,
nitrite-, nitrate-, chlorate-, bromate-, iodate-, and sul-
fate-anions were injected into a column which was
packed by the powder (diameter 38-51 um) of cellu-
lose acetate (Eastman E-398) polymer. The sample
solution of 10 uxl (solute concentration in the range of
1 + 0.2%) was injected into the column, and the re-
tention volume as well as the half-width of the chro-
matography peak for each solute were determined.
DO was also injected to give the retention time for
water, which was used as the solvent. Raffinose whose
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retention time was the least among all of the solutes
studied was used as the unretained component to es-
tablish the position of the solvent front. Both the re-
tention volume and the half-width measurements were
duplicated and the average values obtained were used
for computations; in most cases, the results of dupli-
cated measurements were identical.

Reverse osmosis data.—This work makes further use
of the reverse osmosis performance data for aqueous
solutions of various inorganic solutes and the data for
free energy parameters, —AAG/RT, for ions with
respect to cellulose acetate (Eastman E-398) mem-
branes obtained in earlier work (7-9).

Theoretical

Analysis of liquid chromatography data.—Chroma-
tography theory in terms of the solute distribution be-
tween the interfacial and bulk water phases was de-
veloped in an earlier work (2). The analysis stems
from the experimental result that the retention vol-
umes of many inorganic solutes and polyfunctional
organic solutes such as sugars are less than that of
heavy water, which is assumed to be the same as that
of solvent water. This phenomenon can be explained
by the existence of two water phases, one the inter-
facial water phase and the other the bulk water phase.
While the former phase has less dissolving power for
the solutes mentioned above than the latter (10),
heavy water may be assumed to be equally soluble in
both phases. It is further assumed that the interfacial
water phase and the bulk water phase constitute the
stationary phase and the mobile phase of liquid chro-
matography, respectively. This assumption is justi-
fied since the interfacial water is necessarily less
mobile than the bulk phase water (11).

According to liquid chromatography theory (12), the
retention volume is given by

Va= Vm + Kai'Vs [1]

concentration of solute A in the stationary phase

concentration ot solute A in the mobile phase
[2]

Since the experimental data for retention volume, Vg’,
include an amount of dead space, V4, (caused by con-
necting tubes, fittings, refractometer cells, etc.) Eq.
[1] can be written as

VR =Vr+ Vg=Vn 4+ Ka’'Vs + Vy [31

The following assumptions were made in order to
calculate Vs and Kay using Eq. [3].

(i) Ka’ = 1 for water (which is the same as for
D20). This value is justified on the basis that the
probability of a water molecule existing in the mobile
or in the stationary phase is the same. When Kay = 1,
let Vg’ = [VR)]water-

(i) Kay = 0 for a reference solute with the lowest
retention volume. This value is justified on the basis
that such a reference solute is repelled mostly from
the polymer surface and hence the concentration of
the solute in the interfacial water is close to zero.
When Kai' = 0, let VR’ = [VR’]min.. From Eq [3]

[Vr'lwater = Vi + Vs+ Vq [4]
[VR'Imin. = Vm + Va [5]

Therefore
Vs = [VR'lwater — [VR'Imin. [6]

Combining Eq. [3], [4], [5], and [6]

VR’ — [VR'Imin.
Kl = —— - (7]
[VR ]water = [VR']min.
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Using raffinose as a reference solute (whose reten-
tion volume was the least), the values of Kay for vari-
ous solutes were calculated using Eq. [7] and they
are listed in Table I.

Some of the K,y values in Table I were compared to
literature values. Using the cation partition coefficients
and the water contents reported in the work of Heyde
et al. (13), the coefficient of the solute distribution be-
tween the water contained in a cellulose acetate
(E-398) membrane and in the bulk water can be cal-
culated. The result was 0.1-0.3 for NaCl solute and 0.4-
0.7 for NaNO; solute. Considering the difference in
the two experimental methods, one that uses the poly-
mer particle in a chromatography column and the
other that uses a polymeric membrane for the parti-
tion measurement, and the large errors involved in
both experiments (~ +25%) the agreement of the
above distribution coefficients with those in Table I is
fair.

According to the theoretical plate height concept,
the equivalent height of a theoretical plate is con-
tributed from each of several components involved.
For these components, one may consider those from the
flow patterns and the eddy diffusion (H;), the longi-
tudinal molecular diffusion (Hq), the diffusion in the
stationary phase (H;), and the diffusion in the mobile
phase (Hp). With respect to a particular solute A,
the total plate height (Ha) can be written as the addi-
tive sum of all these components (12)

Hy =Hp+ Hq+ Hg+ Hpy
2vDas qR(1 — R)d%v
Dy

wdp?v
Das

(see Appendix A). All of the symbols are defined in
the List of Symbols. R is the retention ratio (the frac-
tion of the solute in the mobile phase) and is given by

=2d, + (81
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V4 was determined by the retention volume measure-
ment without an attached column. V, and Vs were
evaluated by using Eq. [10] and [4] from data for the
retention volumes of raffinose as the reference solute
and D;0O. The results were 0.360, 1.257, and 0.363 cm3
for V4, Vi, and V, respectively. As pointed out earlier,
at the polymer-solution interfacial region under con-
sideration, the interfacial water phase is regarded as
the stationary phase in the chromatography system,
while ordinary water in the bulk water is regarded
as the mobile phase. Therefore, the diffusion coeffi-
cients Dap and D,j, denoting those for mobile and
stationary phases, respectively, are in effect quantities
in the bulk and the interfacial waters.

Let us calculate the approximate magnitude of each
component involved in Eq. [8]. Assuming A = 8,
d ~ dp, = 46 X 107%m, v = 0.6, Dag = 109 m2/sec,
v =14 x 1072 m/sec, q = 0.1, R = 0.9, Da; = 10-11
m2/sec, and v = 1, Hy, Hq, Hs, and Hy, were calculated
to be 7 x 1074, 8 x 1079, 3 x 10~1, and 3 x 10~ Im,
respectively. The object of this model calculation is
simply to show that in Eq. [8], the quantities H, and
and Hq4 can be ignored as compared with Hg and Hp,
and the latter two quantities contribute almost equally
to H, A

Among all quantities involved in Eq. [8], only R,
Dai, and Duap depend on the solute; the rest are con-
stants as long as a constant flow rate is maintained
during the chromatography experiment. Besides,
though D4sp changes from solute to solute, the ratio of
the largest to the smallest value of Dap can be as-
sumed to be far less than that for Da;. This assumption
will be justified later in the calculation of Da; from
the chromatographic half-width data. Therefore, as a
practical approximation Dag is regarded as a con-
stant in Eq. [8]. This is particularly true, since ac-
cording to the above approximation the last two terms
of Eq. [8] (Hs and Hp) involving Da; and Dap con-

Vi tribute equally to Ha.
R = Vor RV [9] Since R and Da; are dependent on the solute, Eq. [8]
: m + Kai'Vs can be written as
A Vo = [Veluin — V. [10] aRa(1 — Ra)
m = R Imin. d HA — ,_D__ + o) [12]
AL
Eq. [9] becomes wihete
R [VR'lmin. — V4 (1 = qd% [13]
[VR'lmin. — Va + Kar'Vs and
Table I. Chromatography data and some physicochemical properties of solutes
Das Da Kar' —AAG
Solute vr' H x 102 In In . Dap x 10° A
number Solute (em?) (m) Kay' (Da1)nact (Dat)Nact (Kat’)Nac1 (m?/sec) RT “a
1 AF 1.727 1.521 0.303 —1.752 —1.847 1.2127 —0.51
2 LiCl 1.738 1.327 0.333 —1.094 —1.094 1.3667 —0.20
3 LiBr 1.727 1.288 0.303 —1.001 —1.095 1.3777 0.15
4 Lil 1.760 1.187 0.394 —0.121 0.047 1.3702 0.42
5 LiNOs 1.782 1.209 0.455 —0.196 0.116 1.3358 0.74
[ aF 1.727 1.402 0.303 —1.438 —1.532 1.4008 —0.49
7 NaCl 1.738 1.163 0.333 0 0 1.6110 0
8 NaBr 1.760 1.084 0.394 1.6263 0.17
9 Nal 1.793 1.093 0.485 1.6159 0.44
10 NaNOs 1.749 1.202 0.364 —-0.316 —0.227 1.4294 0.57
11 NaNOs 1.793 1.195 0.485 —0.032 0.344 1.5683 0.76
1 NaClOs 1.749 1.311 0.364 —0.954 —0.865 1.5028 0.32
13 NaBrOs 1.738 1271 0.333 —0.837 —0.837 1.4060 —047
14 NalOs 1.683 1.476 0.182 —2.089 —2.693 1.1928 -127
16 NasSO« 1.683 1416 0.182 -1.925 —2.529 1.2307 —-2.99
17 NH(C1 1.760 1.134 0.394 0.563 0.731 1.9933 0.18
19 KF 1.870 1.246 0.697 —0.141 0.598 1.6828 —0.38
20 KCl 1.738 1.163 0.333 0 1.9948 0.11
21 KBr 1.760 1.083 0.394 2.0182 0.28
22 KI 1.782 1.157 0.455 0.321 0.633 2.0018 0.55
23 KNOs 1782 1.157 0.455 0.321 0.633 1.9297 0.87
24 KCIOs 1.760 1.187 0.394 —0.121 0.047 1.8315 0.43
25 CsCl 1.760 1.083 0.394 2.0453 —0.07
26 CsBr 1.738 1.327 0.333 —1.091 —1.091 2.0700 0.10
27 Csl 1771 1.172 0.424 0.088 0.330 2.0531 0.37
28 RbCL 1.771 1.172 0.424 0.088 0.330 2.0516 0.06
29 MgCla 1727 1.288 0.303 —1.001 —1.095 1.2502 —1.49
30 MgBr3 1.727 1.232 0.303 —0.687 —0.781 1.2625 —-1.15
31 Mg(NOs)s 1771 1.389 0.424 —1.124 —0.882 1.2160 0.03
32 CaCla 1.738 1.384 0.333 —1.298 —1.298 1.3355 —-1.33
34 SrCla 1716 1.480 0.273 —1.743 —1.847 1.3351 —~1.45
33 BaCla 1738 1.384 0.333 —1.298 —1.298 1.3865 -1m
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0 = components of Ha other than Hs [14]

Ha, Ra, and Dy; are all quantities which correspond
to solute A, and « as well as Q are both constants for
a given column at a given flow rate of the solvent
water. Rearrangement of Eq. [12] gives

aRa(1 — Ra)
Dy = —r——— [15]
Hya—Q
Further, dividing Da; by that for sodium chloride
(chosen as a reference solute)

Dy~ Ra(1—Ryp)
(Dadnact  Ryaci(1 — Ryact)

where subscript NaCl denotes the quantities that cor-
respond to those for sodium chloride.
R is calculated from Eq. [9], and H is obtained from

L w \2
H=— (—— ) [17]
4 Vr’

(see Appendix B) where L is the column length and
w and Vg’ are the chromatographic data for the half-
width and the retention volume (12), respectively, and
the ratio (Da;)/(Dai)nNac1 can be calculated from Eq.
[16], if the value for the constant @ is known.

The values of H obtained from Eq. [17] for the
different solutes are included in Table I, which shows
that the value of Hx = 1.083 X 10—2m for both potas-
sium bromide and cesium chloride is the least. Since
Hjp is more than Q from Eq. [12], 0 must be less than
the value of Hy, mentioned above. After a trial and
error calculation, we finally adopted the quantity
1.080 x 10—2m as the constant O, which value is used
in this paper. It has to be noted, however, that the
essential conclusion obtained in the analysis pre-
sented in this paper remains valid, even when the nu-
merical value for Q is changed.

Hyac1 —

s [16]
Hy—0

Free energy parameters of inorganic solutes in re-
verse osmosis systems.—The transport phenomena of
reverse osmosis membranes can be described by the
following fundamental equations

A = (PWP)/Mg S -3600 P [18]

N =[P — n{Xge): n(Xgad] [19]
Xas — Xas

=ke1 (1 —X )ln(———-) [20]
1 A3 XA1 —XA3

N—(ﬂ‘ﬁ)(czx —eaXap)  [21]
A= Kb Al A2 A3<4% A3

Equation [19] describes the effect of osmotic pressure
on the solvent water flux. Equation [20] is the expres-
sion for the boundary concentration increase due to
concentration polarization. Equation [21] describes the
solute flux by pore diffusion due to the concentration
difference on both sides of the membrane, where
(1/K) is the equilibrium coefficient of the solute dis-
tribution between the membrane pore and the bulk
solution, Daym is the diffusion coefficient of solute in
the membrane pore, and § is the effective thickness of
the membrane. Dam/K9d as a single quantity plays the
role of the mass transfer coefficient with respect to the
solute transport in the membrane (14).

At a specified operating temperature and pressure, a
reverse osmosis membrane can be specified in terms of
its performance data with respect to a reference solute
in an aqueous solution (in this case NaCl is taken as
a reference solute). A single set of experimental re-
verse osmosis data on (PWP), (PR), and f (solute re-
jection) for a reference NaCl-HyO feed solution under
known operating conditions is enough for use in Eq.
[18]-[21] to obtain the required data for the specifica-
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tion of A, (Dam/Kd)naci, and knaci (14). The mem-
branes used in the experiments were all specified by
the parameters stated above and the results are given
in Table II.

For dilute solution systems, Eq. [18]-[21] can be
reduced to

(Dam/K8) = vs

[exp (vs/k)]1 [22]

where vs equals AP/c and indicates the linear velocity
of the product solution through the membrane (15).
Applying Eq. [22] to the experimental solute separa-
tion and the product rate data for dilute solution sys-
tems of various inorganic solutes, (Dam/Kd) for each
solute can be obtained.

For completely ionized solutes, (Dam/K®) can be
further split into contributions from constituent ions.
Thus, (Dam/K9) can be written as

RT

— AAG ) [23]
RT anion }

where In Cnac1* is a measure of the average pore size
on the surface of the membrane, n. and n, are the
number of mols of cation and anion, respectively, in
one mol of ionized solute, and — AAG/RT represents
the contribution of each ion constituting the electro-
lytic solute to (Dam/K8), whose numerical value
characterizes the solute transport through the porous
membrane.

The quantity AAG was originally defined as the en-
ergy required to bring an ion from the bulk water
phase to the interfacial water phase and it may be
expressed as the difference in the free energy of hy-
dration in the bulk phase (AGg) and in the interfacial
phase (AGy) (7).

The numerical values of — AAG/RT were obtained
experimentally from reverse osmosis data in previous
work (7-9). Though — AAG/RT values so obtained are
based on experimental data with the dilute aqueous
solutions they are also applicable to the concentrated
solution systems (8). It has to be noted that the value
of — AAG/RT so obtained is an experimental quantity,
set on a relative scale, representing the interfacial
transport of ions during reverse osmosis.

Using Eq. [23] and taking the difference of In (Dam/
Kd) A between solute A and that of the reference solute
NaCl

In (Dam/K8) o — In (Dam/Kd) nac1
= (— AAG/RT)s — (— AAG/RT)Naci  [24]

where (— AAG/RT)p and (— AAG/RT)nac1 denote
{n¢(— AAG/RT)cation + Ma(— AAG/RT)anion} correspond-
ing to the solute A and NaCl, respectively.

— AAG
In (DaM/K$) = In Cnacr* + { Ne ( )
cation

+ Na

Table II. Film specification

Film No. 6 7

1724 kPa gauge (=250 psig)
Pure water permeability constant
kg-mol H:0
A, | — | x 107 2.35 3.78
m? - sec + kPa
Solute transport parameter

(Dax/kd) xac1, (m/sec) x 107 6.10 17.70
Solute separation, % 85.00 74.70
Product rate,* (kg/hr) x 103 28.64 45.00

* Area of film surface: 13.2 cm? Film pressurized at 2068 kPa
gauge = 300 psi. Feed concentration: 3500 ppm NaCl-H:0 = 0.06
molal. Mass transfer coefficient: 16 x 10-% m/sec.
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From Eq. [24]
(Dam/Kd)a af— AAG )
(Dam/K8)nac1 RT A

where A(— AAG/RT)a is equal to (— AAG/RT)a —
(— AAG/RT)naci. Equation [25] can be further re-
arranged to

— AAG
[ Dam (1/K)a ] _ A( A ) -
(Dam)Nact  (1/K) Nact RT /4

A single quantity (Dam/Kd) is now split into two
physicochemical properties, i.e., Dam and 1/K. Both
quantities refer to the properties in the capillary pore
and must be under a strong interaction force from the
polymer surface as long as the pore size is small
enough. Under such conditions it is known that the
quantity A(— AAG/RT) in Eq. [26] is practically in-
dependent of the pore size (7-9).

Considering that Da; and Kay indicate the diffusivity
and the equilibrium term, respectively, in the chroma-
tography system, while Dayv and 1/K indicate those in
the membrane system, an analogous expression to Eq.
[26], such as

[ Dai Kay ] [ ( — AAG ) ]
In . =f| A\ —
(Dai)nac1 (Kai') Nact RT A

[27]

can be expected. Equation [27] is used in the following
discussion to relate the chromatography data for the
diffusion and distribution coefficients to the change in
the free energy parameter based on the data for solute
transport through the porous membranes.

[25]

Results and Discussion
Correlation of Kai and free energy parameter.—Since
AAG was originally defined as the change of the free
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energy in the transfer of the solute from the bulk
water to the interfacial-water phase, it is reasonable to
expect that In [Kai’/ (Kai’) Nac1] must be a unique func-
tion of A(— AAG/RT)a. Figure 1 shows a plot of
A(— AAG/RT)a wvs. In [Kay/ (Ka{')Naci]. The correla-
tion exhibits an apparent linear relationship with a
slope of 0.20 =+ 0.08. The observation that this slope
is far from unity is understandable from Eq. [27] that
shows 1n [Kai’/ (Kai') Nnac1] is only one of the quantities
affecting A(— AAG/RT)a.

Correlation of In [Dai/ (Dai) Nact] to A(—AAG/RT) 4.
—Figure 2 shows a correlation of A(— AAG/RT)a vs.
In [Dai/ (Dai) Nac1]. Though there is some scatter in the
figure, there seems to be a definite trend in the corre-
lation; the quantity In [ (Da;)/ (Dai) Nac1] increases with
an increase in A(— AAG/RT)a. By applying regression
analysis the slope was found to be 0.60 + 0.27. This
implies that the contribution to A(— AAG/RT)a from
the diffusion term in Eq. [27] is about three times as
much as the distribution term.

Correlation of Dap vs. Dai.—The ratio of the diffu-
sion coefficient in the interfacial water phase of solute
A to that of the reference solute sodium chloride,
designated as Dai/ (Daj)naci Was correlated with the
corresponding quantity in the bulk water phase, Dap/
(DaB) Nac1 in Fig. 3. The diffusion coefficient data for
totally ionized inorganic solutes in the bulk water
phase were obtained by using the Nernst equation
(16). The straight line correlation illustrated in Fig. 3
is the result of regression analysis, which corresponds
to

Dai/ (Dai) Nact o« (Das/ (DaB) Nac1) 30 [28]

Figure 3 indicates that the effect of the change of the
solute species on the diffusion coefficient is significantly
enhanced in the interfacial water phase as compared
with that in the bulk water phase. Accordingly, the

Fig. 1. A(—AAG/RT)A vs. In
[Kai'/(Kai')Nac1]. Solute num-
bers the same as in Table I.

-1.0 ' '
—2.0 1.0

A(-AAG/RT),

Fig. 2. A(—AAG/RT)A vs. In
[Dai/(Dai)Nac1]. Solute num-
bers the same as in Table I.

-3.0 -2.0 -1.0
A(-AAG/RT),
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Fig. 3. Ln [DaB/(DaB)Nac1] vs. In [Dai/(Dai)naci] at 25°C.
Solute numbers the same as in Table I.

diffusion coefficient of the inorganic solute changes
through a far wider range in the interfacial water
phase, which leads to the high exponential power in-
dicated in Eq. [28]. This also justifies assuming Dap as
practically constant in developing Eq. [12].

Correlation of equilibrium distribution coefficient
and diffusion coefficient vs. ionic radius.—Figure 4 il-
lustrates the correlation of In [Kai/ (Kai')naci] and
In [Dai/ (Dai) Naci] vs. the ionic radius. While chang-
ing the ionic radius of monovalent alkali cations and
divalent alkaline earth cations, the anion was fixed as
a chloride. Similarly, lithium ion was used consistently
as the cation, while the ionic radius of the monovalent
halide anions was changed. Though Fig. 4 illustrates
the trend shown by the particular series of alkali
halide-salts and alkaline earth halide-salts described
above, the general tendency summarized in the follow-
ing is the same in other series.

1. In [Kai’/(Kai')Nac1] remains practically unchanged
with the change in the ionic radius of mono- and di-
valent cations.

2. In [Ka{'/ (Kai’) nac1] values of divalent cations are
slightly lower than those of monovalent cations.

3. In [Kay/ (Kai')naci] values of halide anions in-
crease with an increase in the ionic radius.

4. In [Dai/ (Dai)naci] values of monovalent alkali
cations increase with an increase in the ionic radius.

5. In [Dai/ (Dai) Nac1] values of divalent alkaline
earth cations are generally less than those of mono-
valent alkali cations.

6. In [Dai/ (Dai)naci] values of monovalent halide
anions increase with an increase in ionic radius.

All of these trends are consistent with the formation
of a larger hydration sphere around a monoatomic ion
of a smaller ionic radius or an ion of higher valence,
which decreases both the equilibrium distribution co-
efficient Ka’ and the diffusion coefficient Da;.

Comparison of ionic transport in the poluymer par-
ticle and in the membrane.—Figure 5 illustrates a
correlation between In [Dai/(Dai)vaci * Kai'/(Kai')Nacil
and A(— AAG/RT)a. Though the figure exhibits a
definite tendency for the former quantity to increase
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with the increase in the latter, the scatter is even more
significant than in both the correlations illustrated in
Fig. 1 and 2. When Fig. 5 is investigated in detail, how-
ever, it is found that the scatter is very systematic
When the salts which include the lithium cation,
the fluoride anion, and monovalent anions containing
oxygen atoms such as NO;~, NO3—, ClO;~, BrO3;~, and
I03~ are indicated separately (in Fig. 5 as closed
circles), they form a separate group located consist-
ently below the rest of the inorganic solutes (in Fig.
5, open circles). For convenience, the latter (open
circles) and the former groups are designated as group
I and II, respectively. This leads to the conclusion that
the scatter in Fig. 5 is not of a random nature caused
by experimental errors, but that there are at least
two discrete correlations involved in the same graph.

-3.0 -2.0 -1.0 o 1.0
A(-AAG/RT),
D, Kat'
Fig. 5. A(—AAG/RT)A vs. In [ = I . ]
(DadNact  (Kai')naci

Solute numbers the same as in Table I.
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When regression analysis was applied to the above
two correlations independently, it resulted in

i [ Dy . Kar ]
(Da)Nact  (Kai')Naci

— AAG
= 0.96a (———
RT

) + 0.136 [29]
A

and

n [ Day Kay ]
(Dai)Nact  (Kar')Nact

= 1474 (

— AAG
RT A
for groups I and II, respectively.

Prediction of the separation of inorganic solutes.—
Using the two separate correlations given by Eq. [29]
and [30] the separation of the inorganic solutes from
the dilute aqueous solutions of a single solute system
can be predicted from single sodium chloride experi-
mental data. The prediction procedure is as follows:

1. By applying Eq. [18]-[21] to the reverse osmosis
experimental data with respect to the reference so-
dium chloride aqueous solution, the constants A, (Dam/
K?d)Nac1, and knac), are obtained.

2. For a given solute for which prediction is needed
the value of In [Dai/(Dai)nact *© Kai'/ (Kai')Naci] is
found in Table I.

3. A(— AAG/RT), is calculated by either Eq. [29]
or [30]. For solutes involving Lit, F—, NO;~, NO;—,
ClO3—, BrO3—, and 103~ Eq. [30] is applied and for
the rest of the solutes Eq. [29] is used.

4. (Dam/Kbd) s for the particular solute is calculated
by Eq. [25].

5. Using knac) obtained in step 1, ks for the solute
under consideration is obtained by using the equation

D
foa = [_AB_
(DaB) Nac1

— 0.844 [30]

2/3
] * knaci [31]

6. Equation [22] is now rearranged to

1
f= [32]

Dam ) ( Vs )
1+( ) A/ Vs X exp A
where vs = AP/c and the numerical value can be ob-
tained by the given A, the operating pressure P, and
the molar concentration ¢, which can be approximated
to that of pure water.

This calculation procedure was applied to the re-
verse osmosis separation of the solutes listed in Table
I by the membranes which were characterized in
Table II and the results were compared with the ex-
perimental data in Fig. 6. The agreement found be-
tween calculated and experimental separation data
testifies to the validity of the general approach pro-
vided in the present work.

Conclusion

1. HPLC offers an effective means of studying the
properties of interfacial fluids.

2. Diffusivities of completely ionized inorganic
solutes through water at the cellulose acetate polymer-
aqueous solution interface are proportional to the third
power of the corresponding diffusivities in the bulk
water phase.

3. The existence of a unique correlation between the
quantities In [Dai/ (Dai) Nac1 Kai'/ (Ka¥)Nac1] and
A(— AAG/RT)a confirms the physicochemical signifi-
cance of the data for free energy parameters relevant
to reverse osmosis.
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Fig. 6. Comparison of calculated solute separation and experi-
mental solute separation. Solute numbers the same as in Table I.
Specification of cellul, acetate m used, as shown in
Table II; operating pressure. 1724 kPa gauge (= 250 psig); solute
concentration in feed, ~300 ppm; feed flow rate, 400 cm?/min.
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Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1983 JOURNAL.
All discussions for the June 1983 Discussion Section
should be submitted by Feb. 1, 1983.

APPENDIX A
The theoretical plate height given by Eq. [8] is not
universally accepted. In the literature (17) the simple
additive sum in the form of Eq. [8] has been replaced
by a coupling expression such as

Hp=Hp+ Ha+ Hs + [A-1]

1 i
Hy, ' Ham
By using approximated values of each component we
can ignore Hq and 1/Hy. Then Ha becomes
HA & 2Hp + Hs [A-2]

Since H, is a constant for a given column at a given
flow rate the validity of form of Eq. [12] and [16]
is maintained.

APPENDIX B
The theoretical plate height, H, is defined as
L

H=—
N

where L and N are the chromatography column length
and the number of theoretical plates. N can be ex-

pressed as
v ()
o

where tg is the retention time of the solute from the
injection to the peak maximum and ¢ is the peak
standard deviation. Furthermore

[B-1]

[B-2]

[B-3]
[B-4]

where Vg’, w, and v are the retention volume of the
solute from the sample injection, the peak half-width

Vg’ = vtr
and
w = 2vs
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in volume units, and the velocity of the mobile phase
in the column. Combining all the above equations, we
obtain for the theoretical plate height

E 2
=2 () (B-5]
4 Vr'
LIST OF SYMBOLS
A pure water permeability constant, kg-mol

H;0/m? - sec - kPa
In Cnaci* constant representing the pore structure of
the membrane as given by Eq. [23]

c molar density of aqueous solutions, kg-mol/m3
ca molar density of the solute, kg-mol/m3 .
Das molecular diffusion coefficient for the mobile

phase, same as the diffusion coefficient of the
solute in bulk water, m?/sec

Day molecular diffusion coefficient for the sta-
tionary phase, same as the diffusion coefficient
of the solute in interfacial water, m?/sec

Dam diffusion coefficient of the solute in the mem-
brane pore, m2/sec

(Dam/Kd) solute transport parameter (treated as a
single quantity), m/sec

d length of diffusion path for the solute in the
stationary phase, m
dp mean particle diameter, m

fraction solute separation
AGg free energy of hydration in the bulk water
phase, J/g-mol . .
AGy free energy of hydration in the interfacial
water phase, J/g-mol
—AAG/RT free energy parameter
H theoretical plate height, m o
Kay equilibrium coefficient of the solute distrib-
uted between the stationary and mobile phases
(1/K) A equilibrium coefficient of the solute distributed
between the membrane pore and the bulk

solution

k mass transfer coefficient for the solute on the
high pressure side of the membrane, m/sec

L chromatography column length, m

Mg molecular weight of water

Na solute flux through the membrane, kg-mol/
m? - sec

Ns solvent flux through the membrane, kg-mol/
m? - sec

Ma, e number of mols of anion and cation, respec-
tively, in one mol of ionized solute

P operating pressure, kPa

(PR) product rate through a given area of mem-

brane surface in the presence of a solute in
the feed solution, kg/hr

(PWP) pure water permeation rate through a given
area of membrane surface in the absence of a
solute in the feed solution, kg/hr

q configuration factor

R retention ratio defined by Eq. [9]

S effective membrane area, m?

Va volume of dead space, cm3

Vm volume of the mobile phase, cm3

Vr retention volume of the solute, cm3

V&' Vg + Vg, cm?

Vs volume of the stationary phase, cm3

v regional velocity of the mobile phase, m/sec

Vs permeation velocity of the product solutions,
m/sec

w half-width of a chromatography peak in vol-
ume units (half-width as time X solvent flow
rate), cm3

Xa mol fraction of solute
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Greek letters
a constant defined by Eq. [13]
% obstruction factor for the diffusion through

granular material

& eddy ditfusion coefficient

n(Xa) osmotic pressure of the solution corresponding
to mol fraction X of the solute, kPa

Q constant defined by Eq. [14]

w coefficient of the mobile phase plate height
contribution

Subscripts

1 bulk feed solution

2 concentrated boundary solution on the high
pressure side of the membrane

3 membrane permeated product solution on the

low pressure side of the membrane
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The Adsorption and the Potentiodynamic Electro-Oxidation of
Acetylene on Platinized Platinum

A. B. Delgado, A. M. Castro Luna, W. E. Triaca, and A. J. Arvia*
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ABSTRACT

The adsorption and the potentiodynamic electro-oxidation of acetylene on platinized platinum in IN H,SO, have
been studied in the 16°-80°C temperature range. The perturbation conditions were chosen to avoid the influence of
acetylene readsorption. The steady-state coverage by the adsorbed species was studied as a function of the potential
and the hydrocarbon partial pressure. The estimated values of the average number of electrons per adsorption site and
the number of the electrocatalyst sites blocked per adsorbed species are 4.7 and 2.1, respectively. Aging effects of the
adsorbed species are also reported. The kinetic parameters obtained under potentiodynamic conditions suggest that
the electro-oxidation of the adsorbed acetylene proceeds through a reaction pathway involving a slow initial

monoelectronic transfer step.

The electrochemical oxidation of acetylene on plat-
inum electrodes in acid electrolytes yields carbon di-
oxide and hydrogen ions with a current efficiency near
100% (1, 2). The electrochemical reaction has been in-
vestigated by both stationary-state and relaxation
techniques (1-7). From earlier works it was concluded
that the overall reaction includes an adsorption stage,
but there are fundamental aspects related to the num-
ber and kind of adsorbed species and to the type of
adsorption process involved in the electrochemical re-
action that have not yet been completely elucidated.
The present paper refers to the characteristics of the
acetylene adsorption on platinized platinum in sulfuric
acid solution in the 16°-80°C range and to the potentio-
dynamic electro-oxidation of the adsorbed species.

Experimental

A conventional three-compartment Pyrex glass elec-
trolysis cell was used. The working electrode was a
platinized-platinum electrode, 6 x 10—2 cm?2 apparent
area. The preparation and pretreatment of the working
electrode are described in previous publications (8, 9).
The working electrode real area was determined
through the charge of the hydrogen electrodesorption
current peaks. The counterelectrode was a platinum
sheet, 5 cm?, and an RHE in the same electrolyte was
used as reference. The base electrolyte was 1N H,SOy4
prepared from the AR chemical (Merck) and triply
distilled water. Occasionally, NaHSO, was added to
the electrolyte covering the 0.35M = ¢ = 2.35M con-
centration range. The electrolyte was saturated with
acetylene at partial pressures ranging from 10—2 atm
to 1 atm. For experiments at pcou, lower than 1 atm,
purified nitrogen was used to prepare the saturating
gas mixture. Nitrogen was previously passed through
liquid air and 98% H,SO4 containing traps. Acetylene
from a pressure cylinder was passed through multiple
washing water containing traps and through a purifi-
cation column (La Oxigena S.A.) to remove traces of
acetone. The purity of the gas entering the cell was
controlled by gas chromatography. Experiments were
run at 16°, 40°, 60°, and 80°C.

Prior to the acetylene adsorption measurements, the
working electrode was subjected to the pretreatment
already described in a previous publication (9). After
the electrode pretreatment the potential was held at a
preset value, E,q, to adsorb acetylene during a certain
time, t.q. Immediately afterward a triangular potential
sweep was applied either toward the positive, program
(a), or the negative going potential direction, program
(b), at a constant potential sweep rate, v (Fig. 1).
Most of the results are reported at 60°C and at PcoHy =

* Electrochemical Society Active Member.
Key words: metals, electrode, chemisorption, voltammetry.
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10—2 atm where no readsorption of acetylene from the
solution was detected at v = 0.4 V/sec.

Results and Interpretation

The adsorption characteristics of acetylene on plati-
num.—A typical I/E display resulting with a TPS run
from 0.25 to 1.65V at 0.4 V/sec immediately after hold-
ing the potential at E,q = 0.25V during taq = 20 min in
the electrolyte under acetylene saturation at 10—2 atm
pressure (Fig. 2) shows a net broad anodic current
peak at ca. 1.18V, which is associated with the electro-
oxidation of the adsorbed hydrocarbon species. The
first positive going potential scan exhibits the com-
plete absence of hydrogen adatoms electro-oxidation
current contribution. This indicates that under the
above-mentioned conditions the whole surface is fully
covered by the acetylene adsorbed species. The same
behavior is observed at higher acetylene partial pres-
sures. Furthermore, during the first TPS the potential
of the oxygen electrodesorption current peak is more
negative than that recorded during the following
cycles. Correspondingly, the oxygen electrodesorption
charge is slightly lower than that observed in the
blank, due to the incomplete electro-oxidation of ad-
sorbed acetylene under the experimental conditions
depicted in Fig. 2. After the third TPS, since there is
no acetylene readsorption, the I/E display practically
reproduces that of the blank. The charge correspond-
ing to the electro-oxidation of adsorbed acetylene,
Qox, is calculated from the relationship

Qox = [(QT) — (@)1l + [(Qc)h a (Qc)l] [1]

where (Qr) is the total anodic charge obtained in the
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Fig. 1. Potential perturbation programs. Time axis arbitrary scale.
Step width: A = 5 sec; B = 120 sec (gas bubbling) or 60 sec (gas
bubbling) + 120 sec (quiescent solution); C = tyq; D = initial
negative going potential sweep; E = ty; F = triangular potential
sweeps.
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Fig. 2. Potentiodynamic I/E profiles run at 0.4 V/sec using the
perturbation program (a) shown in Fig. 1. Eag = 0.25V; taqa = 20
min; pcoy, = 0.01 atm; 60°C; real electrode area = 19 cm?2,
Numbers (1), (2), and (3) indicate the first, second, and third
potential scan, respectively. Profile (3) approaches the blank con-
tour (nitrogen saturated electrolyte).

presence of acetylene and (Qc)i1 and (Qc)p are the
oxygen electrodesorption charges recorded during the
first potential sweep in the presence and in the ab-
sence of acetylene, respectively. (Qr1), (Qc)1, and (Qc)n
are corrected for the double layer effect.

The dependence of Qox On taq at Eaq = 0.25V was
obtained at v = 0.4 V/sec and pcon, = 10~2 atm. For
taqd = 5 min a constant Q.x value is reached. Also, the
influence of E,q on Q. was determined after equilibra-
tion at pcon, = 102 atm during the time required to
attain the acetylene stationary coverage, taq,ss (Fig. 3).
The maximum charge related to the electro-oxidation
of adsorbed acetylene, (Qox) M is found at E,q = 0.25V,
the corresponding charge value being 0.98 mC/cm? of
real area. At E,q < 0.2V the acetylenic electrosorbed
species is electroreduced to ethylene and ethane (10)

10F 7

Qox/(mC cm?)
T T

=)

=
T
L

02 1

0 L L 1 1
0 02 0.4 06 08

Ead/(V)

Fig. 3. Dependence of Qox on Eag at tad,ss. Pcon, = 0.01 atm;
60°C.
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and at E,q > 0.35V it undergoes the electro-oxidation
to carbon dioxide and hydrogen ions. In order to cor-
rect for the readsorption effect on the evaluation of
Qox at Dcony > 102 atm the following procedure was
used: (i) after the acetylene adsorption at E.q during
tad, @ 20 min nitrogen washing was made and then the
adsorbed species were electro-oxidized at a constant v;
(ii) the Qox values were plotted as a function of 1/v
and Qox at V - o« was obtained. For pcon, = 1 atm,
the (Qox)M value resulting at v > oo is 0.95 mC/cm?
(Fig. 4). There is no appreciable change of the
acetylene surface coverage at the maximum adsorption
potential in the 10—2-1 atm pressure range. Taking
into account the electrode roughness factor, the (Qox)m
coincides with the maximum charge corresponding to
the electro-oxidation of adsorbed ethylene on plat-
inized platinum (8).

The acetylene adsorption process.—To decide whether
the initial interaction between acetylene and platinum
was either an adsorption or an electrosorption pro-
cess, the electrochemical interface was subjected to a
potentiostatic step at E,g = 0.25V just after step B of
the electrode pretreatment (Fig. 1), and simultane-
ously recording the anodic transient current. The lat-
ter was practically negligible and the charge involved
during the current relaxation was smaller than 1% of
the electro-oxidation charge of the residual adsorbed
species as determined through the potentiodynamic
scan run immediately after the potential holding at Eq.
The conclusion from these runs is that the adsorption
of acetylene on platinum is a nondissociative process
occurring through the partial break of the triple bond
in the molecule and its direct interaction with the
metal surface.

The dependence of E, on tqa. Aging of the electro-
sorbed species.—The runs made at 0.4 V/sec after ad-
sorbing acetylene at E,q = 0.25V during different t.q
exceeding taqss Show a gradual change of the electro-
oxidation I/E profile (Fig. 5). Thus the (Qox)m value
remains constant within 3% but the current peak, i,
slightly increases in height and the corresponding cur-
rent peak potential, E,, becomes progressively more
positive (Table I). Under these experimental condi-
tions the electrochemical characteristics of the oxygen
electrodesorption current peak are independent of t,q.
These results indicate that the electro-oxidation of the
adsorbed species requires a larger overpotential as t.q
increases. The effect can be associated with the aging
of the acetylenic species adsorbed on the electrode
surface.

To determine whether the aging effect involves the
contribution of ionic adsorption, potentiodynamic runs
were made in 0.1N H,SO4 4 0.35M NaHSO, and in
0.1N H,SOs 4 2.35M NaHSO, solutions at PcoHy = 1
atm and at E;q = 0.25 and 0.68V and at different t.q
exceeding taq,ss. There is practically no influence of the
NaHSO, concentration on the location of the current
peak potential. This suggests that ionic adsorption
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Fig. 4. Dependence of Qox on 1/v at pcony = 1 atm. Euq =
0.25V; taqg = 10 min (hydrocarbon saturated electrolyte) - 20
min (nitrogen washing); 60°C.
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Fig. 5. Potentiodynamic I/E profiles run at 0.4 V/sec after the
hydrocarbon adsorption at Eaq = 0.25V during different tq.

pcors = 0.01 atm; 60°C; real electrode area = 21 cm2. Curve
(---), tag = 10 min; curve (- * -), tag = 25 min; curve (—),
tag = 60 min.
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Fig. 6. Potentiodynamic //E profiles run at 0.4 V/sec after the
hydrocarbon adsorption during taq = 20 min at different Eaq.
pcons = 0.01 atm; 60°C; real electrode area = 18.5 cm2. Curve
1, Eaqg = 0.13V; curve 2, Eaq = 0.25V; curve 3, E,q = 0.4V;
curve 4, Eaq = 0.7V; curve 5, Eaq = 0.8VY.

plays no major role in the adsorption and electro-oxi-
dation of the acetylenic adsorbed species.

The dependence of E, on Egq.—Potentiodynamic runs
made at a constant v after acetylene adsorption during
a constant t,q at different E,q, in the 0.1V = E,q = 0.8V
range (Fig. 6), show a shift of E, toward more positive
potentials when E,q increases. This shift is more re-
markable when the adsorption is carried out at E,q >
0.5V, and it occurs independently of the Q.x value
(Fig. 3). This monotonous trend at any acetylene sur-
face coverage negates the possibility that the surface

Table I. Dependence of iy and Ej, on taq. Eag = 0.25V; v = 0.4

V/sec; 60°C
in (Qox) >
taa (min) (mA cm-2) Ep (V) (mC em-2)

P, = 0.01 atm
10 0.99 1.170 0.97
15 1.02 1.180 0.97
25 1.06 1.200 0.99
60 1.09 1.220 0.98

pogn, = 0.1 atm
5 1.00 1.190 0.99
10 1.02 1.195 0.97
20 1.08 1.210 0.98
30 1.08 220 0.99
60 111 1.235 .99
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activity of the adsorbed species could determine the
electro-oxidation potential value.

The temperature influence on the acetylene adsorp-
tion.—At Pcon, = 10~2 atm the maximum adsorption
potential as well as the (Qox)M value are practically
independent of the temperature in the 16°-80°C range.
After the hydrocarbon adsorption at E,q = 0.25V dur-
ing taq,ss the hydrogen adatoms formation is inhibited
at any temperature. This behavior is similar to that
already reported for the electro-oxidation of adsorbed
ethylene on platinum in the same electrolyte (8). As
the temperature increases, the potential of the anodic
current peak moves toward lower values and the cur-
rent peak becomes thinner and more symmetric in
shape as deduced from the peak height to peak width
at one-half peak height ratio, r (Table II). The ther-
mal coefficient of the current peak potential, (dE,/dT),
is 5 x 10—3V/°C.

The possible hydrogenation of the adsorbed species.
—The possibility of hydrogenation of the species ad-
sorbed under present conditions (Eaq = 0.25V, taq =
20 min, Pcon, = 10~2 atm, and 60°C) was studied by
running the potentiodynamic scan toward the negative
going potential direction immediately after the adsorp-
tion process according to program b (Fig. 1). The
negative going potential scan was extended to ca.
0.01V and then either the potential sweep was reversed
or the potential was held at ca. 0.01V during a certain
time, ty, before continuing the positive going potential
scan. Thus, when ty = 0, practically no hydrogen
adatoms electrosorption current is observed and the
Qox value decreases appreciably (Fig. 7), but in the
potential range preceding the hydrocarbon electro-
oxidation current peak the anodic current is slightly
increased as compared to the runs without electro-
chemical hydrogenation. On the other hand, when the
potential is held at 0.01V during tg = 50 sec, the elec-
tro-oxidation current peak corresponding to the ace-
tylenic adsorbed species is practically no longer ob-
served (Fig. 8). Under these circumstances, a small
anodic current contribution appears at ca. 0.7V, which
is the potential range where the COH-type adsorbed
species are likely electro-oxidized (11). These species
are probably residual products formed through the
interaction between adsorbed acetylene, hydrogen
adatoms, and water in contact with the electrocatalyst.

The amount of charge assigned to the electro-oxida-
tion of the COH-type adsorbed residue increases when
E.q is fixed at potentials more positive than 0.25V.
This is clear when E,q = 0.4V (Fig. 9), but at this po-
tential carbon dioxide is already formed during the
electro-oxidation of the acetylenic adsorbed species.
Therefore, the relative increase of the current peak at
ca. 0.7V caused by hydrogenation may result from the
interaction between carbon dioxide and hydrogen
adatoms (12).

Evaluation of the number of electrons per adsorption
site.—The average number of electrons per adsorption
site and the number of sites blocked by each adsorbed
species can be derived from the data obtained at 60°C.
The average (Qox)M, equal to 0.98 mC/cm2, divided by
the charge of the hydrogen adatoms monolayer on
polycrystalline platinum, which is taken as 0.21 mC/
ecm?, gives 4.7 electrons per adsorption site and since
the electro-oxidation of each CoHy species requires 10
electrons, the number of sites blocked by each ad-

Table Il .Values of Ep, r, and (Qox)Mm at different temperatures.
Eaq = 0.25V; taq = 20 min; v = 0.4 V/sec; pcony = 0.01 atm

r - 108 (Qox)M
T (°C) Ep (V) (A V-1 cm-2) (mC c¢m-2)
16 1.408 1.30 0.96
40 1.282 2.00 0.95
60 1.180 2.51 0.98
80 1.080 2.89 0.97
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Fig. 7. Potentiodynamic I/E profiles run at 0.4 V/sec after the
hydrocarbon adsorption at E.g = 0.25V during t,q = 20 min.
Ppcons = 0.01 atm; 60°C; real electrode area — 18 em2. ---,
first 1/E profile run with program (a); ——, first (curve 1), second
(curve 2), and third (curve 3) I/E profiles run with program (b);
tu = 0.
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Fig. 8. Potentiodynamic I/E profiles run at 0.4 V/sec using the
perturbation program (b). Eaqg = 0.25V; tag = 20 min; ty = 50
sec at 0.01V; pcorp = 0.01 atm; 60°C; real electrode area —
18 cm2.

sorbed C;H, species, x, is 2.1. This result can be con-
firmed through the data obtained from the experi-
ments involving the inhibition of the hydrogen ad-
atoms adsorption produced by the organic species,
whose charge, @y, is given by

Qv = @uo — Qua [2]
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Fig. 9. Potentiodynamic I/E profiles run at 0.4 V/sec using the
perturbation program (b). Eaq = 0.4V; tag := 10 min; tg = 1
min at 0.05V; pcous = 0.01 atm; 60°C; real electrode area =
18 cm2.

where Qu,0 is the charge of the hydrogen adatoms
monolayer in the absence of acetylene and Qxu,a is the
charge related to the hydrogen adatoms formation in
the presence of acetylene. The average @y value ob-
tained from the potentiodynamic runs after acetylene
adsorption at E,q = 0.25V during taq,ss is 0.20 mC/cm2.
This figure includes a correction for the small electro-
reduction of the acetylenic adsorbed species during the
negative going potential scan. Hence, the number of
sites blocked by each acetylenic adsorbed species, de-
rived from x = 10 (Qv/Qox), is 2.04, in good agreement
with the previous estimation. Furthermore, the values
of the average number of electrons per adsorption site
and the number of sites blocked by the acetylenic ad-
sorbed species practically coincide with those found
for the ethylene electrosorption on platinized platinum
(8).

Kinetic relationships derived from the potentiody-
namic runs.—The height of the adsorbed acetylene
electro-oxidation current peak increases linearly with
v (Fig. 10). The low potential sweep rate data are
corrected for the contribution of the acetylene read-
sorption. The peak height is also corrected for the
current corresponding to the oxygen electrosorption
process. Under the experimental conditions where the
hydrocarbon saturation coverage is reached, no definite
dependence of the current peak height on pcom, is
found. The potential of the electro-oxidation current
peak fits a linear E, vs. log v relationship in the 0.05
V/sec = v = 1 V/sec range (Fig. 11). The slope of the
straight line is practically equal to the 2.3 (2 RT/F)
ratio. This can be interpreted as a Tafel slope associ-
ated with a constant surface coverage by the acetylenic
adsorbed species.

Discussion

The electro-oxidation of acetylene on platinum in
acid electrolytes in the temperature range investi-
gated is represented by the overall reaction

CoHy + 4H,0 = 2CO; + 10H* + 10 e [31

Reaction [3] takes place at least in part through the
participation of an adsorbed species on the electro-
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Fig. 10. Dependence of the anodic current peak related to the
electro-oxidation of the adsorbed hydrocarbon species on v. E,q =
0.25V; tag = 5 min; pcons = 0.01 atm; 60°C.
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Fig. 11. Dependence of the anodic current peak potential related
to the electro-oxidation of the adsorbed hydrocarbon species on v.
Eag = 0.25V; taq = 5 min; pcony = 0.01 atm; 60°C. The slope
of the dashed line is 0.140 V/decade.

catalyst. This conclusion is derived in a straightforward
manner from the above described results. However, a
possible contribution of a direct electro-oxidation of
acetylene under stationary conditions is not precluded.
The maximal interaction between the adsorbed
species and the electrocatalyst occurs in the neighbor-
hood of 0.25V, a potential value at which most organic
molecules exhibit their largest interaction with plati-
num. This potential value is close to the potential of
zero charge of platinum in the base electrolyte (13).
The (Qox)m value obtained from acetylene adsorp-
tion compares reasonably well with that found after
the ethylene electrosorption, but both adsorption pro-
cesses appear entirely different. Thus, while the former
adsorbs in a nondissociative manner, the latter adsorbs
in a dissociative manner. However, the stoichiometric
composition of the adsorbed species in both cases is
apparently the same, namely a CyH, species, as con-
cluded from the same average number of electrons per
adsorption site. Therefore, the initial step in reaction
l53] corresponds to the adsorption process represented
y

CoHy; 4+ x(H:0) Pt = (CqoHy) Pt, + x Hy,O [4]

The value of x, the average number of platinum sites
occupied by the adsorbed species, is ca. 2.1. No evi-
dence of any significant dehydrogenation of acetylene
on platinum is detected under the present experimental
conditions, in contrast with previously reported data
(3).

When the acetylene readsorption is avoided, the
electro-oxidation of the adsorbed species is well char-
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acterized through the kinetic relationships derived
from the potentiodynamic runs. Thus the linear de-
pendence of i, on v and that of E, on log v, and the
Tafel slope derived from the E, vs. log v plot, equal to
2.3 (2 RT/F), which corresponds to a constant surface
coverage (6peak = 0.37), are in agreement with the
predictions of the theory developed for the adsorption
pseudo-capacitance peaks under a linear potential
sweep, when the initial monoelectronic transfer reac-
tion associated with either the electrosorption or the
electrodesorption of intermediates is highly irreversi-
ble (14). Hence, the simplest explanation of the
kinetics of the adsorbed acetylene electro-oxidation is
through a single electron transfer rate-controlling
step. The formalism of this stage can be put forward
in terms of deprotonation process of the adsorbed
species, which may occur either through the following
reaction

(CoH2) Pty = (R) Ptez—-1 + HY 4 Pt 4 e [5a]

or through the solvent participation as follows
(CoH3) Pt; + H20 = (RHOH) Pt(z—1) + H* + Pt 4+ e
[5b]

R and RHOH denote intermediates produced in:the
course of the electrochemical reaction. After either
reaction [5a] or [5b] the water reacts with the surface
organic intermediates yielding finally CO, and H* ions
through a sequence of undetermined fast reactions.
These reactions can be expressed by the overall anodic
process

Surface organic intermediates 4 HO >
CO; + Ht 4 Pt + e [6]

If either step [5a] or [5b] is rate determining, on the
assumption that the intermediate follows a Langmuir
isotherm, the rate equation becomes

i = k' 6 exp («FE/RT) [7]

where k’ is the formal rate constant in electrical units,
6 refers to the electrode surface coverage by C.H»
species, and « is the transfer coefficient assisting the
reaction in the anodic direction. An equation similar
to [7] also results in terms of Temkin-type isotherms
for the adsorbed species, because there is a compensa-
tion effect of the influence of coverage by the CoH.
species or by the R or RHOH species on the activation
energy of reactions [5a] or [5b], respectively. Under
constant surface coverage conditions, the Tafel slope
deduced from Eq. [7] is equal to the RT/oF ratio. The
experimental Tafel slope derived from the E, vs. log v
plot agrees with the latter for « = 0.5.

Although the present results are explained only
through the participation of CsH; as the main adsorbed
species, the idea must not be discarded that traces of
other types of dehydrogenated adsorbed particles,
which probably become important at potentials higher
than 0.40V (5) or at higher temperatures (15), may
contribute to a small extent in the electro-oxidation
process.

The aging of the adsorbed species, as detected
through the shift of the anodic current peak potential
toward more positive values as t,q increases, can be
explained considering two types of interactions. On
one side, the adsorbed species become more strongly
bound to the substrate on increasing ta.q. This is also
reflected through the shift of E, on E,q at a constant
taa (Fig. 6). On the other hand, there is an increase of
the interaction between the adsorbed particles on in-
creasing t,q, so that a surface polymer-type species
may be formed on the electrode surface.

The bonding energy change associated with the aging
effect can be reasonably related to a time dependence
of the structure of the adsorbed species. This explana-
tion is supported to some extent from the gas phase
chemisorption studies of hydrocarbons on platinum
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surfaces at lower temperatures (16), where it was
suggested that two structures of chemisorbed acetylene
may occur, one weakly distorted and another strongly
distorted.

Similar aging effects were reported for the electro-
sorbed species formed on platinum from methanol
(17), where both the stoichiometric composition of the
electrosorbed species and its amount on the surface
remain constant during the aging process.
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Electrochemistry of Prussian Blue Modified Electrodes: An
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ABSTRACT

A new type of Prussian blue modified electrode is described. The Prussian blue modified electrode is electrochem-
ically prepared in a solution of ferric-ferricyanide. The amount of Prussian blue on electrodes such as platinum, glassy
carbon, and SnO, is easily controlled by changing the current density, the electrode potential, and the time of the
electrolysis. The waves observed at +0.2 and +1.0V vs. SCE are due to the reduction and the oxidation of the ferric
part and of the ferrous part in the Prussian blue crystal, KFe"Fe!' (CN); or Fe,"'[Fe' (CN)s];, respectively. This electrode
exhibits excellent stability in aqueous solution. A spectroelectrochemical property of the modified electrode is also

described.

Prussian blue (PB) has been manufactured as an im-
portant pigment for paints, lacquers, printing inks, and
other color uses (1). As is well known, there are two
well-characterized formulas of PB that have been
called “water insoluble PB,” Fe4!!![Fell(CNg)]s, and
“water soluble PB,” KFelllFell(CN)g (2, 3). This pig-
ment is an iron (III)-hexacyanoferrate (II) that has
been definitely shown to be the case by the infrared
absorption spectrum (4), the Mossbauer resonance
spectrum (5), and the optical absorption spectrum
(6). It has been also shown that chemical reduction
and oxidation of PB can lead to Prussian white, KoFell-
Fell(CN)g and Prussian green (Berlin green), Felll-
Felll(CN)g, respectively (7). Although PB has long
been an important pigment, the electrochemistry of PB
has not yet been fully investigated. This might be due

* Electrochemical Society Active Member.
Key words: metals, carbon, voltammetry, electrolysis.

to lack of knowledge of techniques for the prepara-
tion of the thin film on suitable substrates.

Recently reports by Neff have briefly shown a method
of preparation of a thin film of PB on platinum elec-
trodes in which a platinum electrode was simply im-
mersed in a ferric-ferricyanide solution (8, 9). The
deposition of PB on platinum and gold electrodes,
which was undertaken in a condition of nonelectro-
plating, seems to be due to auto- or catalytic-reduction
of ferric-ferricyanide (7). As is pointed out by Ellis
et al. (9), the data obtained by a nonelectroplating
method had been highly dependent on the chemical
procedures and the nature of the substrate surface. We
found that organic substrates such as commercial poly-
ester sheets, silicon rubbers, and so on could be very
rapidly covered by blue PB, so that they could not be
used even as the materials for the electrode mounting.
In order to minimize contaminations of organics, we
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used a platinum disk sealed in a glass tube. This elec-
trode was polished with alumina slurry (0.05 um par-
ticle size) and then cleaned in concentrated sulfuric
acids for 30 min before use. Although well-reproduc-
ible results were obtained with this care, a maximum
coverage of PB of about 3 mC/cm2, as a total amount
of the charge consumed by the reduction of PB, was
obtained for 30 min in a solution of 10 mM in FeCls -
6H20, 10 mM in K3Fe (CN)sg, and 0.01N in HC1. No more
than 3 mC/cm? could be obtained on platinum elec-
trodes. This was visually merely slightly blue.

We observed an open-circuit potential, 0.98V vs. SCE,
for a platinum disk electrode in the above solution.
Such an extraordinary positive value could not be ob-
tained either in solutions of ferric chloride or of potas-
sium ferricyanide, indicating that a solution of ferric-
ferricyanide is a very strong oxidant. This is probably
the reason why organics were covered by blue PB so
quickly. Although mechanistic studies of the deposi-
tion of PB in the procedure proposed by Neff would
be of special interest, we wish to address a new versa-
tile method for the preparation of PB modified elec-
trodes in this paper. This new method is a much more
straightforward way for the preparation of the thin
film and is based on an electrochemical reduction of
the ferric-ferricyanide solution. A fresh solution of
reagent grade FeCl;-6H2O (0.02M) and 0.02M of
K3Fe(CN)g was prepared in distilled water. The elec-
trodes such as SnO;, Pt, and glassy carbon, immersed
in the ferric-ferricyanide solution were cathodically
polarized for 120 sec under galvanostatic conditions
with current density of about 40 xA/cm?2. A large plati-
num foil electrode was used as a counterelectrode. The
blue color due to the formation of Prussian blue on
electrodes is observed at the beginning of the electroly-
sis. The electrochemistry of the electrodes covered by
the thin film of PB was examined in an acidic 1M KCl1
solution (pH = 4.0). The pH of the 1M KCI solution
was adjusted by hydrochloric acid. Figure 1 shows a
cyclic voltammogram of a film of PB on an SnO:;
electrode. Note that PB could not be deposited on a
well-cleaned SnO; electrode by a dipping method pro-
posed by Neff (8). Only a small amount of PB, less
than 0.08 mC/cm2, could be deposited on SnO; elec-
trodes for 30 min immersion. Two surface waves ob-

1mA/gm?

| " L L " . N d

PB MODIFIED ELECTRODES

10 05 O V vs SCE
Fig. 1. A cyclic voltammogram of a Prussian blue modified SnO»
electrode in 1M KCI solution (pH 4.0). The charge consumed by
the reduction of the Prussian blue modified electrode was about
4.8 mC/cm2. Scan rate of the electrode potential was 50 mV/sec.
The electrode; Corning (10 Q/[).
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served at about 0.2 and 1.0V vs. SCE are due to the
reduction and the oxidation of PB, respectively. As
mentioned above, Prussian white, a reduced form of
PB, can be formed by the electrochemical reduction
and Prussian green, an oxidized form of PB, can be also
formed by the oxidation process. The electrochemistry
of the electrochemically prepared PB is almost the
same as that reported by Neff et al. (8, 9). The elec-
trochemical processes of the reduction and of the oxi-
dation are formulated as the following equations using
two formulas of PB

(reduction of PB)

KFelllFell (CN)g + e~ + K+ - KyFellFell(CN)g [1]
or
Fe I[Fell(CN)gls + 4e~ 4 4K+ >

KyFe ![Fell(CNgls [2]
(oxidation of PB)

KFelllFell (CN)g — e~ — K+ — FelllFelll(CN)  [3]
or
Fe,I[Fell(CN)¢]s — 3e~ + 3Cl~ -
Felll[FellI(CN)g - Cl]s [4]

It is noteworthy that the oxidation of PB must in-
volve penetrations of anions (Eq. [4]) for maintaining
electroneutrality, if the formula of PB is “water insol-
uble PB,” FeylI[Fell(CNg]s. Specific dependence of
the oxidation of PB on the kind of anions of supporting
electrolyte would be of interest. The composition of the
electrochemically prepared PB would be very impor-
tant in mechanistic studies. It is very interesting that
the chromophores of Felll are reduced at a more nega-
tive potential than that of hydrated Fe3+ and that the
chromophores of Fe!l are oxidized at a much more posi-
tive potential than that of ferrocyanide.

Figure 2 shows cyclic voltammograms of the reduc-
tion of PB on a platinum electrode. The linear depen-
dence of the peak current, ipc and ips, on the scan rate

i
e V vs SCE
A .

L 1 I i J

04 03 0.2 o1 (] -01 -02

Fig. 2. Cyclic voltammograms of Prussian blue modified Pt elec-
trodes in a 1M KCI solution (pH 4.0). A, cyclic voltammograms on
the reduction side of a Prussian blue modified Pt disk electrode at
different scan rates (1, 50 mV/sec; 2, 20 mV/sec; 3, 10 mV/sec;
4, 5 mV/sec; 5, 2 mV/sec). The charge consumed by the reduction
of the electrode was about 4.8 mC/cm2. B, a cyclic voltammogram
through the both waves of a Prussian blue modified Pt electrode.
Scan rate of the electrode potential was 100 mV/sec. The charge
consumed by the reduction of the electrode was about 0.48 mC/cm?.
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of the electrode potential was obtained up to 100 mV/
sec indicating that the waves observed here are essen-
tially surface waves like polymer modified electrodes
(10-12). Very fast current responses, less than 100 msec,
were observed on a platinum electrode by stepping the
electrode potential between —0.3 and +0.6V (16). The
waves obtained on a platinum electrode are much
sharper than those obtained on SnO; electrodes. This
is probably due to the ohmic resistance in SnO: elec-
trodes. The behavior observed on other metallic elec-
trodes such as gold or glassy carbon was the same as
obtained on platinum electrodes. SEM of films prepared
electrochemically on SnOs, Au, and Pt electrodes re-
veal very uniform structures. A preliminary value of
density of PB film was about 1.4 determined by a mea-
surement of the thickness of a PB film, which is almost
the same as a literature value [d = 1.78 (2)]. The
thickness of about 1000A was obtained for the film of
5 mC/cm2. These results show that an electrochemical
method is satisfactory for the preparation of PB films
with a uniform thickness on substrates.

The separation between the peak potentials of the
anodic and cathodic waves depends on the scan rate of
the electrode potential and on the amount of PB on the
electrode, as shown in Fig. 2A and B. Note that the
total amounts of the charge consumed by the reduc-
tion of PB in Fig. 1 and Fig. 2A were about 4.8 mC/
cm2, which was almost the same as the charge passed
through a cell for the preparation of PB described
above. This strongly suggests that the efficiency of the
electrochemical reduction of the ferric-ferricyanide so-
lution to form PB is about unity. The formation of a
one-to-one complex, Felll ... FellI(CN)g, between fer-
ric and ferricyanide ions has been studied (13-15) and
this might be important in the electrochemical deposi-
tion of PB. The electrochemical investigation of the
deposition process of PB would be of special interest.

The stability of PB on the electrodes was excellent.
No degradation of the peak height was observed under
repeated scanning over the reduction of PB, between
—0.3 and +0.6V after 105 cycles at a scan rate of 100
mV/sec.

Figure 3 shows the absorption spectrum of a PB
modified SnO; electrode obtained in situ at various
electrode potentials. A similar spectrum has been re-
cently reported by Ellis et al. (9) using a gold semi-
transparent electrode. A line labeled A, obtained at
0.5V, is essentially the same as the spectrum of the
colloidal form of PB reported by Robin (6). A strong
band observed at 690 nm is assigned to an optical
transition from an electric configuration of FelllFell-
(CN)g to FellFellI(CN)g (6). The spectrum labeled B
was obtained at —0.3V where no distinct absorption
band was obtained in the visible region. The spectrum
labeled C, obtained at 1.4V, has a band at 430 nm, which
may be the origin of the color of Prussian green. The
molar extinction coefficient of PB has been measured
as 9800 at 14,700 cm—! using aqueous dispersions of PB
(6). The absorbance obtained by a film having 5.4
mC/cm? as the total charge consumed in the reduction
of PB was about 0.45 at 700 nm. Based on these values,
the molar absorption coefficient is calculated as about
7000, assuming one-electron transfer reactions (Eq.
[1]). The change of the absorption spectra of PB ob-
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Absorbance (arb. u)

400 500 600 700 800 nm
Fig. 3. Absorbance changes of a Prussian blue modified SnO2

electrode obtained at different electrode potentials. A, B, and C

were obtained at 0.5, —0.3, and 1.4V vs. SCE, respectively.

tained at different electrode potentials is reversible,
which can be considered as a material for an electro-
optical signal modulator (16).

Manuscript submitted July 27, 1981; revised manu-
script received Dec. 17, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1983 JOURNAL.
All discussions for the June 1983 Discussion Section
should be submitted by Feb. 1, 1983.

Publication costs of this article were assisted by
Tohoku University.
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Studies on Photoelectrochemical Properties of SnO. Films Prepared

from Organic Resinate Solution

David E. Stilwell* and Su-Moon Park**
Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

ABSTRACT

Tin oxide (Sn0,) thick films have been prepared on glass surfaces from organometallic tin resinate solutions, and
their photoelectrochemical properties have been studied. The antimony-doped tin oxide film showed similar photo-
electrochemical properties to those of the n-SnO, single crystal electrode. No anodic dark current was observed for the
electrolysis of water up to the bias potential of 2.0V vs. SCE and saturation currents were observed upon illumination.
These and other results indicate that SnO, films prepared from the resinate show purer semiconducting properties
with less degenerate energy levels than those prepared from aqueous SnCl,. Possible reasons are discussed from

experimental observations.

Tin oxide films on glass have been used widely as an
electrically conductive glass. Some of the methods
used for producing SnO, films on glass include oxida-
tion of deposited tin on glass, precipitation of tin hy-
droxides with ammonium hydroxide followed by
washing, drying, and heating, chemical vapor deposi-
tion of SnCl, onto heated substrates, and d-c glow dis-
charge sputtering (1). Recently, a chemical vapor
deposition technique using tetramethyl tin also pro-
duced the oxide film (2). Various methods of thin and
thick oxide film preparations are reviewed in the liter-
ature (1). The most common method of preparation of
SnO; films is by using aqueous SnCly solutions (1, 3).
In this method, a solution containing stannic chloride,
HCI and dopant such as antimony or the halogen itself
is sprayed on the substrate surface and decomposed
thermally. This method produces highly stable con-
ducting films on glasses. Besides near metallic conduc-
tivity, these n-type semiconductors exhibit optical
transparency, high oxygen overpotential, low back-
ground current, low sorption of organics, chemical
durability, and mechanical stability. Commercial con-
ducting glasses made by this method are available.
Much work has been carried out to characterize the
optical and electrical properties of films produced by
this method (2-18).

There are several electrochemical applications of
such films. These applications include the use of films
on glasses as working electrodes in photoelectrochemi-
cal cells (19) and spectroelectrochemical cells (13).
They can also serve as a substrate for the deposition of
other polycrystalline semiconductors such as n-CdS
(20).

In this study, we report a new method of the SnO,
film preparation on the surface of glasses using organic
tin resinate solution. The physical and electrochemical
properties of SnO, films thus prepared are also char-
acterized and compared with those of films prepared
from SnCly solutions.

Experimental

Stannic chloride (Baker’s Analyzed), antimony tri-
chloride (Allied Chemical), hydrochloric acid (Mal-
linkrodt), nitric acid (DuPont), and sodium hydroxide
(Baker’s Analyzed) were used as received. Tin resin-
ate solution (Hanovia Liquid Gold, Engelhard, No.
118-B) had an Sn content of 3.1%. Elemental analysis
of this sample gave 74.61% carbon and 8.73% hydro-
gen with no detectable nitrogen. The infrared absorp-
tion spectrum showed a high content of the carbonyl
group. The sample also contained no detectable amount
of chloride, when it was subjected to the concentrated
nitric acid and hydrogen peroxide to decompose or-

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.
Key words: n-SnO: film, organic resinate solution, photoelectro-
chemistry, semiconductor.
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ganic components, followed by the addition of silver
nitrate to the clear aqueous solution. The solute was
soluble in acetone and a precipitate was formed when
mixing with water. The solution was filtered and used
after mixing with about 60% of acetone.

Films were prepared on glass surfaces by the pull
method, horizontal coat method, and spray method
(1). Soda-lime silica glass microscope slides (Fischer)
were used for the baking cycle lower than at 550°C.
Above 550°C, vitreous silica (quartz) glass microscope
slides (Heraeus-Amersil, Sayreville, New Jersey)
were used as the substrate. In a spray method, a
Paasche air brush (Model H-3) was used to spray the
resin/acetone mixture onto the glass. An all-glass
chromatography atomizer was used when the SnCly
solution was sprayed. The carrier gas used was oxy-
gen with the applied pressure of 13 psi and the distance
from substrate to the air brush was 15 em from the
leading edge with a spray angle of 60°. The solution
flow rate was 0.05-0.07 ml/sec. The solution was
sprayed for 4-12 sec for each coating.

The conductivity of films thus prepared was mea-
sured by a two-point probe with a distance of 1.0 ecm
by applying 4.00V and measuring the current. The
thickness of films was measured by weight gain em-
ploying the density of SnO; of 6.95 g/cm3 for the non-
reflective films (21). For the reflective films, it was
measured by the Tolansky method by recording an
absorption spectrum of the film (22). For a weakly
absorbing thin film, the thickness, t, is given by

M:-r A

2(Myg + e — Mg * M)

where M is the number of oscillations between the two
extremes of the reflective pattern, and na; and ny, are
refractive indexes of the film at two wavelengths, %
and g, respectively. In the case of SnO», the refractive
index is approximately 2.0 (5) at the two wavelengths
used and thus the above equation reduces to

ML he
T 40— M)

The film thickness measured by these two methods
was consistent within about 10%.

Electrochemical measurements were made with a
Princeton Applied Research (PAR) Model 173 poten-
tiostat-galvanostat with a Model 176 I/E converter and
a Model 175 universal programmer. Electrochemical
cells had a three-electrode configuration with the
SnO, film as a working electrode, the platinum foil as
a counterelectrode, and the saturated calomel electrode
(SCE) as a reference electrode. The electrode was il-
luminated from the backside or frontside using an
Oriel Xenon arc lamp (1000W) with an Oriel 8540 uni-
versal power supply. Monochromatic light was ob-
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tained using an Oriel 7240 monochromator with a
bandpass of approximately 20 nm. The photon flux
was measured by using an International Light Model
IL-700 radiometer. The electrode area exposed to the
solution was approximately 0.38 cma2.

Results and Discussion

The films prepared by the pull method and the
horizontal coat method (1) had very poor mechanical
and electrical properties. Films prepared on a soda-
lime silica glass microscope slide were heated to 500°C.
Three temperature zones were noted. Up to 150°-200°C
white fumes were seen and the resin spread out. Be-
tween 200° and 350°C the coating turns from amber to
black color. Heating at 450° ~ 500°C or higher made
the coated surface clear. Generally the films were non-
reflecting and spongy yellow-white. Microscopic ex-
amination revealed large amounts of entrained partic-
ulate foreign matter. This could be somewhat driven
off by heating at 580°C for 12-24 hr. This heat-treat-
ment, however, caused the coating to lose most of its
conductivity. Films thus prepared had resistances of
greater than 108 Q-cm. and a thickness of about 1800-
2500A as determined by the weight gain. Further, re-
producible films could not be prepared by these
methods.

Since films prepared by the pull method and the
horizontal coat method were very poor in their me-
chanical, optical, and electrical properties, we decided
to use the spray method. The spray method gave much
more reproducible results than the above methods, as
can be seen in Fig. 1-3. Figure 1 shows that the in-
crease in weight of the oxide film can be made repro-
ducible, provided the flow rate, spray duration per
coat, and substrate temperature are maintained con-
stant. The amount of tin oxide deposited on glass sur-
faces can also be controlled by the substrate tempera-
ture as is shown in Fig. 2. Films thus prepared had
some interference reflecting properties, which were
considerably enhanced by filtration of the resin. The
film made from the unfiltered resin had many black/
amber impurities of 1-40 microns, while those from
filtered resin had particles of 1-8 microns with much
less frequency.

The undoped films made by this method had re-
sistances of greater than 107 Q-cm, even after as many
as 15 coats. The thickness determined by the Tolansky
method varied between 5000 ~ 7500A. Resistances can
be made significantly lower to the range of about 5000
Q-cm by doping with antimony. Doping was accom-
plished by dissolving 1.5 mol percent SbCly with re-
spect to the tin content in the solution sprayed. In

10+
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Fig. 1. Increase in the weight of the oxide film as a function of
the total resinate spray time. See the text for the experimental
details.
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Fig. 2. Weight per coating as a function of the substrate tem-
perature. The spray duration was held constant at 19 sec.
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Fig. 3. Currents across the two probes at an applied potential of
4.0V as a function of the number of coatings. The thickness of
films after 15 coatings was about 750 nm.

order to compare the properties of SnO: films, we also
prepared the film using a mixture of 3M SnCly - 5H50,
and 0.03 ~ 0.056M SbCl; in water (3, 17). Thicknesses
of 5000 ~ 10,000A with resistances of 1-500 Q-cm were
obtained by this method. The mechanical quality of
films made from the SnCly solution was almost always
superior to that of films made from the resinate solu-
tions. Resistances were lower for films made from the
SnCly solution than for those from the resinate solu-
tion. This indicates that impurities (mostly chloride)
contributing to conductivities are much higher in films
made from the aqueous solution than from the resinate.
Also, as mentioned earlier, the fact that further heat-
treatment made films lose their conductivity suggests
that impurities play a major role for making undoped
film conductive. It should be pointed out, however,
that this heat-treatment may also remove the oxygen
deficiency. Although antimony trichloride was used as
a dopant both in the aqueous and the resinate solu-
tions, we believe that very low or practically no
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chloride was trapped in the film prepared from the
resinate solution, resulting in lower conductivities. The
chloride entrapment would be very low due to the
small quantity of SbCl; used and due to the high vola-
tility of SbCl; in organic solvents as opposed to the
aqueous medium.

Since our major interests are their application to the
photoelectrochemical work, we carried out electro-
chemical studies using films thus prepared. Figures 4
and 5 show the results of the photocurrent vs. applied
potential at the illuminated electrode. The results ob-
tained using films made from aqueous stannic chloride
(Fig. 4) are in excellent agreement with the ones re-
ported by Kim and Laitinen (3, 17). No limiting cur-
rent is observed at the electrode made from aqueous
SnCl; solution. Even in the dark, a significant amount
of the current was observed above 1.0V wvs. SCE. Al-
though photocurrents were observed as shown in Fig.
4, they were completely absent when the doping level
was made high. Also, photocurrents were not observed
at the commercial tin oxide electrode (NESA glass.
Pittsburgh Plate Glasses, Pittsburgh, Pennsylvania),
probably due to its high doping level. Thus the tin
oxide electrode prepared from the aqueous SnCl, solu-
tion shows its intermediate properties between semi-
conductor and the metal. As pointed out, this may be
because of the high doping level and many degenerate
energy levels probably due to chloride. Background
current observed at about 1.0V vs. SCE in the dark and
at about 0.6 ~ 0.8V vs. SCE under illumination may be
due to the water oxidation as well as chloride oxidation
at the surface (4, 17).

At the SnO, electrode prepared from the resinate
solution the photoelectrochemical behavior was quite
different as can be seen in Fig. 5. In the dark, there
was practically no current up to about 2.0V ws. SCE.
Limiting photocurrents were observed at higher poten-
tials than 0.5V vs. SCE. This behavior resembles the
observation reported by Wrighton et al. on the single
crystal SnO; electrode (23). For long time (~2 days)
electrolysis, we were able to collect about 0.5 ml of the
gas product, but we did not perform the product
analysis.

An interesting difference between these two elec-
trodes can be seen in Fig. 6. The photocurrent rises and
decays much faster at the electrode prepared from
SnCly than the one from the resinate solution. The
decay rate does not follow a simple exponential func-
tion. Moreover, the decay rate was not significantly
potential dependent. A simple R-C circuit model would
predict an exponential, potential dependent decay. We
speculate that this decay could be due to chemical
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Fig. 4. Photocurrents vs. applied potential at the SnOy electrode
prepared from SnCls. The solution was 1M in NaOH and the elec-
trode was illuminated from the backside. 1, Current in the dark
and 2, current under illumination.
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Fig. 5. Photocurrent vs. applied potential at the SnO; electrode
prepared from the resinate solution. The electrode was doped with
antimony. Experimental conditions were almost identical to those
for Fig. 4.

reactions of adsorbed/entrained organic radicals that
are photochemically formed. Note that the decay is

b.

Fig. 6. Time dependency of
the photocurrent rises and de-
cays. (a) Film prepared from un-
filtered, doped resinate solution
baked at 550°C. Time to decay
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90% was longer than 300 sec.
(b) Film prepared from filtered,
doped resinate solution baked at
550°C. Time to decay 90% was
about 30 sec. (c) Film prepared
from filtered, doped resinate
solution baked at 650°C. Time
to decay 90% was about 10 sec.
(d) Film prepared from SnCly
methods. Time to decay 90%
was less than 1 sec.
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fastest when the resin is filtered and the film is baked
at 650°C, when the film is purest with respect to or-
ganic material. This was not pursued further, since the
composition of the resinate was known no more than
already described from our analysis.

Wavelength dependence of photocurrents is shown
in Fig. 7 and 8 for both films obtained by front and
backside illumination. The photocurrent rises sharply
near the absorption edge for SnO,. The photocurrent
spectra closely resemble those reported by Wrighton
et al. (23) and Moller and Memming (25). These two
figures will be discussed in more detail later in this
section.

The photocurrent for the water oxidation increases
as a function of the light intensity illuminated (Fig. 9).
The linearity of the photocurrent-light intensity plot
indicates that the photoelectrochemical oxidation rate
is controlled by the rate of the hole generation. Note
in the plot that the photoanodic process for the oxida-
tion of water appears to require a threshold intensity
as shown by lines 1 and 2 at lower applied potentials,
i.e., 0.0 and 0.20V wvs. SCE, respectively. When the bias
potential becomes high enough, the photocurrent-
intensity curves pass through the origin as expected. A
possible explanation for this observation could be that
the hole diffusion lengths are small enough at the
lower bias potential and at a low light intensity that
holes generated at the glass-film interface may not
reach the electrode-liquid interface, where oxidation
of water takes place. Note that in all experiments, the
electrode was illuminated from the backside.

In order to examine this postulate we carried out the
thickness dependence of the photocurrent. The results

Photocurrent , pA
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Fig. 7. Photocurrents vs. illumination wavelengths for SnOy films
prepared from SnCls. (a) Backside illumination. The solution was
IM NaOH and the potential applied was +-0.50V vs. SCE. Film
thickness: (O, 160 nm; [J, 284 nm; A, 370 nm; 4, 470 nm; @,
1000 nm. (b) Frontside illumination. The same experimental condi-
tions were used as in (a).
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Fig. 8. Photocurrents vs. illumination wavelengths. (a) The SnO»
film prepared by SnCly methods. The thickness of the film was
470 nm. All other conditions were the same as those in Fig. 7. O,
frontside illumination; A, backside illumination. (b) The SnO; film
prepared by resinate methods. The film thickness was 440 nm. All
other experimental conditions were the same as in (a). OO, front-
side illumination; ], backside illumination.
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Fig. 9. Photocurrent vs. the i ity of light ill d. Mono-
chromatic light (335 nm) was used for this experiment. The solu-
tion was 1M in NaOH. The potential applied was curve 1, 0.0V;
curve 2, 0.20V; and curve 3, 0.50V vs. SCE, respectively.

are shown in Fig. 10. These experiments were per-
formed at the SnO; electrode prepared from the aque-
ous SnCly solution due to its superior mechanical prop-
erties, i.e., durability in the solution. The photocurrent,
highest when the thickness is approximately 100 nm,
decreases as the thickness of the film increases. Our
observation does not agree with that of Mdller et al.
(25), who reported that the photocurrent at the TiO»
film electrode increased as the thickness of the film in-
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Fig. 10. Photocurrent vs. thickness of the film. The film was pre-
pared from SnCly for this experiment. M hromatic ill
(335 nm) was used in 1M NaOH solution. The potential applied
was 0.50V vs. SCE.

tion

creased, when illuminated at the backside. They, on
the other hand, observed the reverse trend when the
electrode was illuminated through the electrolyte.
These authors attributed their observation due to the
electron trapping before electrons reach the contact of
the TiO; film with the substrate. In our case, the holes
generated upon illumination at the glass-SnO, inter-
face appear to be trapped before they reach the SnO-
film-electrolyte interface. This can be substantiated by
comparing the photocurrent as a function of wave-
lengths for backside and frontside illumination. As
one varies the excitation wavelength from 335 to 300
nm at a constant illumination intensity, the fraction of
photons actually absorbed in the space charge region
is expected to decrease with increasing film thicknes:
for backside illumination for films thicker than about
200 nm. This is due to higher absorption coefficients at
shorter wavelengths. This argument would hold true
only if the donor density is very high as in the films
from the SnCly methods, resulting in small space
charge regions. For frontside illumination this fraction
is expected to rise, independent of thickness. Thus the
photocurrents for frontside illumination should rise
with shorter wavelengths and be independent of thick-
ness, while backside illumination should show attenua-
tion of photocurrent at lower wavelengths as a func-
tion of thickness. Further the photocurrent for front-
side illumination is predicted to be higher for all
thicknesses. This is shown in Fig. 7a and b. When the
thickness is large for frontside illumination (Fig. 7b),
electrons in the space charge region may be trapped
before they reach the contact, as Moller et al. (25)
pointed out.

When the film has a lower donor density as indicated
by high resistivity, the space charge region will be
very large; expected photocurrent behavior for the
frontside and backside illumination should be differ-
ent. Figure 8a and b compares the action spectrum of
films prepared by SnCly and resinate methods. Note
that the films prepared from the resinate show much
less attenuation for backside and frontside illumina-
tion, and that the photocurrent is about an order of
magnitude higher. Also, the photocurrent increased
with the film thickness of up to about 450 nm for both
frontside and backside illumination (not shown in the
figure). This indicates that the space charge region is
very large; high fractions of the photons are collected
Zgoelectron-hole pairs up to the film thickness of about

nm,
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These data suggest that the chloride serves as trap-
ping centers in films prepared from SnCl, while the
films from the resinate contain much fewer trapping
centers. Due to lower donor densities, the space charge
region for the films from the resinate should be very
large, as already pointed out. This should be the reason
for the increased photocurrents with larger thickness
for frontside and backside illumination.

For these measurements the intensity output of the
lamp was adjusted to compensate for absorption
through the quartz glass and the apparatus, such that
the intensity at all wavelengths were the same within
about 10%, as well as identical intensity for frontside
vs. backside illumination. For these measurements a
cell was constructed so that the comparison could be
made by merely rotating the cell 180° about the film,
i.e., the film remained at the same area in space.

These observations agree well with our previous ob-
servation that the threshold photon flux is required at
lower bias potentials. When the bias potential is high,
however, the length of the space charge region may
become comparable with the film thickness, requiring
a low photon flux to produce the anodic photocurrent
at the film-solution interface.

Conclusion

Our study has shown that the oxide film semicon-
ductors can be produced more purely from organo-
metallic compounds. Films produced from the organo-
tin compound have poorer mechanical and electrical
properties. The stability of films were poorer under the
photoelectrochemical experimental conditions and the
films had generally higher resistances than the SnO»
films prepared from the aqueous SnCl, solution. Photo-
electrochemical experiments show that films from the
organotin compound have similar properties to those
of the single crystal SnO; electrode. No anodic currents
were observed in the dark up to 2.0V vs. SCE, whereas
the onset potential for the photocurrent for the oxygen
evolution was about —0.28V. The saturation current
was observed at this electrode, while it was not ob-
served at the film made from SnCly. Some of these
properties are summarized in Table I for comparison.

These observations as well as results obtained from
the time dependence of photocurrents indicate that the
depletion layer should be larger for the films from the
resinate solution. This is probably because the chloride
in the polycrystalline SnO, film provides many energy
levels and trapping centers. Thus our studies indicate
that films that more resemble single crystals are ob-
tained by avoiding an aqueous solution as a source of
metal oxides. We attempted to determine the chloride
content in films prepared by two methods using the
energy dispersive spectroscopy (EDS) method but the
technique was not sensitive enough to detect any
chloride from any films.

Experiments on the film thickness dependence of
photocurrents show the importance of hole trapping.

Table I. Comparison of films prepared by two methods

SnO: by SnO: by SnCls
resinate method method
Time to prepare film 8-15 hr 0.5-1 hr
400 nm thick
Resistance 5 kQ upa 1-500Q
Stability of film Film eventually swells Stable
and falls

Stability of photore- Decreases slowly with Mostly stable
sponse time
Initial photoresponse About an order of mag- —
nitude greater than
SnCl: method
Batch reproducibility Poor-fair Fair
of photoresponse

a When films were prepared side by side but using regular glass
and quartz as substrate, only the film on quartz substrate was
conductive,
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Holes generated would be trapped before they reach
the film-electrolyte interface to oxidize water, if the
film thickness is larger than the space charge region.
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Ternary Chalcogenide-Based Photoelectrochemical Cells
Il. The n-CdInzSes/Aqueous Polysulfide System

Reshef Tenne, Yehudith Mirovsky, Ya’'acov Greenstein, and David Cahen

Department of Plastics Research and Structural Chemistry, The Weizmann Institute of Science, Rehovot 76100, Israel

ABSTRACT

CdIn,Se, is a cross-substitutional analogue of CdSe with an incomplete cation lattice. We have carried out an
investigation of the n-CdIn,Se,/aqueous polysulfide photoelectrochemical cell. A selective photoelectrochemical etch-
ing of the semiconductor surface leads to a dramatic increase in the photocurrent of the cell (up to 15 mA - cm™ at
small reverse bias) and greatly improved output stability. The spectral response of the cell reveals a considerable
sub-bandgap photocurrent for the etched electrode. This is attributed to excitation via surface states located ~0.27 eV
within the bandgap. After photoetching the electrode, most of the sub-bandgap response disappears and the response
to supra-bandgap excitation increases by at least an order of magnitude that shows that these surface states serve also
as recombination centers or traps for the photogenerated holes. We have analyzed the shape of the spectral response
and observed two distinct transition modes: an indirect transition at 1.55 eV and a direct one at 1.72 eV, both of which
are within the acceptable range for efficient solar energy conversion. Preliminary results using thin film polycrystalline
photoelectrodes of this semiconductor are presented. They show that this material tends to lend itself fairly well to
preparation of such electrodes.

II-VI materials, and especially Cd-chalcogenides, are
among the most studied photoelectrodes for photo-
electrochemical solar cells (PEC’s) (1). From this class
of materials have come thin film polycrystalline-based
PEC with up to 8% solar efficiency (2), and ~1 year
day/night output stabilities have been measured so far
with CdSe electrodes, all in polysulfide electrolyte.
Some progress has also been made toward understand-
ing the possible corrosion processes occurring in these
systems on an atomic scale (3). From the point of view
of chemical (compositional) flexibility, the II-VI class
of materials is somewhat limited, both in terms of

Key words: solar cells, special response measurements, band-
gap, transition mode, thin film electrodes.

possible constituents and their optical and electrical
properties (e.g., optical bandgap). Many more possibil-
ities for choosing electrode materials exist if ternary
and higher analogues, which can be obtained by cross-
substitution of the electropositive constituent, are con-
sidered. Up to now only CulnS; (the true ternary
analogue of Zng ;Cdo5S) has been studied as an elec-
trode in a PEC (4). Its remarkable output stability
prompted us to look at a slightly different ternary
analogue (of CdSe, in this case), namely CdInzSey.
Figure 1 illustrates the relationships between several
adamantine (zinc blende or wurtzite-related) struc-
tures, and their parent structure, diamond. In all of
these chalcogen is tetrahedrally coordinated by “ca-
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tions,” i.e., the more electropositive species, and bond-
ing is thought to be predominantly by sp? hybrids (see
however below). In all of them a (nearly) close-packed
partial structure of the chalcogens is found. [Similar
series exist, derived from III-V materials, e.g., InP,
CdSnP;, and other tetrahedrally coordinated ones (6).]

As can be seen from Fig. 1, the remarkable aspect of
CdIngSes and related II-III,-VI4y compounds (as well
as some II,-IV-VI4 and I3-1I-VII4 ones) is the incom-
plete lattice of electropositive ions. This is sometimes,
incorrectly, referred to as a “defect” lattice (no de-
fects as such are implied by the structure). Their struc-
ture can be described as a cubic close-packed one in
which only 3/8 of the tetrahedral sites are occupied,
as compared to 1/2 occupancy in “normal” adamantine
materials. While most of the II-III;-VI4 materials adopt
this structure, some, like CdIneS, take on a more or less
disordered spinel one. CdInySes crystallizes in space
group P42m (Dg4!) and thus has a pseudocubic)
tetragonal structure with lattice dimensions a = 5.8174
and ¢ = 5.817A (Z = 1). At higher pressures it under-
goes transformations to either the spinel structure of
CdInySs (at lower temperatures) or to the rocksalt
structure (at higher temperatures) (6, 7).

While in all adamantine-type materials the (valence)
electron to atom ratio is 4, it is apparently higher in
the II-III,-VI4 ones, unless the “vacant” site is counted
as well (6), leading to the notation II-[J-III,-VIy.

The presence of ‘“vacant” sites (pseudovacancies)
seems to affect the valence band characteristics of
CdInsSey, in that it introduces a high density of states
near the top of the valence band, as compared to II-VI
compounds (8, 9). This effect has been attributed to the
quasi-lone pair electron states of the anions around,
and directed toward, the pseudovacancies. These states
can be considered somewhat akin to those arising from
dangling bonds. Such bonds, on the surface of a II-VI
compound, give rise to states within the forbidden gap.
In the case of CdInsSey, a slight displacement of the
anions around the pseudovacancies apparently in-
creases the binding energies of the quasi-lone pair
electrons sufficiently to “pull” these states into the
valence bands. This leads to a widening of the upper
valence band (8) and to the previously mentioned high
density of states near the top of this band. Such a high
density of states is found also in I-III-VI» chalcopy-
rites, where it has been attributed to the admixture of
d-levels to the upper valence band (10) [up to 45%
d-orbital contribution is estimated for CulnS; (11)]. In
CdIngSes such a contribution is expected to be rather
small because of the depth of the Cd 4d levels, with
respect to the top of the valence band (8, 9).

While in the case of CdSe (and other II-VI com-
pounds) the upper valence band is composed entirely of
states of bonding electrons (from s and p orbitals) the
above discussion indicates that this is not necessarily
so for the I-III-VI, chalcopyrites and for CdInsSey [or
ZnInsSey (9)], where states of electrons, which are
to some extent nonbonding, make up the top of the
valence band. This offers the possibility of using these
materials as photoelectrodes in a PEC, without weak-
ening the chemical bonds to the same extent as ap-
parently occurs in, e.g., CdSe, where the Cd-Se bond
is known to be prone to hole attack (3). In other words,
such photoelectrodes might be expected to be more
stable than those made up of their binary analogues.
[Results for n-CulnS; do indeed confirm this (4).]
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Fig. 1. lllustration of the te-
trohedral bonding between the

Tp % ,h central chalcogen ion and the
Py _Se electropositive ions in adaman-
As Cl In tine compounds, as compared to
I,-Y-1, n-m-u, the parent structure-diamond.
LUZONITE Cdln,Seq

Although AgInSe; would be the logical choice to
study as a true ternary analogue of CdSe, the fact that
appreciable ionic conductivity may occur in it (11)
will complicate any comparison that can be made in
terms of PEC performance. Therefore we turned to
CdInySes and investigated its behavior as a photo-
anode in a polysulfide PEC. The width of the forbidden
gap of CdInsSes (1.55 eV, see below) is closer to the
optimal value for terrestrial photovoltaics than that
of its binary analogue, CdSe (1.7 eV), or that of
AgInSe; (1.2 eV). This value is clearly influenced by
the presence of In-atoms (lowering it, compared to
CdSe), although the higher charge on Cd than on Ag
places it intermediate between its two analogues. While
the material has rather poor solar conversion efficien~
cies at present, initial results on its output stability
and photocurrents (under bias) were sufficiently en-
couraging to warrant a more detailed study.

Methods and Materials

Materials.—CdInySes crystals, synthesized from the
constituent elements were grown and doped by W.
Giriat (Centro de Fisica, Inst. Venez. de Invest. Cient,,
Caracas, Venezuela). Their resistivity was several
ohm - cm. Crystals were polished to 0.05 wm finish
with alumina paste (Buehler). They were etched with
fresh aqua regia (1:4 HNO;3:HCl mixture) and im-
mersed for a few seconds in polysulfide solution to dis-
solve any free Se from the surface of the electrode.
Immersion in 10% KCN solution for 60 sec was found
beneficial and was applied at a later stage of this study
when we measured the photoresponse of these cells
(see below). Ohmic contact was established by rubbing
In-Ga alloy on the back surface of the crystal and
soldering pure In on top of that layer. A copper wire
was attached to the crystal by means of silver epoxy
(Type 50, Transene). Insulating epoxy was used to seal
the electrode except for its front surface. Photoetch-
ing of the electrode was carried out in 10 times diluted
aqua regia by connecting the photoelectrode, a Pt wire
reference electrode, and a carbon counterelectrode to a
potentiostat and illuminating at intensity of ~ AMI1.

Polysulfide solution which was 2M with respect to
added KOH, S, and NayS, each, was prepared from
AR grade reagents (Frutarom and Merck) and deion-
ized water. Light intensities were varied with neutral
density filters (Schott), except where noted.

Instrumentation.—This included a standard photo-
electrochemical setup with a variable intensity tung-
sten-halogen light source, Elscint Model CHP-1 po-
tentiostat; Yokogawa Model 3066 X-t recorder; and
Tabor DMM 4021 multimeter.

Net photocurrents under monochromatic excitation
were measured with a phase-sensitive technique which
included a tungsten-halogen light source, Schoeffel
monochromator, mechanical chopper, Wenking LB 75 L
potentiostat, homemade potential sweep generator,
Brookdeal Model 9505-SC two-phase lock-in amplifier,
and Houston Instruments X-Y recorder (Model 165).

Results and Discussion

Photoelectrochemical investigation.—Figure 2 shows
the I-V curves in the dark! and under illumination for
an electrode after chemical etching and short photo-

1 Similar to Cd-chalcogenides in polysulfide electrolyte the dark
current decays with time under small forward bias, but goes

through a minimum vs. time under forward bias greater than ~500
mv (12
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V(mV)vs Pt

etched light —--
etched dark —-—--
photoetched light —
photoetched dark -.---

Fig. 2. I-V curves for CdlnsSes in (2;2;2) polysulfide electrolyte
(2M with respect to each OH—, S=, and S) in the dark and under
illumination of ~80 mW : cm—2, Photoetching at +1V vs. Pt
Eredox = —0.78 vs. SCE.

etching. A large difference in the photocurrent is ob-
served between the etched and photoetched electrode.
Whereas the photocurrents measured for the etched
electrode under reverse bias never exceeded 1 mA -
em~—2 under AM1 illumination, typical currents of 5-7
mA - cm~—2 were obtained with the photoetched elec-
trode under reverse bias. Furthermore by dipping the
best electrode for a few minutes in 10% KCN solution,
an insulating layer that forms after the photoetching
was at least partially removed and a short-circuit
current as high as 8.1 mA-cm~2 (~15 mA -cm~2
under reverse bias of 400 mV) was obtained. Etching
with other conventional etchants like 2% Brz/methanol
or HNO3 (aq) did not improve the performance of the
cell after the aqua regia etching.

In the case of Cd-chalcogenides (2, 13) photoetching
was carried out by short-circuiting a carbon electrode
to the photoelectrode in appropriate acidic solutions
(usually the diluted etchant of the particular elec-
trode) and illuminating the electrode. In the present
case potentiostatic photoetching under large reverse
bias was necessary as shown in Fig. 3. Apparently,
under short-circuit conditions and up to 4750 mV wvs.
Pt the space-charge field in the semiconductor is too
small to enable efficient collection of the photogene-
rated holes into the solid-liquid interface. Biases in
excess of +1000 mV during the photoetching led to
dramatic increases in the photocurrent of the cell in
polysulfide electrolyte. Furthermore after photoetch-
ing the large dark currents that were observed under
reverse bias decreased considerably. This is shown in
Fig. 2 where, after photoetching, the dark current de-
creases considerably, at least at biases exceeding +-600
mV.

The large dark currents under reverse bias may
explain the maximum in the photocurrent that was
observed (after photoetching at high bias) under
4200 to +400 mV reverse bias voltage. This maximum
is shown in Fig. 3. Under larger reverse bias the dark
current is very large so that surface recombination
of the photogenerated holes is considerable and thus
a decrease in the photocurrent at anodic potentials ex-
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Fig. 3. Net photocurrent vs. potential for photoetched CdlnsSey

in (2;2;2) polysulfide. The bias voltage (in mV) of the photoetching
is indicated for each curve. Light intensity as in Fig. 2.

ceeding ~400 mV is observed.

SEM micrographs of the photoetched CdIns;Se4 elec-
trodes (which were not dipped in KCN solution) were
very unclear as if charging of the electrode surface
occurs. However, the black mat color of the photo-
etched electrode (Fig. 4) suggests that some pitting of
the electrode surface occurs during photoetching as in
CdSe (13a) and CdTe (13c).

Recently we have worked out a kinetic model that
shows the almost obvious correlation between the
quantum yield of Cd-chalcogenide/polysulfide cells
and their output stability (14).2 The rationale behind
the performance-stability correlation is that any im-
pediment to the flow of holes across the solid-liquid
interface results in a longer stay of the photogenerated
holes on the electrode surface so that accumulation of
holes on the surface occurs, leading to larger recom-
bination and deactivation by photooxidation of the
crystal (15). Considering the improved performance of
the photoetched electrode compared with the etched
one the former electrode is expected to be the more
stable one, which is indeed the case, as shown in Fig. 5.
Note that the photoetched electrode was illuminated
by ~6 AM1 light (by increasing the lamp current),

2 Surface recombination is assumed to be the dominant loss
mechanism in this model.

Fig. 4. Magnified photograph of CdInzSey electrode. Gray part is
etched; black mat is photoetched, white part is insulating epoxy.
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Fig. 5. Output stability of (a, top) etched (b, bottom) photo-
etched CdlnaSey electrode in (2;2;2) polysulfide under reverse bias
of 4-400 mV vs. Pt electrode.

whereas the etched electrode was illuminated with
AM1 light only. The amount of charge that passed
through the photoetched electrode was sufficient to
consume all of the electrode material if corrosion was
extensive, but we did not detect any visible morpho-
logical change on the electrode surface. We can con-
clude, therefore, that the photocurrent through the
photoetched electrode was the result of electrolyte
oxidation only.

In Fig. 6 we compare the relative quantum yields
(photocurrents) of etched and photoetched electrodes
vs. light intensity, ¢. The two salient features of this
experiment are: (i) The quantum yield of the photo-
etched electrode is much larger than that of the etched
electrode (see next section for further details). (ii) The
quantum yield of the photoetched electrode is constant
(photocurrent is linear with light intensity) up to very
high light intensities in this solution. This shows that
the rate of hole transfer across the interface between

20
(Y
o~ &
E 10k & J
<
E
=
etched ——
0

light intensity (a.u.)

Fig. 6. Net photocurrent vs. light intensity of Cdln,Se in (2;2;2)
polysulfide at +-200 mV reverse bias. Strongest light intensity is
~3 AML.
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the photoetched CdInySes and the polysulfide electro-
lyte is very fast.

In Fig. 7 we show the dependence of the open-circuit
voltage on the light intensity. The observed slope of
the curve (60 mV/decade; n ~ 1) is substantially
smaller than that observed for Cd-chalcogenides (n >
2). It was claimed (16) and further supported by our
own experience (12) that n values larger than one are
possible when chemical adsorption of the electrolyte
on the surface of the electrode occurs. Capacity mea-
surements are necessary to clarify this point.

Several samples have shown open-circuit voltages
between 200 and 300 mV, and one sample gave an
open-circuit voltage of up to 350 mV, which however,
is still considerably less than that obtained with CdSe
electrodes (~700 mV).

Dipping in ZnCl; solution (17) resulted in smaller
dark currents under forward bias and the open-circuit
voltage increased by 30 mV typically.

As we will show now photoetching is also responsi-
ble for considerable changes in the electronic proper-
ties of the interface and especially for a strong de-
crease in the density of surface states at the interface.

Electronic properties from spectral response mea-
surements.—Figure 8 shows the short-circuit spectral
response of n-CdInsSe; that was etched in aqua regia,
rinsed with deionized HyO, immersed in 10% KCN
solution for 60 sec, and rinsed again with HxO. We see
that in addition to the response at wavelengths shorter
than 800 nm (1.55 eV), which corresponds to an in-
direct transition (see Fig. 10), the spectrum shows a
wide sub-bandgap photoresponse with a peak at 970

IS0 —r——777T7 T T T
100+ —
Etched
501 Photoetched ]
o L1l I |

10 100
light intensity (a.u.)

Fig. 7. Dependence of the open-circuit voltage of the cell on the
light intensity.
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Fig. 8. Normalized spectral response of etched CdlnsSes elec-
trode in (2;2;2) polysulfide electrolyte under short-circuit condi-
tions. Normalization is made for the spectrum of the lamp. The
skort wavelength decrease in the response is due to absorption by
the orange-red polysulfide solution.
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nm. The peak corresponds to a light-induced current
through a distribution of surface states located some
0.27 eV below the bandgap energy. Figure 9 shows the
equivalent spectra after photoetching of the CdInySes
and immersing it in a separate polysulfide solution for
a few seconds to remove any free Se. A large decrease
in the photorespnse to sub-bandgap illumination and
a large increase of the supra-bandgap photoresponse is
obtained. The fact that the sub-bandgap photoresponse
did not disappear altogether may indicate that the
present procedure used for photoetching is insuffi-
cient to provide a “perfect” surface.

The large difference in the spectral response of
etched and photoetched CdIns;Ses can help to explain
the effect of photoetching on the electrode surface. It is
well known that surface or near-surface defects lead to
sub-bandgap spectral response. At the same time these
defects serve as surface recombination centers and
carrier traps that cause a considerable decrease in the
photocurrent obtained from bandgap excitation. Upon
removal of a large part of these defects by photoetch-
ing an increase of the photocurrent under short-circuit
conditions by a factor of ~40 was observed in this
particular experiment, in addition to a small increase
in the photovoltage. The fill factor for the photoetched
electrode was 0.33 at room temperature. Surface de-
fects which are likely to impede the hole transfer
across the semiconductor-electrolyte interface, and
therefore to increase the rate of recombination, are
also most prone to photocorrosion. Hence by deliberate
photocorrosion we are able to remove these defects
preferentially and to improve the rate of hole transfer
across the interface.

Another remarkable feature of the spectral response
is the gradual increase of the photocurrent with de-
creasing excitation wavelength. This behavior is typi-
cal of single crystals that are either highly doped or
have a large defect surface. However, in the present
case the reason for the gradual increase of the photo-
current with decreasing wavelength is because the
lowest energy transition of CdIngSeq is an indirect one.

Determination of the bandgap and the transition
mode.—Some of the first physical parameters that
have to be determined when a semiconductor is evalu-
ated as a possible candidate for photovoltaic conversion
of solar energy are its bandgap energy and the nature
of the electronic transition mode. From theoretical con-
siderations one finds that under ~AMI illumination,
the optimal bandgap (Eg) is ~1.4 eV. In addition to
the optimal bandgap, it is desirable to use semiconduc-
tors with direct electronic transition modes. In this
case the absorption coefficients for photons with en-
ergies higher than the bandgap energy are large so
that most of these photons are absorbed in the space
charge layer or close to it and the collection efficiency
of the photogenerated holes is high.
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Fig. 9. Normalized spectral response of the same electrode after
photoetching.
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A variety of experimental techniques has been used
for the determination of the modes of optical transitions
in CdInsSes and related semiconductors. These include
photoconductivity 18), reflectance (19), spectral re-
sponse (20), photoemission (21), intrinsic conductivity
measurements at high temperatures (22), optical ab-
sorption measurements (23), and electroreflectance
(24).

Some of these techniques are tedious, others rely on
involved theoretical analyses that do not always lead
to a decisive interpretation, especially if a number of
energy gaps with different types of transition modes
exist, as is the case for CdInzSeq (22).

We used photoelectrochemical measurements in
which we measured the net photocurrent of the
CdInsSes/polysulfide cell. Determination of the abso-
lute quantum yieid of the cell was not necessary here
which simplifies the experiments and the analysis con-
siderably.

For the analysis of the results we employ the Géartner
model (7) which gives the photocurrent density of the

cell ipp
e—aW )
e — 1
1+ aLlp (]

Here q is the elementary charge, F, is the photon flux,
L, is the hole diffusion length, and W is the width of
the depletion layer

2e6o(V — V. Ya
W=( €o ( FB)) 2]
qNg

where e, is the dielectric constant of the semiconduc-
tor, N4 is the donor concentration, and V — Vg is the
band bending. With Jy - Ly << 1 and aW << 1 we
can expand the exponent and in this case ipn is pro-
portional to «. Near the absorption edge, « can be de-
scribed as follows

iph = qFo (1

A (hy — Eindﬁ

= 3a
@ -~ [3a]
for an indirect transition, and
hy — Eq) 2
s SR [3b]
hy

for a direct transition. Therefore the photocurrent de-
pendence on the energy of the exciting light photon hy
is given by

: (hv -~ Einq)?
in = C ;h—‘i‘d—— for indirect mode [4a]
v
and
. (hy — Eq) " ;
h = C B — for direct mode [4b]
W

We can now develop ipn* of Eq. [4a] in the parame-
ter hy — Eing up to the linear term. For small values of
the expansion parameter, i,,* is linear in hy and it
vanishes when hy = Ejnq. Similarly we can expand ipn?
of Eq. [4b] in the parameter hy — Eq up to the linear
term. In this case ipn2 is linear in hy close to Eq and it
vanishes at hv = Eq4. So, by plotting the different values
of ipn*2 and ipn? vs. hy, the values of the energy gaps
can be determined. As shown in Fig. 10 and 11 two
types of gaps are clearly observed. The lowest gap is
at 1.55 eV and the other one is at 1.73 eV.

Knowing the values of the energy gaps, the transi-
tion modes can be determined by plotting log (i nhv)
log (hv — Eg) for wavelengths close enough to the
transition energy. If the slope of such a curve equals 2,
the transition is an indirect one, whereas for a direct
transition the slope is 1/2. Figure 12 reveals that the
lowest transition of CdInsSes (1.55 eV) is an indirect
one (slope = 2.03) whereas the higher transition (1.73
eV) is a direct one as confirmed in Fig. 13 (slope =
0.54).
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Fig. 10. Determination of the bandgap of the indirect transition
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Fig. 11. Determination of the bandgap of the direct transition
(1.73 eV).

The occurrence of both an indirect and direct transi-
tion is common for the CdIn,VI; family of materials.
The difference between Einq and E4 decreases from 0.22
eV for CdInySes to 0.1 eV for CdIn,Tes.

Whether the nature of the lowest transition of
CdInyS4 is an indirect one or due to some impurity
transition has been the subject of some controversy.
For that material it was concluded that it is an in-
direct transition (19) and our measurements confirm
this as far as CdIn,Se; is concerned.

Thin film polycrystalline CdIn,Se; electrodes.—Al-
though not the primary goal of this study, it was of
interest to apply methods developed by us for the prep-
aration of thin film polycrystalline photoelectrodes by
slurry pasting (17) to CdIn;Ses. From previous experi-
ence the crucial role of the quality of the starting ma-
terial in determining the performance of such films is
known (4b). Therefore, in these preliminary experi-
ments small grains and chips, left from the crystals,
were used. These were milled together with some poly-
methylmethacrylate in acetonitrile for ~15 hr and the
resulting slurry was pasted onto a Ti substrate as pre-
viously described (17). Best results were obtained if
no inorganic flux (Cdl;) was added. The layers were
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Fig. 12. Determination of the indirect transition mode (n =
4.06) for CdinsSes. Eing energy of indirect transition (1.55 eV).
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fired for 10 min in argon at 490°C or higher tempera-
tures. If the annealed layers were used as such, very
high dark currents under short-circuit conditions (e.g.,
1.1 mA - cm—2 compared to 1.6 mA - cm~2 photocur-
rent) were obtained. Subsequent etching in 3% HNOj3
in HC1 somewhat improved the net photocurrent (the
dark current decreased) but, as in the case of single
crystal electrodes, by far the best performance was
obtained after a few seconds photoetching in a 10
times diluted etching solution at +1V bias. Figure 14
shows the dark and light I-V plot for a 1 cm? thin film
electrode and we see that its performance reaches 30%
of that of the best single crystal, which is encouraging
as undoubtedly the conditions of preparation were not
yet optimized [as they were adapted from those found
for (17a) CdSe on the one harnd, and MoS; (17b) on
the other hand].
Conclusions

Three main conclusions can be drawn from this
study.

1. As has been shown for Cd-chalcogenides, selec-
tive photoelectrochemical etching of the photoelectrode
is a powerful tool for the removal of surface defects
that decrease the quantum efficiency of solar cells.

2. In situ measurements of the spectral response are
an important tool in the characterization of the present
photoelectrochemical cell as well as many others. This
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Fig. 14. |-V curves in the dark (- - -) and under illumination for
polycrystalline CdInSe electrode in polysulfide electrolyte. Light
intensity ~80 mW - cm—2,

technique is particularly useful for the characteriza-
tion of cells based on thin film photoelectrodes where
other methods are either cumbersome or fail com-
pletely.

3. The CdInsSes/aqueous polysulfide cell showed
good quantum yields and output stability. The good
stability of the cell shows that the pseudovacancies in
the crystal structure, which could cause rapid diffu-
sion and drift of ionic species, leading to fast deactiva-
tion of the electrode under illumination, do not have a
detrimental effect. Rather it seems plausible that the
presence of quasi lone pair states in the upper valence
band allows electronic excitation of the semiconductor
without breaking the chemical bonds. It is tempting to
connect the occurrence of an indirect and direct optical
transition within the presence of these electronic states.
The fact that they occur in CdInsSs, too, shows that
other factors must be involved as well.
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Technical Notes

DSC Study of Two Reactions in the Lithium-Boron Alloy System

Donald Ernst*
Naval Surface Weapons Center, Electrochemistry Branch, Silver Spring, Maryland 20910

In an earlier paper by Dallek, Ernst, and Larrick (1)
the differential scanning calorimetry technique (DSC)
was used to determine the reactions that occur in the
lithium-boron (Li-B) system. This was part of an
effort to develop the Li-B alloy for use as an anode
material in thermal batteries. A minor objective was
to determine the phase diagram. However, the two
compounds LiB3 [25.0 atomic percent (a/o) Li] and
Li;Bg (53.8 a/o Li) are products of irreversible reac-
tions, and therefore an equilibrium phase diagram for
the alloy system could not be determined. The two re-
actions are

zLi 4+ 6B —» 2LiBg + (x — 2)Li [11
2LiBs + (x — 2)Li- LisBs + (x — T)Li [2]

The reactions are complex in nature and there are a
number of factors that influence the type of end prod-
uct (Li;Bg and Li) obtained. Examples of these are
heating rate, stirring vs. convection, and composition
(1). It was noted in this earlier work that certain
boron samples dissolved more readily than other boron
samples and that the start of the first reaction was
sometimes detectable as soon as the lithium melted. A
possible explanation is that the boron oxide present on
the surface of the boron may have some influence on
the reaction. The present paper discusses the effect of
boron particle size on the rate of the reactions in the
lithium-boron system as determined by DSC experi-
ments.

The rate constants for the two exothermic reactions
(1, 2) were first calculated using data obtained earlier
(1). The method, described in du Pont Applications
Brief No. 8 (2), applies to first-order reactions and is
used extensively in kinetic studies of the thermal de-
composition of polymer materials (3, 4) and explosives
(5-7). Currently, there are no reports on kinetic stud-
ies of the nature presented here. Two criteria for
applying this method are that the reaction be first
order, and homogeneous. The first exothermic reaction
can be considered to be first order because there is al-
ways excess lithium present; however, excess lithiuwi
is only present for the second exothermic reaction~ai
lithium concentrations greater than 70 a/o. Because of
the liguid solid interfaces between Li and B and Li and
LiB3, the reactions are heterogeneous and not homo-
geneous. However, the half-lifes as determined by this
method were in good agreement with the observations
made during actual alloy preparations and indicated
that more work in this area was warranted since this
information would be helpful when preparing larger
amounts of the alloy.

Experimental
Samples were made from three nines lithium foil
from Foote Mineral Company and three nines boron
lump from Atomergic Chemical Company. The latter
was pulverized and sieved to give three different mesh
sizes (40-80, 80-100, and 200-270 mesh). Boron powder

* Electrochemical Society Active Member.
Key words: Li-B, alloy, battery, DSC.
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and lithium foil were mixed by rolling and pressing.
The samples, about 10 mg total weight, were then en-
closed in Armco iron cups that give a hermetic seal
when properly closed. No evidence of lithium seeping
out of the cup was observed in any of the eight runs
made. The sample preparative work was done in a dry
room at a humidity of 2% or less. The compositions for
each run are given in Table I. The percentages re-
ported were calculated from the actual weights of the
components and the data for one curve are obtained
from this one sample. The DSC experiments were car-
ried out in a series of steps using a du Pont 990 thermal
analyzer with a standard DSC cell at a 5§ K/min heat-
ing rate. The first step started at 413 K (140°C) and
went to 498 K (225°C). This step provides data on the
lithium endotherm and the area under the peak repre-
sents the amount of lithium present in the sample. The
second step started at 498 K and went to the comple-
tion of the first reaction usually between 623 K (350°C)
and 648 K (375°C). Because of the heat released in the
first reaction it is referred to as the first exotherm. The
sample was then allowed to cool below the freezing
point of lithium and the first step repeated. This pro-
duced another lithium endotherm which, when sub-
tracted from the first endotherm, gives the amount of
lithium used in the first exothermic reaction. The
fourth step started at 723 K (450°C) and ran at 5 K/
min until the second reaction was completed between
873K (600°C) and 923K (650°C). This reaction is
referred to as the second exotherm. The sample was
allowed to cool down and the first step repeated for a
third time.

The method (2) used to determine the rate constant
assumes first-order reaction conditions where

Rate = k[c] [3]

Table I. Summary of data

Fre- Half-life
a/o E (kcal/ quency —M8M———
Run Li mol) factor Min at K Min at K

First exotherm data

7 62.9 22.7 6.3 (5) 7.7 at 581 1.5 at 625
5 75.1 25.5 6.9 (6) 8.2 at 581 1.3 at 625
3 57.0 27.4 3.0 (7) 9.9 at 581 1.3 at 625
6 61.2 30.8 2.9 (8) 19.2 at 581 2.4 at 625
8 62.3 30.2 1.6 (8) 22.0 at 581 2.8 at 625
4 72.4 37.4 6.6 (10) 29.6 at 581 2.2 at 625
2 75.2 35.8 1.6 (10) 28.9 at 581 2.5 at 625
1 59.0 36.8 2.6 (10) 33.0 at 581 3.4 at 625
Second exotherm data
6 61.2 74.7 4.2 (16) 60.8 at 803 5.5 at 847
8 62 92.1 1.6 (21) 115.5 at 800 6.2 at 844
4 72.4 100.5 8.1 (23) 72.2 at 793 6.0 at 826
2 75.2 93.8 1.4 (22) 60.8 at 793 4.6 at 829
7 62.9 104.2 1.6 (24) 105.0 at 810 7.7 at 844
5 75.1 94.1 1.0 (22) 57.8 at 800 8.7 at 826
1 59.0 184.4 2.0 (4) 57.8 at 840 3.7 at 862

Runs 7, 5, 3 used 200-270 mesh boron.
Runs 6, 8, 4, 2 used 80-100 mesh boron.
Run 1 used 40-80 mesh boron.
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In DSC work the rate of heat flow (dH/dT) continu-
ously monitors the rate at which a reaction takes place
and is the difference in temperature (AT) between the
sample pan and the reference pan of the DSC cell. The
total amount of reactant (A) is represented by the
total area under the DSC peak. The amount of material
reacted (a) up to time t is the partial area under the
peak up to time t. The amount of material remaining
(C) is then given by (A — a). Putting the two rates
equal to each other and solving for k gives

k = (dH/dT)/(A — a) = AT/(A — a) [4]

The two variables, dH/dT and temperature (T), are
plotted as a function of time. The partial and total area
under the dH/dT peak are determined with a plani-
meter and T is determined from the linear T vs. time
plot. The advantages of the method are that k is inde-
pendent of the sample mass and DSC cell calibration.
Errors can arise from the planimeter measurements
and the recorder y-axis sensitivity settings, both of
which were minimized by collecting the data with a
Vidar data acquisition system and storing it on mag-
netic tape. Measurements of dH/dT (0.01 mV), T
(0.001 mV), and t (0.1 sec) were taken at 1 sec inter-
vals and about 2000 data points were obtained for each
excthermic reaction. The data were analyzed on a CDC
6500 computer. Simpson’s rule of integration was used
to calculate both the partial and total areas (mV-sec)
under the DSC peak. Rate constants, when calculated
using Eq. [3], have units of reciprocal seconds. The
errors associated with the temperature measurement
(1%) and area calculations (<1%) when taken with
a data acquisition system and reduced on a computer
are smaller than the error (which is unknown) made
in assuming that the system is homogeneous when it
is more likely to be heterogeneous. The method is pre-
sented because it is a new technique that can furnish
additional information about a chemical system and
the results obtained were in agreement with experi-
mental observations.

The k values obtained by this procedure are plotted
in Fig. 1 and 2 for the first and second exothermic re-
actions, respectively. Activation energies (E) and
frequency factors obtained from a least-squares fit of
the data are listed in Table I. The half-life data were
calculated using the relationship

ti/e = In 2/k [5]

Discussion

For the first reaction, the boron particle size appears
to have a significant effect on the reaction rate (Fig.
1). The smaller or finer sized boron (top three curves)
gives higher rate constants than the coarser boron. The
activation energy is also lower for the finer sized boron.

In Fig. 2 it can be seen that for the second reaction
there is no apparent dependence of the reaction rate
on the particle size of the boron used, but there is a
dependence upon the lithium content of the sample.
For a given particle size of boron, a higher lithium
content gives a higher reaction rate. The top three
curves have lithium contents greater than 70 a/o while
the middle three are in the 62 a/o region.

Crystalline boron is made up of icosahedral clusters
of boron atoms either connected to each other (rhom-
bohedral form) or to single boron atoms (tetragonal
form). Lithium, because of its small size, easily pene-
trates the smaller pieces of boron and attacks the
boron lattice, breaking it up into icosahedral boron
clusters. These clusters are then further attacked by
lithium to form LiBj. LiB3 reacts with additional lith-
ium atoms at a specific temperature, forming Li;Bg.
Because of the liquid-solid interfaces, these reactions
would be heterogeneous ones, however, if Li atoms
first penetrate the solids (B and LiB3) and saturate
them, the reactions may not be heterogeneous. This
may explain why the calculated half-life agreed with
the experimental times observed when preparing the
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alloy. This would also account for the dependence of
the reaction rate for the second exotherm on the per-
centage of lithium in the sample, since one would ex-
pect that saturation of the LiBj3 particles would be
more complete when larger amounts of lithium are
available.

This type of reaction, where a liquid phase at low
temperatures solidifies as the temperature is increased
is unusual. In an equilibrium phase diagram, it is
called a metatectic reaction (8) and is quite rare. Sev-
eral examples can be found in In-Li, Ag-Li, Ga-In,
Ag-In, and Cu-Sn phase diagrams. Many of these con-
tain lithium or a period III A element. Comparison of
these systems with the Li-B system suggests that other
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Li-B compounds, such as Li»B, might exist. The earlier
DSC work (1) did not indicate that Li;:B was present,
but electrochemical studies (9, 10) indicate that it is.
In this work the rounding of the curves in the second
exotherm data (Fig. 2) may be a clue that LisB only
forms at the higher temperatures. Further investiga-
tion in this area is needed.
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Observations of Flaws on Preconditioned Aluminum Surfaces

G. E. Thompson, P. E. Doherty, and G. C. Wood

Corrosion and Protection Centre, University of Manchester Institute of Science and Technology, Manchester M60 1@QD,
England

Pitting has been studied extensively, leading to the
conception in the literature of at least three stages in
the overall process, i.e., initiation, propagation, and
termination. The latter stages are relatively well un-
derstood in terms of local changes in chloride concen-
tration and pH, and the build-up of stifling corrosion
product, respectively. Pit initiation is less clear and
many of the mechanisms proposed earlier depend to
some extent on the techniques employed to study the
phenomenon (1-5). The literature relating to the
stages prior to and during pit initiation on iron and
aluminum has been reviewed recently (6). For alu-
minum there is growing evidence for the involvement
of pre-existing flaws or weak spots, which are always
present in the thermal/passive films on aluminum (7-
10). To progress further and model the behavior
whereby flaws are breached and develop into pits, and
gain further insight into the likely roles of salt accu-
mulation, complex formation, pH reduction, and crack/
heal processes, it is necessary to obtain detailed in-
formation about the geometry of flaws and their rela-
tionship to the aluminum substrate. Key aspects of a
relatively novel investigation to allow direct, high
resolution observation of flaws at various stages of
development into pits are presented here.

Experimental

Superpure aluminum (0.002 Cu; 0.004 Fe; 0.003
weight percent Si) was electropolished initially in a
nitric acid/methanol mixture and subsequently ano-
dized under standard conditions at 50 A m~—2 in 0.4M
phosphoric acid at 298 K for 10 min to produce a
steady-state porous anodic film. Removal of this film
from the aluminum substrate, in boiling chromic/
phosphoric acids, produced a preconditioned substrate
with fewer but larger cells than the original electro-
polished substrate, representing the imprint of the
scalloped cell base pattern of the porous anodic film.

Individual preconditioned substrates were anodically
polarized, immediately after immersion, in 0.1M potas-
sium chloride solution (pH 6) at selected potentials for

Key words: metals, electrode, passivation.

various times. In order to examine the effects of such
polarization on the aluminum substrate, a second film
removal treatment and second anodizing procedure
were employed. The film removal treatment overcame
any problems arising from likely chloride contamina-
tion of the specimens during subsequent anodizing.
Anodizing was undertaken under the standard condi-
tions for 1 min, a time associated with nonuniform film
growth prior to the onset of pore development (11). In
this investigation, the nonuniform film growth behav-
jor is used to highlight subtle changes in the substrate
topography, resulting from prior polarization studies,
which became apparent when the anodic film is de-
tached from the aluminum substrate in mercuric
chloride solution and examined in the transmission
electron microscope.

Results and Discussion

Anodizing of the standard preconditioned substrate
results in the growth of locally thicker film at the
boundaries where the approximately hexagonal cells
meet, effectively highlighting the original cellular ap-
pearance (Fig. 1a). The stripped anodic film from the
specimen which had been polarized at —605 mV
(SCE), a potential above the so-called breakdown po-
tential, for 175 min is shown in Fig. 1b. The typical
cellular appearance is again observed, together with
occasional relatively coarse, rectangular-shaped fea-
tures of population density about 1010 m~—2 and length
of sides in the range 0.8-2.4 um. These features are true
developing pits and are reproduced clearly by the an-
odizing procedure. In addition, the pit sides and bot-
toms have been replicated; the darker band surround-
ing the pits represents the film formed on the pit sides
and this can be resolved more clearly by tilting the
specimen to the electron beam. The crystallographic
nature of the pits is revealed, probably with the {100}
faces exposed, and the finely faceted nature of the
metal dissolution sites at the pit bottom is also evident.
In order to gain further information about the sites at
which such pits develop, preconditioned substrates
were polarized for shorter times at —605 mV and/or
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Fig. 1. Transmission electron micrographs of stripped anodic
films, formed for 1 min at 50 A m—2 in 0.4M phosphoric acid at
298 K on the variously treated aluminum substrates: (a) the pre-
conditioned substrate, formed by anodizing the electropolished
specimen for 10 min at 50 A m—2 in 0.4M phosphoric acid at
298 K and subsequently removing the film from the surface in
boiling chromic/phosphoric acids; (b) the preconditioned substrate
after anodic polarization for 175 min at —695 mV (SCE) in 0.1M
potassium chloride solution (pH 6) at 298 K.

at more negative potentials. For such treatments, no
true developing pits were observed readily in the
stripped films. However, interesting local features were
revealed at most of the triple point boundaries where
impinging cells meet (Fig. 2). The features appear to
show generally three narrow intersecting channels
(effective diameter <10 nm and lengths up to about 50
nm) that breach the boundary from the neighboring
cells. The features vary in effective size from boundary
to boundary, but appear relatively regular in shape,
with the channels intersecting at angles of about 120° +
10°. Comparisons with the standard substrate showed
that no changes had occurred in that case at the linear
cell boundaries, or within the cells themselves. How-
ever, similar features were present in the specimen
that had been polarized at —605 mV but are not re-
solved in the low magnification micrograph presented
in Fig. 1b.

Clearly from the two-dimensional image of the
stripped anodic film presented in the micrograph of
Fig. 2, it is not possible to indicate the precise geom-
etry of the original flaws, e.g., the breached region of

Fig. 2. Transmission electron micrographs of the stripped anodic
film, formed for 1 min at 50 A m—2 in 0.4M phosphoric acid at
298 K on the preconditioned substrate, which had been anodically
polarized for 75 min at —615 mV (SCE) in 0.1M potassium chloride
solution at 298 K: (a) showing the flawed regions at the triple
point boundaries; (b) higher magnification image of (a).
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the pre-existing air-formed film/passive film and the
likely penetration into the aluminum substrate be-
neath the film. However, future examination of ultra-
microtomed sections of corresponding substrates and
their films will shed more light on the precise geom-
etry of the flaws.

The results of this study give further convincing
evidence for the involvement of flaws in the air-
formed/passive film on preconditioned aluminum sub-
strates, which are breached upon polarization in chlor-
ide solution. Particularly active flaws appear in the
vicinity of the triple point boundaries where metal
ridges intersect. Highly localized stress development
during growth of the air-formed film may be visualized
in such regions, which aids local cracking of the film
when solution encounters the film at the flaw base. In
addition, impurities (such as copper) may deposit
preferentially at these sites during specimen prepara-
tion. It is interesting that almost all the triple point
boundaries appear to be breached (about 1013 m~2)
yet the population density of developing pits is only
about 1010 m—2, suggesting that repassivation of the
less active flaws occurs at the potentials used. The
topography of the preconditioned substrate is not reg-
ular on the microscopic scale but is comprised of metal
ridges of various sizes giving rise to a spectrum of flaw
activities (12). After the initial cracking event, the
most active flaws, from mass transport considerations,
are likely to be those of critical fissure lengths =10 nm
(13). This is within the range of channel lengths ob-
served in the stripped anodic films, although in reality
the original channels may have extended through the
air-formed film and into the metal substrate. The pH
reduction in the critical size flaws maintains them ac-
tive and metal dissolution proceeds, possibly aided by
local temperature rises through the large effective cur-
rent densities channeled into these regions, although
such rises may be precluded by transient salt film ac-
cumulation (14).

In summary, the anodizing technique effectively
highlights flaws developing into pits, allowing their
observation at relatively high resolution. Further
studies are in progress in order to determine how the
flaws, which are influenced by substrate topography,
develop by stages into pits that grow in favored
crystallographic directions. Examination of ultrami-
crotomed sections will also throw light upon the tran-
sient formation of salt films or otherwise.

Manuscript submitted March 12, 1981; revised manu-
script received Dec. 14, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1983 JOURNAL.
All discussions for the June 1983 Discussion Section
should be submitted by Feb. 1, 1983.
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Visual Detection of Hydrated Aluminum Oxide by Staining with
Fluorescing and Nonfluorescing Dyes

Ned E. Cipollini

Sprague Electric Company, Research, Development, and Engineering, North Adams, Massachusetts 01247

In the cases where the reaction of aluminum or
barrier aluminum oxide with water is considered un-
desirable, the reaction is inhibited with a passivating
agent such as phosphate (1, 2), chromate (3), or cer-
tain weak organic acids (2). In these cases, the alu-
minum or aluminum oxide-water reactions occur only
at sites where this passivation layer has been de-
stroyed, possibly at widely separated points on the
surface of a sample. Since both passivation layer and
corrosion product are colorless, no evidence of reac-
tion is apparent in its early stages. Microprobe analysis
would be time consuming, if not totally out of the
question for large area samples. This report describes
a technique to identify and Ilocate the corrosion
product, hydrous aluminum oxide (4), on large area
samples by staining them with organic dyes producing
either color or fluorescence. Once located, these areas
can be inspected by microprobe analysis for the cause
of depassivation (1). The selectivity of the stain allows
distinction between hydrous oxide and: (i) bare, un-
treated aluminum, (ii) phosphate-treated aluminum,
and (iii) barrier oxide produced in neutral aqueous
phosphate or borate electrolytes or ammonium penta-
borate in ethylene glycol. This technique could be
useful for locating corrosion areas on aluminum ca-
pacitor foils and aluminum metallization in integrated
circuits.

The basic approach here is to selectively stain hy-
drous aluminum oxide with fluorescent or nonfluores-
cent dyes. These dyes are applied to the surface of a
test specimen only after it contacts pure water or
water vapor for a specific reaction time. The specimen
is then inspected for a stain in ultraviolet or visible
light, but does not contact water again. There are three
reasons for this approach. First, many organic com-
pounds, especially weak acids and bases, a class that
includes nearly all the dyes mentioned in this report,
either retard or accelerate the reaction rate of alumi-
num and water (1) and more importantly accelerate
the depassivation rate of phosphate treated aluminum
(2). Second, if a reaction of aluminum and water in a
closed system such as an electrolytic capacitor or a
molded integrated circuit has occurred, it can be de-
tected after testing. Third, the job of selectively stain-
ing hydrous aluminum oxide is quite easy because the
reaction product of aluminum and water at tempera-
tures between 90° and 100°C, pseudoboehmite (5),
possesses a high surface area, 133-154 m2/g (6), fibrous
structure (7) which will absorb much more dye than
the solid aluminum surface. The reaction product of
aluminum and water for temperatures between 20°
and 90°C consists of a porous duplex structure of a
pseudoboehmite inner layer and bayerite outer layer
(6,8). This hydrous oxide can also be stained with
comparable intensity to the stain on pseudoboehmite.
In this report, the general term hydrous oxide refers

Key words: adsorption, capacitor, corrosion, electrode.

to the reaction product of aluminum and water at tem-
peratures between 20° and 100°C.

Our approach differs from that of White et al. (9)
who place the dye on the sample surface before ex-
posure to a humid ambient atmosphere and bias volt-
age. The observations of these authors can be ex-
plained as resulting from the process of either the
anodization or the electrochemical etching of alumi-
num depending on the impurities in their solutions. We
chose not to use this technique because there exists
strong evidence that since the dyes themselves are
weak acids, they can enter into the reactions men-
tioned above (10). An interesting aside is the trouble
these authors encountered with fluorescein upon sol-
vent evaporation; an explanation is given below.

There are important differences between the tech-
nique described in this report and some existing tech-
niques. To inspect for cracks or porosity in, for ex-
ample, a glass or ceramic material, an intensely colored
dye solution may be forced into pores and cracks under
pressure. When the sample surface is washed, dye
solution will remain in cracks and pores because
convective transfer of dye is impossible in these small
voids so that dye is removed only by diffusion, a much
slower process. In the present case, the dyes are ad-
sorbed. Thus coloration is due to thermodynamic in-
teractions rather than kinetics as for dye intrusion,
and the dye will not be removed unless a solvent of
more eluting power is used. The interactions involved
here are more akin to those used in dyeing anodized
aluminum, although the surfaces have different ad-
sorptive properties, the freshly prepared anodic film
being much more active than the hydrous oxide. In
fact, the dye stain test used for porous anodic coatings
(11, 12), is the antithesis of the test described in this
report. For anodic coatings, the test dye will not stain
if the anodic oxide is hydrated (sealed).

Experimental

Dyes of 95% or better purity were used with no
further purification. Test specimens were dipped into
a solution of a dye or a mixture of dyes in 2-propanol.
Upon removal from the dye bath, before drying, ex-
cess solution was washed from the sample surface with
acetone. This is chromatography in reverse, i.e., the
dye is applied to the stationary phase with the solvent
of greater eluting power and rinsed with one of less
eluting power. The specimens were then dabbed dry to
avoid water condensation on the surface. Water con-
densation causes a blurring of the image of hydrous
oxide formed.

Table I shows the concentration of the various fluo-
rescent dyes examined. For fluorescent stains, a 5 sec
dip at room temperature gave about the maximum
fluorescence intensity when viewed under ultraviolet
light. Nonfluorescing stains were obtained by soaking
the test specimen in a saturated solution of the dye for
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Table 1. Fluorescent stains on pseudoboehmite Table 1. Nonfl ent stains on doboehmite
Relative Relative absorption
Concentration* fluorescence intensity*
Dye P (W/V) intensity®
H.0 2-propanol
Dye solvent solvent

Fluorescein 0.08 S
Rhodamine B 0.34 S B
Rhodamine 6G 0.30 M Thionin M s
4-Methyl umbelliferone 0.1-1 w Eosin Y S 3
Ammonium salicylate 0.1-1 (H20) M Uranine M s
Coumarin 1 .1 N Superchrome black TS S S
Anthracene Saturated N 1-(1-hydroxy-2-naphthylazo)-5- S S
9,10-dichloroanthracene Saturated N nitro-2 naphthol-4 sulfonic
9,10-diphenylanthracene Saturated N acid sodium salt
Thianthrene Saturated N Crystal violet

S = strong, M = moderate, W = weak, N = imperceptible.
a Solvent: 2-propanol except where stated otherwise, excess so-

lution rinsed with acetone.
b Relative intensities observed on electroetched foil.

5 min at about 82°C. Satisfactory results were ob-
tained with this dye bath at room temperature, but a
darker stain is obtained at the higher temperature
due, presumably, to increased dye solubility.

Test specimens were cut from sheets of 4 mil thick
99.99% or 99.97% pure annealed aluminum foil. Sur-
face treatments prior to reaction with water such as
electropolishing, sodium hydroxide etching, soaking in
ammonium dihydrogen phosphate, chromic-phosphoric
acid etching, brightening in a nitric-phosphoric acid
mixture, or anodizing in aqueous borate or phosphate
solutions at neutral pH’s had no effect on the adsorp-
tion properties of dyes on the hydrous oxide formed
after reaction with water. Experiments were per-
formed on capacitor anode and cathode foils having
surface gains ranging from approximately 10 to 70.
Using the same experimental procedure resulted in
stains of deeper color than on unetched foil. Several
samples of evaporated aluminum films were examined.
These consisted of approximately 200A of 99.99% pure
aluminum evaporated onto a 10 um thick sheet of poly-
propylene. In nearly all cases mentioned in this re-
port, hydrous oxide was obtained on a sample by im-
mersion for various lengths of time in distilled water
at 100°C although similar results were obtained at
25° and 75°C. No difference in staining capacity was
observed whether foils were placed in actual boiling
water, or water heated to just below the boiling point.

All intensity measurements mentioned in this report
were qualitative in nature. Fluorescence intensity was
inspected while the sample was viewed under a 25W,
low pressure mercury lamp fitted with a short wave-
length filter. Nonfluorescent stains were judged in a
relative sense while viewed under ambient lighting
conditions.

Results and Discussion

Tables I and II summarize the results of a limited
search for dyes that stain hydrous aluminum oxide
with enough material to be seen by the naked eye.
Note that the relative intensities were ascribed from
experiments with electroetched foil having a surface
area gain of about 18. This number was obtained by
comparing capacitances measured on anodized etched
and anodized electropolished samples. The intensity of
the fluorescent or nonfluorescent stain seemed nearly
independent of the etch gain of electro-etched foil.
This apparent anomaly may be explained by the fact
that electro-etching produces both a surface etch
structure and a network of pores which extend deep
into the foil (14). What is viewed visually is this sur-
face etch structure. The surface area gain, typically
about ten (15), depends less on the type of etch than
does the internal structure. Water was not used as a
solvent in subsequent experiments because: (i) some
dyes, namely xanthene, decompose by air oxidation in
water (13), (i) the dyes are weak acids or bases and
can promote corrosion reactions observed in concen-

Aluminion

Aurin tricarboxilic acid am-
monjum salt

Alizarin Red S

Fuchsin

Methylene blue

gzz wvuz
nzz =22z

S = strong, M = moderate, W = weak, N = imperceptible.

« Relative 1ntensities observed on electroetched foil rinsed in
acetone immeaiately upon removal from dye bath.

b 1.(1-hydroxy-2-naphthylazo)-6-nitro-2 naphthol-4 sulfonic acid
sodium salt.

trated aqueous dye baths, and (iii) the dye affinity is
sensitive to pH.

Because of the intermolecular interactions of fluo-
rescent dyes (16), the fluorescence quantum yield de-
creases as the surface concentration of dye increases
due, presumably, to cooperative radiationless transi-
tions. Therefore, as the surface concentration of dye is
increased from zero at constant surface area and ultra-
violet light intensity, the fluorescence light intensity
first will increase, reach a maximum, and then de-
crease. Experimental parameters that influence the
amount of dye adsorbed are temperature, solvent, dye
concentration, pH, and time. The solvent 2-propanol
with no added acids, bases, or salts was chosen. The
parameters of dye concentration, time, and tempera-
ture were approximately optimum for a mixture of
Rhodamine B and fluorescein dyes at concentrations
of 0.34% (w/v) and 0.08%, respectively, at 5 sec at
room temperature.

Being much more strongly adsorbed on the hydrous
oxide surface, fluorescein is much more sensitive to
experimental parameters than is Rhodamine B. When
a sample stained with Rhodamine B and fluorescein is
washed with methanol, the fluorescence changes from
orange to bright yellow, characteristic of fluorescein,
indicating that the Rhodamine B was washed off the
surface. If the test sample is placed in a mixture of the
dyes for several hours, the fluorescence is red, char-
acteristic of Rhodamine B. Since we know the fluores-
cein is present, it must be adsorbed to such a large
extent that its fluorescence quantum yield is nearly
zero. This is precisely why White et al. (9) observed
that fluorescein fluorescence ceased upon solvent evap-
oration. Rhodamine B, being adsorbed much more
weakly than fluorescein, does not build to a high
enough surface concentration from a dye bath at room
temperature and 0.34% concentration that its fluores-
cence intensity drops perceptibly. If, however, a con-
centrated solution of Rhodamine B is allowed to dry
on the sample surface, no fluorescence is observed.

Fluorescent staining possesses a few advantages over
actual color staining. Staining with fluorescent dyes is
more sensitive, i.e., can detect thinner layers of hydrous
oxide than coloration. Since fluorescence can be excited
by electron bombardment, stained areas can be located
in an electron probe (for microanalysis) optically
while the sample is under electron bombardment. A
disadvantage of fluorescent stains is that they must be
viewed under ultraviolet light. Therefore, for con-
venience, colored stains were developed.

For the actual coloration of hydrous aluminum
oxide, we try to adsorb the maximum amount of dye
possible. Therefore, staining is done from saturated
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solutions at elevated temperatures and for longer
periods of time than for fluorescent stains. Table II
summarizes the results of a limited search for dyes
that will deposit enough material to produce a visible
coloration of hydrous oxide. Aluminum samples were
the same as those described in fluorescent stains. Note
that some of the dyes listed under nonfluorescent stains
are normally considered fluorescent dyes, notably,
Eosin Y and uranine, but they are adsorbed with such
high surface concentrations that the fluorescence quan-
tum yield is nearly zero.

Figure 1, a micrograph of an electro-etched foil with
a gain of about 70, shows localized corrosion sites. This
foil was passivated in agqueous ammonium dihydrogen
phosphate before being placed in boiling water. After
1.5 hr the foil was removed from the water bath, dried,
and dyed for 10 min in a saturated solution of Eosin Y
in 2-propanol at its boiling point. The picture was
taken while the sample was illuminated through a
green filter. The fine grain structure in the micro-
graph results from the etch structure of the foil. Dark
spots about 0.3 cm in diameter on the left half of the
micrograph are localized corrosion areas. As the micro-
graph is viewed from left to right, one can see that the
localized areas grow in size and coalesce to form the
larger darkened areas on the right half of the micro-
graph. Off the picture to the right, the hydrated area
has become continuous.

The contrast between the hydrated, dyed, and non-
hydrated areas is, actually, more easily viewed at the
same magnification in white light than is apparent in
the photograph. The contrast is caused by the different
morphology of the hydrous oxide and the passivation
layer and the difference in dye affinity of the hydrous
oxide and passivation layer on aluminum. For ex-
ample, after reacting for 3 min with boiling water,
the hydrous oxide layer was 0.32 um thick, had a 53%
porosity, a density of 2.4 g/cm3, and a specific surface
area of 140 m2/g (6). These numbers yielded a surface
area increase of 58 cm? per cm? of original surface. In
other words, because of the porous nature of the hy-
drous oxide a gain of 58 was built into the test. The
other surfaces such as the passivation layer (1) and
barrier anodic oxide (17) are nonporous.

The contrast due to area increase upon hydration
depends of course on the degree of hydration. For
example, the stain on 300A of hydrous oxide on elec-
tro-etched foil can easily be seen. However, at low
levels of hydration, the intrinsic adsorption differences

Fig. 1. Micrograph of an aluminum foil electro-etched to a gain
of approximately 70 and passivated in phosphate. Foil was placed
in flowing water at 100°C for 1.5 hr. Dye is Eosin Y. Sample
illuminated through a green filter. See text for further details.
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among the hydrous oxide and other types of oxide play
a larger role. Owing to the high concentration of surface
hydroxyl groups (4), a hydrogen bonding mechanism
for dye adsorption is probable, although ion exchange
at the surface is also possible. These and other mecha-
nisms of dye adsorption on porous anodic oxide appear
in the literature (18,19).

Summary

The techniques described in this report can be useful
in locating corrosion centers on etched aluminum ca-
pacitor foils after, for example, shelf or life testing.
The technique may also be useful for detecting corro-
sion of evaporated aluminum films used in integrated
circuits; however a limited number of experiments
have been done in this laboratory with evaporated
films. Yet, clearly perceptible fluorescent or nonfluo-
rescent stains can be affected when 2004 of evaporated
aluminum on polypropylene is hydrated. The idea of
staining hydrous aluminum oxide is an old technique
from pigment technology (20), but the application of
dyes from nonaqueous solvents to selectively stain the
hydrous oxide distinguishing it from anodic barrier
oxide and unreacted aluminum or passivated alumi-
num surfaces is new.
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Dependence of the Diffusion Current on the Degree of Polymerization
of Nitrocellulose in Acetone-Isopropyl Alcohol

Jin Mizuguchi

Sony Corporation Research Center, Yokohama 240, Japan

Nitrocellulose plays an extremely important role in
the acetone suspensions used for the electrodeposition
of aluminum oxide (1), and even a minute change of
its concentration can have a noticeable effect on the
process of electrodeposition. Because of this, an at-
tempt was made in a previous investigation to develop
a reliable method of analyzing nitrocellulose (2). It
was found that nitrocellulose in acetone-isopropyl
alcohol (IPA) exhibits a well-defined reduction wave
at the dropping mercury electrode and that the diffu-
sion current is directly proportional to a concentration
up to 0.6 X 10~3 mols of nitro groups per liter. The
addition of IPA to acetone was important, because IPA
eliminated the problem due to the adsorption of nitro-
cellulose and its reduction products at the dropping
mercury electrode that caused the polarogram to be
ill-defined. The above experiment was performed, how-
ever, only for nitrocellulose whose degree of polymer-
ization was about 720. Therefore, the present investiga-
tion is intended to examine the relation between the
diffusion current and the concentration of nitrocellulose
over a wider range of the degree of polymerization and
also to examine how the degree of polymerization af-
fects the diffusion current.

This paper describes the dependence of the diffusion
current on the degree of polymerization of nitrocellu-
lose in an acetone-IPA mixture with supporting elec-
trolytes of perchloric acid and sodium perchlorate. The
observed dependence of (diffusion current) «< — log
(degree of polymerization) is discussed on the basis of
both the Stokes-Einstein relation and the random coil
model of nitrocellulose in the mixed solvent.

Experiment

Definition of the concentration of nitrocellulose.—
Nitrocellulose has the molecular formula [CsH;0:
(NO2) ;(OH)3—y1ls, where x and n denote the average
degree of substitution of hydroxyl groups and the de-
gree of polymerization, respectively. In the present
report, the concentration of nitrocellulose is defined
as the amount of nitro groups per unit volume of
solution: If V is the volume of the solution containing
the mass, m, of nitrocellulose, the concentration, c, is
then given by the following equation

¢c=m/MV [1]

where M is the molar mass of (1/x) [C¢H702(NOg)
(OH)3-2].

Characterization of nitrocellulose.—The degree of
nitration that is necessary for calculating the degree
of substitution (x) was determined by ASTM D 301-56.
The degree of polymerization was calculated from the
intrinsic viscosity according to ASTM 1762-62.

The basic relation between the intrinsic viscosity [n]
and the molecular weight, M’, is empirically given as
follows (3)

Key words: nitrocellulose, diffusion current, dropping mercury
electrode,

[n] = KM= (2]

where K and « are constants that depend on the sol-
vent, the polymer, and the temperature. Measurements
of the viscosity of the solvent containing a given
amount of nitrocellulose were made at 25° = 0.1°C by
means of a calibrated glass capillary of an Ubbelohde-
type viscometer.

Chemicals.—Nitrocellulose of various degrees of
polymerization from about 100 to 850 was obtained
from Daicel Limited. IPA, sodium perchlorate, per-
chloric acid (70% aqueous solution), which were
guaranteed grade, and acetone of “electronic grade”
were obtained from Kanto Chemical Company, In-
corporated. All the chemicals were used without fur-
ther purification.

Experimental setup.—A potentiostat-type d-c polar-
ograph constructed in our laboratory was employed
for recording polarograms. The electrical circuit was
similar to that described by Smith (4). The construc-
tion of the polarographic cell is illustrated in Fig. 1.

A spiral platinum wire and an Ag/AgCl electrode
were used as the counter and the reference electrodes,
respectively. The Ag/AgCl electrode was prepared by
electrolytically oxidizing a spiral wire in 1M hydro-
chloric acid at a current density of 0.4 mA/cm? for 15
min. All potentials were referred to this electrode.
The currents were corrected for the residual current.

Fig. 1. The assembly of the polarographic cell
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The characteristics of the dropping mercury electrode
were as follows: m = 1.9 mg/sec, tq = 5.45 sec at a
mercury head of 45 cm at —1.0V vs. Ag/AgCl in the
experimental solution at 25°C.

Experimental procedure.—A stock solution of each
6 X 10—3M nitrocellulose was prepared by dissolving a
weighed amount of the substance in acetone. The mixed
solvent of one volume of acetone and five volumes of
IPA was freshly prepared before use. The procedure
was as follows: Five milliliters of the diluted solu-
tion of nitrocellulose was placed in the electrolytic
cell, 0.37g of sodium perchlorate anhydrate was dis-
solved in the solution, and 50 ul of 70% aqueous per-
chloric acid was added. The solution was diluted with
25 ml of IPA. Nitrogen gas saturated with the mixed
solvent was vigorously bubbled through the solution
for 45 min. (Deoxygenation is very slow in this sol-
vent.) Then a polarogram was recorded. All measure-
ments were performed at 25° =# 0.1°C. The rate of
potential scan was 3.5 mV/sec.

Results

Characterization of nitrocellulose.—Measured values
of degree of nitration, intrinsic viscosity, and viscosity
of the solvent (1 volume of acetone + 5 volumes of
IPA) containing nitrocellulose of 0.5 x 10-3M are
listed in Table I for each nitrocellulose investigated.
Table I shows also the degree of substitution of hy-
droxyl groups and the degree of polymerization calcu-
lated from the results of both the degree of nitration
and the intrinsic viscosity, respectively. As can be seen
from the table, the viscosity of the solvent decreased
only slightly as the degree of polymerization decreased,
approaching the value of the pure mixed solvent of
0.935 cp. The change in the viscosity was within 1% in
the degree of polymerization range of about 100-850.

Diffusion current.—Figure 2 shows a typical polaro-
gram. The limiting current was diffusion controlled
as shown by the fact that it was proportional to the
square root of the mercury pressure. Figure 3 shows a
series of diffusion currents of nitrocellulose of various
polymerization degrees plotted against concentration.
A good linearity is maintained up to 0.6 X 10—3M, but
the nonlinear dependence caused by nitrocellulose ad-
sorption at the dropping mercury electrode becomes
noticeable when the concentration exceeds 1 x 10—3M
(2). It is also apparent from Fig. 3 that the diffusion
current gives a straight line, as in Fig. 4, in which the
concentration of nitrocellulose is 0.5 x 10—3M.

Discussion

Linear dependence of diffusion current on the con-
centration.—As is shown in Fig. 3, diffusion currents
are linearly dependent on the concentration of nitro-
cellulose up to 0.6 X 1073M in the range of the degree
of polymerization from about 100 to 850, corresponding
to a molecular weight from about 2 x 10% to 2 x 105
This result allows us to determine even an extremely
small amount of nitrocellulose of any degree of po-
lymerization investigated in acetone-IPA alcohol. This

DIFFUSION CURRENT
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analytical method is further extended to the deter-
mination of nitrocellulose of lower and higher degree
of polymerization in acetone suspensions used for the

Table I. Nitrocelluloses* and their characteristics

Degree of Degree of Degree of Intrinsic Viscosity of
Type nitration** (%) substitution (x) polymerizationt viscosity, (9] the solventt (cp)
RS-120 11.55 2.13 832 0.279 0.946
RS-60 11.77 2.19 724 0.242 0.946
RS-20 11.59 2.14 584 0.197 0.946
RS-1/2 11.52 2.12 190 0.063 0.941
RS-1/16 11.53 2.12 114 0.038 0.937

* [CsH702(ONO2) - (OH)3-z1n, where = and n denote the degree of substitution and the degree of polymerization, respectively.
01-56.

** After ASTM D 301
i After ASTM 1716-62.

t Viscosity of the solvent (1 volume of acetone + 5 volumes of IPA) at a nitrocellulose concentration of 0.5 mM. The viscosity of the

pure mixed solvent was 0.935 cp.
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electrodeposition of aluminum oxide, which contained
nitrocellulose, aluminum oxide, and traces of certain
inorganic impurities, if an appropriate amount of IPA
is added to the acetone solution. The addition of IPA
is essential, and it should be noted that in acetone
solution, nitrocellulose and its reduction product are
adsorbed strongly at the mercury surface even at very
low concentrations. Consequently, the polarographic
wave is ill-defined, and its limiting current shows
nonlinear dependence on the concentration as de-
scribed above. The addition of an appropriate amount
of IPA eliminates the difficulty due to the adsorption,
as shown by the previous report (2). The precision of
this analytical method is as follows: The mean diffu-
sion current of eleven separate test solutions (0.5 X
10—3M of RS-60) is 0.745 wA with an estimated standard
deviation of 4.37 X 10~3 yA (degree of freedom = 10).

Dependence of the diffusion current on the degree
of polymerization.—As shown in Fig. 4, the experimen-
tal relation of (diffusion current) o« — log (degree of
polymerization) is operative in the mixed solvent con-
taining nitrocellulose. This relation is quite useful for
the cases in which only one type of nitrocellulose (e.g.,
RS-60) is calibrated and other types are not. The cali-
bration curves for the other types are automatically
obtained by using the above relation. Our attention is
now directed toward an understanding of this mecha-
nism.

At a constant concentration, the diffusion current iq
is directly proportional to D%, as shown by the Ilkovic
equation

ig o« D% [31

where D is the diffusion coefficient. For diffusion
particles that are larger than the solvent molecules,
the Stokes-Einstein relation predicts that D is in-
versely proportional to the viscosity of the medium
and to the radius r of diffusion particle

RT
~ 6arNnm

where R and T denote the gas constant and the tem-
perature, respectively, and N is Avogadro’s number.
Since the change in the viscosity of the solvent is
within 1% in the range of the degree of polymerization
from about 100 to 850, as is clearly seen in Table I,
the viscosity is not the factor that is responsible for
the change in the diffusion coefficient. Another factor
may be the shape of the polymer in the solvent, which
is inversely proportional to the diffusion coefficient.
The random coil model is often employed to evaluate

[4]
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the most probable radius 7. This model is valid when
the chain of a polymer is not so stretched in the solvent
and the excluded volume effect is negligible. In the
present experiment, IPA which alone cannot be a sol-
vent for nitrocellulose was added to the good solvent
of acetone in an attempt to avoid the nitrocellulose
adsorption at the electrode mentioned previously. The
addition of IPA makes the good solvent poor so that
nitrocellulose chains are not stretched and the random
coil model thus provides a good approximation for the
present system.

According to the random coil model, the radius r
is regarded as the end-to-end distance of a polymer
chain and the mean square end-to-end distance <72>
is given as follows (5)

<r2> = nb? [5]

where b and n denote the length of a link and the
number of links in a chain (i.e., the degree of polym-
erization), respectively. The most probable value of 7
is also given on the basis of the Gaussian approxima-
tion

r = (2<r2>/3) "% [6]

This equation indicates that r is proportional to the
square root of its mean square value, and the radius 7
is thus proportional to the square root of m through
Eq. [5]. So the relation between the diffusion current
and the degree of polymerization is derived through
the use of Eq. [3] and [4]

g n—% [7]

Table II shows the relative values of the observed dif-
fusion current normalized at the current of RS-1/16.
Figure 5 is a plot of these relations. As can be seen from
this figure, the observed diffusion current obeys the
Ilkovic equation up to the polymerization degree of
about 600, suggesting that all the nitro groups of
nitrocellulose that have been transferred to the drop-
ping mercury electrode can be reduced at the electrode.
A slight deviation from the slope of —%4 is, however,
observed in Fig. 5 in the higher degree of polymeriza-
tion, showing that the nitro groups transferred to the
electrode are reduced less and less at the electrode
as the degree of polymerization increases, which means
that some portion of nitro groups remain unreduced.
This is probably caused by the steric effect of coiled
up nitrocellulose in the mixed solvent, and the nitro
groups that are located in the inner part of the macro-
scopic sphere of nitrocellulose cannot take part in the
electrode reaction. The chain coiling is expected to in-
crease as the degree of polymerization increases. Be-
cause of this steric effect, the diffusion current ob-
served is smaller than that calculated as shown in
Fig. 5, and this exp'ains why the experimental relation
iq « — log(n) is operative in the mixed solvent con-
taining nitrocellulose.

Conclusions

The diffusion current dependence of nitrocellulose on
the degree of polymerization has been investigated in
acetone-IPA in the polymerization-degree range from

Table I1. Observed and calculated diffusion currents*

Calculated diffu-
sion currentt

Observed diffu-
sion current

RS-120 0.568 0.608
RS-60 0.596 0.631
RS-20 0.656 0.663
RS-1/2 0.880 0.879
RS-1/16 1.000 1.000

* Diffusion currents are normalized at the current of RS-1/16.
+ Diffusion currents are calculated from the relations ia « n-1/4
where n denotes the degree of polymerization listed in Table I.
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about 100 to 850. Conclusions drawn from the present
study can be summarized as follows:

1. Diffusion currents are linearly dependent on the
concentration up to 0.6 X 10-3M in any range of
polymerization degrees investigated. The result can be
applied to the determination of nitrocellulose of various
degrees of polymerization contained in acetone sus-
pensions used for the electrodeposition of aluminum
oxide.

2. The experimental relation of (diffusion current, ia)
« — log (degree of polymerization, n) is largely ex-

DIFFUSION CURRENT
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plained by considering the most probable radius r of
nitrocellulose on the basis of the random coil model,
which gives the relation: iq o< n—%. A slight deviation
from the slope of —% in the high degree of polymer-
ization is attributed to the steric effect of coiled up
nitrocellulose, reducing the effective numbers of nitro
groups that can participate in the electrode reaction.
These considerations explain the above experimental
relation.
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ABSTRACT

InGaAsP/InP planar-stripe lasers are fabricated monolithically in which cavity mirrors are formed by wet chemical
etching using a new solution of HBr-CH,COOH-K.Cr.O;. The lowest threshold current density of these lasers is almost
the same as that of conventionally fabricated cleaved-mirror lasers.

Fabrication of etched-mirror lasers makes possible
the realization of monolithic integrated optical circuits
that consist of lasers and other optical and/or elec-
tronic components, such as waveguides, light modula-
tors, detectors, and laser driving circuits (FET’s).
There have been many reports on the monolithic fab-
rication of etched-mirror lasers in the GaAlAs/GaAs
system by using various etching solutions, such as
superoxol (1), NaOH-H;0,-NH,OH (2), H>SO4-H:0;-
H,O (3, 4), and CH3;0H-H3PO4-H0: (5). The HCI-
CH3COOH-H;0; (6-8) and Br,-CH30H systems (9-11)
have recently been used to fabricate etched-mirror
lasers in the InGaAsP/InP system.

Recently, we reported a new chemical solution com-
posed of HBr, CH;COOH (or HzPO4), and a KzCrsOy
aqueous solution for use in etching InP and InGaAsP
(12). The etching-characteristic data that one can find
in the literature (12) involve studies only of the tem-
perature and composition-proportion dependences of
the etching rates, the dissolution mechanism, the
etched-surface quality and degree of undercutting, the
shape of etch-revealed channels, the quality of mesa-
shaped structures, and the chemical aggressiveness of
the solution toward photoresist mask. It was found
that this etchant system provides high-quality etched
surfaces without any undesirable roughness or etch
pits. The etching rate for (001)InP varies from 0.1 to
10 um/min, depending on the component proportion of
the solutions and/or on the normality of the K2Cr;O7
aqueous solution. This solution does not erode photo-
resists, such as AZ-1350, and provides a desirable mesa-
shaped structure on the InGaAsP/InP double-hetero-
structure (DH) wafer with good photoresist-pattern
definition. The solution is thereby attractive for a
variety of device applications, particularly for mesa-
shaped photodetectors.

The purpose of this paper is twofold: (i) to provide
additional information about the HBr-CH3;COOH-
KoCr;0; system; in particular, to demonstrate the
effect of varying the K»Cr:O; composition on etching
profiles, and (ii) to report the results of the fabrica-
tion of InGaAsP/InP DH lasers with chemically etched
mirrors using this etchant system, comparing the re-
sults with those obtained using Bry-CH3OH solution.

i Key words: chemical etching, etching profile, InGaAsP/InP
aser.

Experimental and Results

Etching profile—The etching solution was prepared
by freshly mixing an HBr (9N), CH3COOH (17N), and
1N K,CryO7 aqueous solution (purity = 99.8%). The
1N K,CrsO7 solution was prepared by dissolving 14.7g
KsCrs0; in deionized water (100 cm3). The etching
profiles of the InGaAsP/InP DH wafer in the solutions
of the HBr-CH3COOH-K,Crs07 system are shown in
Fig. 1: (a) HBr:CH3COOH:KyCr:0; = 2:2:1 (here-
after referred to as BCK-221) (nonstirring, 4 min),
(b) HBr:CH3;COOH:K»Cr:O; = 1:1:3 (BCK-113)
(nonstirring, 4 min), and (c¢) HBr: CH;COOH: K>Cr207
= 1:1:5 (BCK-115) (nonstirring, 8 min). The InGaAsP/

AZ1350 - _—InGaAsP(1.1 um)

T s ——————— InP (1.1 um)
InGaAsP(0.4um)
InP(3.9 um)

(001)InP Sub.

(110) PLANE

(110) PLANE

(a)

(b)

30um 30um

Fig. 1. Etching profiles of InGaAsP/InP DH wafer in various
solutions of the BCK system: (a) BCK-221 (nonstirring, 4 min), (b)
BCK-113 (nonstirring, 4 min), and (c) BCK-115 (nonstirring, 8 min).
(Composition of these solutions is given in the text.)
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InP DH wafer used was grown by liquid-phase epi-
taxy. The wafer consists of four epitaxial layers grown
on a (001) n-InP substrate: n-InP (Sn-doped, 3.9 um
thick, InGaAsP (undoped, 0.4 yum thick), p-InP (Zn-
doped, 1.1 um thick), and p-InGaAsP (Zn-doped, 1.1
pm thick). The cross-sectional view of the DH wafer
used is drawn schematically in the top of the figure.
The etching profiles are examined by cleaving the
wafer in orthogonal directions along the (110) and

(110) planes. The etch-channel width is defined to be
30 um (see Fig. 1).

It is clear from Fig. 1 that the etching profiles change
in shape with a change of the 1N KsCrO7; solution
proportion. The BCK-221 etchant [Fig. 1(a)] has
almost equal etching rates for both InP and InGaAsP
and thus provides very smooth etch-revealed walls on
the etching profiles. The system gives a mesa-shaped
profile for the (110) cleavage plane, exhibiting no
clear crystal habit. The system also gives mesa-shaped
profile for the (110) cleavage plane, where the profile
exhibits clear crystal habit in contrast with that
for the (110) cleavage plane. The etch-revealed walls
can be identified to be the {110} and {111}A planes for
the (110) and (110) cleavage planes, respectively. The
BCK-221 etchant has an etching rate of ~2.5 um/min
for (001)InP (12). The etching rate of the BCK-221
etchant estimated from the etched depth of Fig. 1(a) is
about 2.1 um/min, which coincides with that for the
(001)InP within experimental error. The BCK-113
etchant [Fig. 1(b)] has slightly different etching rates
for the InP and InGaAsP layers, whereas the BCK-
115 etchant [Fig. 1(c)] has quite different etching
rates for the InP and InGaAsP layers. These etch rate
differences produce complex etching profiles on the
InGaAsP/InP DH wafer, as clearly seen in Fig. 1(c).
The BCK-221 and BCK-113 etchants have no clear
dependence of undercutting on the crystallographic
direction. The degree of the undercutting for the
InGaAsP top layer (1.1 um thick layer) is about 3 um
for the BCK-221 [see Fig. 1(a)] and 2 um for the
BCK-113 etchant [see Fig. 1(b)]. The BCK-115 etch-
ant, on the other hand, has strong dependence of the
undercutting on the crystallographic direction [1.5 um
for the (110) cleavage plane and 5 um for the (110)
cleavage plane].

To fabricate good-quality etched-mirror lasers on a
DH wafer, it is necessary to employ an etching solution
that provides an etching profile with vertical-mirror
walls and gives almost the same etching rates for the
individual DH layers (i.e., in the present case, for
InP and InGaAsP). The BCK-221 etchant provides
nearly vertical-mirror walls for the (110) cleavage
plane. In fact, vertical and smooth mirror walls, simi-
lar to Fig. 1(a), can be produced by the BCK-1lm
etchant with a range of value of m (volume ratio)
from 0.2 to 2.

Etched-mirror laser—The fabrication steps of the
etched-mirror laser are shown schematically in Fig. 2.
The InGaAsP/InP DH wafer used was grown on a
(001)InP by liquid-phase epitaxy. The In;—,Ga,-
AsyP1—y quaternaries can be epitaxially grown on InP
for 0 = y = 1.0, provided x ~ 0.46y (13). The wave-
length of laser emission varies from A = 0.93 to 1.67
wm over this compositional range. The wafer used con-
sists of four epitaxial layers: n-InP confining layer
(Sn-doped, 2.9 um thick), undoped InGaAsP active
layer (. ~ 1.5 um, 0.3 um thick), p-InP confining layer
(Zn-doped, 1.0 um thick), and p-InGaAsP contact cap
layer (Zn-doped, 0.3 yum thick). To prepare the con-
tact-stripe laser, an SiO, film was sputtered onto the
p-InGaAsP top layer and 10 um wide stripe windows
were opened by standard photolithographic techniques.
In order to investigate some effects of the mirror-facet
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Fig. 2. Fabrication steps of etched-mirror contact-stripe InGaAsP/
InP DH laser.

directions on lasing characteristics, the stripes were
aligned either in the [110] or [110] directions. The
wafer was then thinned to about 150 xm, and Au-Zn
and Au-Ge-Ni ohmic contacts were applied to the
p-side and substrate area, respectively. Rectangular
Au-Zn contacts were then defined by photolithographic
processing using a KI-I»-H»O solution as an etchant
of the Au-Zn metal. After definition of the Au-Zn
contacts, photolithography was employed once more to
define an AZ-1350 mask (Shipley) 275 um long and
200 um wide directly over the Au-Zn contact for mak-
ing the etched-mirror facets, where the defined SiOz
and Au-Zn contact were slightly smaller than the AZ-
1350 mask to prevent contact by the subsequent
etched-mirror fabrication procedure. The wafer was
then etched with the HBr: CH;COOH: KyCry07 = 1:1:1
(BCK-111) solution for 2 min at 20°C without stirring.
After the fabrication of the mirrors by etching, the
lasers were separated into individual units by cleaving.

Figure 3 shows a scanning electron microscope
photograph of the chemically etched-mirror laser. It
can be seen that the etched-mirror wall and etched
bottom tend to be very smooth. The etching rates,
however, are slightly different for the InGaAsP active
layer than for the surrounding InP confining layers.
This may be due to a pn-junction field-induced en-
hancement of the etching rate in the InGaAsP active
layer (i.e., staining effect) (12). Optical microscope
photographs of the (110)-mirror (stripe aligned along
the [110] direction) and (110)-mirror profile (stripe
aligned along the [110] direction) are also shown in
the lower part of Fig. 3. The profiles are very similar
to those of Fig. 1(a) (BCK-221). As discussed before,
the (110) mirror is defined by the {110} plane that in
principle forms an angle of 90° with respect to the
(001) surface plane, while the (110) mirror is de-
fined predominantly by the {111}A slow-etching-rate
plane that forms an angle of 54.7° with respect to the
(001) surface plane.
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Fig. 3. SEM and cross-sectional views of etched-mirror facet

In order to evaluate the performance of the etched-
mirror lasers, contact-stripe lasers were also fabricated
from the same wafer using conventional cleaving.
Figure 4 shows typical light-output vs. injection cur-
rent characteristics for InGaAsP/InP cleaved- (left-
hand side) and etched-mirror lasers (right-hand side).
The cleaved-mirror laser has a cavity length (L) of
170 pm. The (110) -etched-mirror lasers have L = 250
um [one etched and one cleaved mirrors (solid line)]
and 270 um [two etched mirrors (dashed line)]. The
(110) -etched-mirror laser has L = 270 um [two etched
mirrors (dotted line)]. The lasers were driven with 1
usec long pulses at 1 kHz at 18°C. The typical threshold
current (Isn) of the cleaved-mirror laser is 320 mA
which corresponds to a threshold current density (Jtn)
of 18.8 kA/cm2. The (110)-etched-mirror lasers have

CLEAVED-MIRROR ETCHED-MIRROR
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Fig. 4. Typical light-ouput vs. injection current characteristics
for InGaAsP/InP cleaved- (left-hand side) and etched-mirror lasers
(right-hand side). The etched-mirror lasers have one etched- and
one cleaved-mirror (solid line) and two etched-mirrors (dashed and
dotted lines).
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It of 485 mA (solid line) and 540 mA (dashed line)
which correspond to Jin = 19.4 and 20.0 kA/cm?2, re-
spectively. The (110)-etched-mirror lasers, thus, have
nearly the same threshold current density as the stan-
dard cleaved-mirror lasers. The (110)-etched-mirror
lasers, on the other hand, exhibited no lasing charac-
teristics at a current level of up to ~1000 mA (see
dotted line). This is probably due to the tapered pro-
file of the (110)-mirror walls, since the mirror re-
flectivity is considerably smaller for the tapered (110)
mirror than for the nearly vertical (110) mirror. In
previous work (11), we fabricated stripe-geometry
InGaAsP/InP DH lasers with etched mirrors using a
Brs-CH3OH solution as an etchant. In that work, the
nearly vertical (100)-mirror lasers exhibited clear
lasing behavior, while the tapered (110)-mirror lasers
did not, just as in the present case. From these ex-
perimental facts, it can be concluded that the vertical,
smooth mirror profile provides high reflectivity and
low scattering-loss mirrors and, as a result, improves
the characteristics of laser diodes (threshold current,
quantum efficiency, etc.).

In conclusion, contact-stripe InGaAsP/InP DH lasers
with chemically etched mirrors have been fabricated
successfully using an HBr-CH3;COOH-K;Cr207 solution
as an etchant for mirror definition. This solution does
not erode photoresists and gives high-quality etched
surfaces with a good resist-pattern definition. The
solution, moreover, provides very smooth and nearly
vertical-mirror walls for stripe, alignment along the
[110] direction, with good reproducibility. A Brs-
CH30H solution also provides smooth and nearly
vertical-mirror walls, but it erodes photoresists and re-
stricts the stripe direction along only the [100] axis

(45° off from the [110] cleavage axis). The threshold
current density of the etched-mirror lasers obtained
here is nearly the same as that of conventionally
fabricated cleaved-mirror lasers. It seems that this
fabrication procedure allows for much variety of device
design and fabrication compared with the conventional
cleaving technique.
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Crystalline Structure Changes of Molybdenum Silicide Films
Deposited by Sputtering and by Coevaporation after Isochronal
Annealing

Kenji Shibata, Shohei Shima, and Masahiro Kashiwagi*

Toshiba Corporation, Toshiba Research and Development Center, 1, Komukai Toshiba~ho, Saiwai-ku, Kawasaki-city
Kanagawa 210 Japan

ABSTRACT

Crystalline structure changes of molybdenum silicide films after isochronal annealing are studied by x-ray and
transmission electron microscopy. Two types of films deposited by sputtering from a hot pressed MoSi, source and
coevaporation of molybdenum and silicon, with controlled stoichiometry of MoSi,, are prepared. For both types of
depositions, the films that are as-deposited and annealed at temperatures below 350°C are amorphous, but those
annealed between 400° and 600°C show hexagonal MoSi,. Transformation from hexagonal to tetragonal MoSi, occurs
above 700°C for the coevaporated film, whereas it proceeds gradually above 800°C for the sputtered film. A carbon
stabilized phase Si,Mo, is observed above 750°C for the sputtered film, which suggests that the sputtered film is
contaminated by carbon during the deposition. Formation of the Mo-rich silicides Mo,Si, and Si;Mo; above 700°C is
evidence that the deposited films become Mo-rich during the annealing due to slight oxidation of the film surface.

Increase in packing density and switching speed de-
mands low resistivity materials for gate electrode and
interconnections of MOS devices. Refractory metal sili-
cides, such as molybdenum silicide (MoSiz) and tung-
sten silicide (WSiy), are alternative materials to con-
ventional polycrystalline silicon (polysilicon) because
of their high conductivity and process compatibility
with silicon technology.

Although many publications have been reported on
device fabrication with these silicides (1-7), and on
their physical properties (8-22), the silicide technology
is still in its formative stage. Some of the principal
problems with these silicides at present are physical
properties such as crystalline structure and internal
stress, and electrical properties under the subsequent
high temperature heat-treatments. Another key prob-
lem appears to be impurity contamination in the silicide
films, which may originate in deposition sources and
systems. These problems with the silicide films suggest
that the deposition method should be the subject of
further investigation.

In this paper, we study the crystalline structure
change of the deposited MoSi, films in isochronal an-
nealing by means of x-ray diffraction and transmission
electron microscopy (TEM). Comparison of the metal-
lurgical properties is emphasized for the films prepared
by the different methods, i.e., coevaporation of molyb-
denum metal and silicon, and sputtering of a composite
target by the d-c magnetron technique.

Experimental Procedures

Single crystalline silicon wafers with (100) orien-
tation were thermally oxidized at 1000°C for 5 hr in
a pyrogenic-steam ambient, resulting in a 1 gm thick
SiO; layer. The wafers were divided into two groups.
In one group, molybdenum silicide films about 3000A
thick were deposited by d-c magnetron sputtering from
a hot-pressed target made of tetragonal MoSi» (Fig.
1). Before deposition, base pressure of the deposition
chamber is about 10—¢ Torr. The sputtering ambient

* Electrochemical Society Active Member.
Key words: crystal structure, molybdenum silicide, sputtering,
coevaporation, isochronal annealing.

was argon at a pressure of 2 X 10~3 Torr, and the
deposition rate was about 2 A/sec. The substrate tem-
perature was kept below 80°C. On another group of
wafers, the silicide films were deposited by coevapo-
ration from two individually rate-controlled E-beam
sources of molybdenum and silicon. The stoichiometry
of the film is measured by Mo-blue spectrophotometry
and inductivity coupled plasma emitter spectropho-
tometry techniques, and controlled at MoSi;. The vac-
uum during deposition at a rate of 10 A/sec was main-
tained at about 10—6 Torr. The films were then iso-
chronally annealed at temperatures ranging from 200°
to 1000°C for 30 min in dry nitrogen.

The structures of the as-deposited and annealed mo-
lybdenum silicide films were analyzed by x-ray diffrac-
tion with CuK, (A = 1.542A). Besides x-ray analysis,
the films were investigated by transmission electron
microscopy (TEM) operating at 200 kV. Bright- and
dark-field images of the films were taken to observe
the film crystallization and determine the phase of
crystallized grains. Since the reflected x-ray intensi-
ties were very weak, transmission electron diffraction
patterns (TEDP) were also taken. For film structure
analysis with TEDP, x-ray data were used as reflection
standards. Samples for TEM were made by etching the
SiO, layer underlying the silicide films in a buffered
hydrofluoric acid (HF) solution. During the SiO; layer
etching, the silicide films were not attacked by the buf-
fered HF solution.

5 e 8 3
TR T !

Sputter Target

o~
o
©
!

+—116,220

10 20 30 40 50 60 70 80 90
28

Fig. 1. X-ray reflection peaks of a hot-pressed MoSis target for
sputtering.



1528

Experimental Results

X-ray diffraction.—For the as-deposited films made
both by sputtering and by coevaporation, x-ray dif-
fraction analysis data did not show any specific peaks,
indicating that their structure was amorphous. After
annealing at temperatures below 300°C, both films still
did not have any x-ray diffraction peaks, which shows
that the deposited films do not crystallize when an-
nealed below 300°C for 30 min. At 400°C, however,
both films showed reflection peaks corresponding to
(100), (101), and (111) hexagonal MoSis. Figure 2
shows the x-ray data for a sputtered film after anneal-
ing at 400°C. As the annealing temperature increased
from 400° to 600°C, the peak height increased slightly,
but the width did not change significantly, indicative of
incomplete crystallization.

In the annealing temperature range between 700°
and 900°C, the structures of the two types of films were
different.

Figures 3(A) and (B) show the x-ray diffraction
data of the sputtered and coevaporated films after an-
nealing at 700°C, respectively. It is notable that tetrag-
onal MoSi» phase grains are present in the coevapo-
rated film, whereas hexagonal MoSi, grains, which are
the low temperature phase, still remain in the sput-
tered film. The difference in structure between the two
types of films suggests that the film properties and/or
quality are different in the two cases. For the sputtered
film, weak tetragonal MoSi; peaks as well as hexagonal
MoSi, peaks were observed at an annealing temper-
ature of 800°C. The tetragonal MoSi; peaks became
stronger, and the intensities of the two different phase
MoSi, reflection peaks were comparable at 900°C, as
shown in Fig. 4(A). On the other hand, the coevapo-
rated film shows only tetragonal MoSi, peaks at tem-
peratures between 700° and 900°C, though the intensity
of the reflection peaks became stronger, as the an-
nealing temperature increased.

It was confirmed from the x-ray data that when the
annealing was performed at 1000°C, simultaneous for-
mation of tetragonal MoSi; and another covalent sili-
cide of tetragonal Mo3Si» (23) occurred for both sput-
tered and coevaporated films. Figure 4(B) shows the

SPUTTERED
400°C Anneal

100 (Hexa. MoSiz)
<+— 101 (Hexa. MoSiz)
«—111(Hexa. MoSiz)

l

L L L I L L L
10 20 30 50 60 70 éO
28

N
o

Fig. 2. X-ray reflection peaks for a sputtered film after annealing
at 400°C for 30 min.

(A)  SPUTTERED
700°C Anneal

100(Hexa)
<« 10! (Hexo.)
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(B)  COEVAPORATED
700°C Anneal

=002 (Tetra)
«—110(Tetra)

S
213 (Tetra)
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L I
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Fig. 3. X-ray reflection data for (A) sputtered, and (B) coevapo-
rated films after annealing at 700°C for 30 min.
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Fig. 4. X-ray reflection data for sputtered films after annealing
at (A) 900°C, and (B) 1000°C for 30 min.

typical x-ray diffraction data of the sputtered film after
annealing at 1000°C. The Mo3Si; peaks are not as strong
and sharp as the MoSi, peaks, which indicates that
poorly crystallized MogSi phase grains coexist with
MoSis grains in the annealed silicide films. In the case
of annealing at 1000°C, hexagonal MoSiz was not ob-
served even after annealing for shorter time. Figure
5 shows x-ray data for the sputtered film annealed at
1000°C for 10 min, which shows weak tetragonal MoSiz
peaks and very weak MosSiz peaks.

In Table I, the structures of as-deposited and iso-
chronally annealed films deposited by sputtering and
coevaporation are summarized. A large difference be-
tween the structures of the two types of films is ob-
served in the annealing temperature range between
700° and 900°C. Tetragonal MoSi» formed above 700°C
for the coevaporated film, whereas it formed above
800°C coexisting with hexagonal MoSi, for the sput-
tered film.

TEM study.—Because of high level background from
silicon wafers and the 1 um thick SiO; layer, the sen-
sitivity in x-ray analysis is limited. Thus in order to
confirm the formation of other low concentration sili-
cides with different crystalline structure, deposited
films were also studied by TEM after removing the
SiO, layer and silicon substrate. Figures 6(a) and (b)
show a TEM bright-field image micrograph and a
TEDP of the as-deposited film by sputtering, respec-
tively. In Fig. 6(a), the film appears to be very smooth
and no specific grain structure is observed. The TEDP
[in Fig. 6(b)] shows a halo pattern without specific re-
flection lines. These TEM results strongly support the
conclusion that the as-deposited films are amorphous.
After annealing below 350°C, covalent silicides did not
form in the sputtered film, consistent with x-ray analy-
sis data shown earlier. Very similar TEM results were
obtained for the coevaporated film.

After annealing at temperatures between 400° and
600°C, a definite grain structure was observed for all
annealed films, although the grain size increased as
the temperature increased. Identification of the reflec-
tion lines of TEDP’s was done with ASTM cards utiliz-
ing the above x-ray results as a standard. For two types
of films, it revealed the formation of hexagonal MoSi;

SPUTTERED
1000°C 10min. Anneal

-]

§ s o 8
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Fig. 5. X-ray reflection peaks tor a sputtered film annealed at
1000°C for 10 min.
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Table 1. Crystalline structure for the sputtered and coevaporated films as-deposited and after 30 min isochronal annealing at
temperatures ranging between 200° and 1000°C

Sputtered Coevaporated
Annealing MoSis MoSia
temperature 5
(°C) Hexagonal Tetragonal MosSis Hexagonal Tetragonal MosSia

as depo. No No No No No No

200 No No No No No No

300 No No No No No No

400 Strong No No Strong No No

500 Strong No No Strong No No

600 Strong No No Strong No No

700 Strong No No No Strong No

800 Strong Weak No No Strong No

900 Strong Strong No Ne¢ Strong No
1000 No Strong Weak No Strong Weak

after annealing at temperatures between 400° and
600°C. Figures 7(a) and (b) show a typical bright-field
image and the TEDP of the sputtered film after anneal-
ing at 600°C, respectively. In Fig. 7(a), there are rod-
like grains surrounded by an uncrystallized region.
These grains were identified as hexagonal MoSiz by the
dark-field imaging technique. The average grain size
is less than 5004, with the maximum length of the rod-
like grains being about 1000A. In Fig. 7(b), the reflec-
tion lines of hexagonal MoSi; are observed.

In the case of the annealing at 700°C, it was found
that tetragonal MoSi; and tetragonal Mo3Si» simul-
taneously exist in the coevaporated film, whereas the
hexagonal MoSi; remained in the sputtered film. This
TEDP result for the coevaporated film is different from
that obtained by x-ray, where no formation of Mo3Si»
for the annealed film has been detected. The intensity
of the tetragonal MosSi» reflection rings in the TEDP
are weak in the temperature range between 700° and
800°C; however, they are as strong as that of the tetrag-
onal MoSi; at 900°C.

On the other hand, a carbon stabilized structure of
hexagonal SizMos (24) as well as hexagonal MoSiy is
observed in the sputtered film after annealing at 750°
and 800°C. The identified TEDP of the annealed film at
800°C is shown in Fig. 8. After annealing at 900°C, re-
flection rings of tetragonal MoSis as well as the above
two phases are observed in the TEDP of the sputtered

film, which is contrary to the case of the coevaporated
film mentioned above.

After annealing at 1000°C, both sputtered and co-
evaporated films show large increases in grain size,
Figure 9 shows a typical bright-field image of the grain
structure with average grain size less than 1000A for
the coevaporated film. The annealed film contains many
twin structures, which is very similar to that of therm-
ally annealed polysilicon films. Figure 10 shows a TEDP
of the coevaporated film annealed at 1000°C. This was
identified by measuring lattice spacings. Two phases
of tetragonal MoSi» and MosSi» are simultaneously
present, which is consistent with the x-ray analysis.
For the sputtered film, however, the presence of hexag-
onal SisMo; phase grains as well as the above two
phases is confirmed by the TEDP analysis, which is
contrary to the x-ray analysis.

Discussion

Combined x-ray and electron diffractions determined
that both sputtered and coevaporated molybdenum sili-
cide films (Si/Mo ratio ~2) are amorphous as-depos-
ited and annealed at temperatures below 350°C, and
hexagonal MoSi; in films annealed between 400° and
600°C. At temperatures higher than 700°C, the coevap-
orated film gives different results from those obtained
for the sputtered film. One of the major differences is
the transformation temperature from hexagonal MoSi;
to tetragonal MoSiz, and another is the formation of

Fig. 6. (a) TEM bright-field image, and (b) TEDP for as-de-
posited film by sputtering.

Fig. 7. (a) TEM bright-field image, and (b) TEDP for the sput-
tered film after annealing at 600°C for 30 min.
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MoSip

(hexagonal)

SizMos
(hexagonal)

Fig. 8. Identified TEDP for a sputtered film after annealing at
800°C for 30 min, which shows a carbon stabilized structure of
hexagonal SizMos simultaneously formed with hexagonal MoSis.

Fig. 9. TEM bright-field image of grain structure for a coevap-
orated film after annealing at 1000°C for 30 min, which is very
similar to that of thermally annealed polysilicon films.

the carbon stabilized phase of hexagonal SizMos for the
sputtered film.

For the coevaporated film, tetragonal MoSi> was
identified by two different diffraction methods, indicat-
ing that a complete transformation of hexagonal to te-
tragonal MoSi; is attained at a temperature at 700°C.
On the other hand, for the sputtered film, we could not
detect tetragonal MoSi, below 750°C, but have detected
the two silicide phases, hexagonal and tetragonal MoSi»,
simultaneously after annealing at temperatures ranging
from 800° to 900°C. This is evidence that the transfor-
mation temperature is higher than 800°C for the sput-
tered film. Yanagisawa and Fukuyama (25), who
worked on reactions between molybdenum films and
silicon, have also found the coexistence of these two
phases. Since these two phases cannot coexist in a ther-
mal equilibrium state, it is thought that the transforma-
tion is incomplete during annealing at 800° and 900°C
for 30 min, which means that the decomposition process
of hexagonal MoSiz and formation of tetragonal MoSiz
needs more than 30 min of annealing at these temper-
atures.

We have observed the hexagonal SisMos phase for
the sputtered film after annealing above 750°C. This
phase is not seen in the x-ray diffraction analysis but
detected in TEDP. The discrepancy between the two
methods is due to the analytical sensitivity limits. The
samples for x-ray analysis were not discrete thin films,
but a thin film structure on SiO; over silicon. There-

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

July 1982
MoSi,
(tetragonal)
(0]
|
0
2
? Mo3Si,
8 (tetragonal)
7
2
|

Fig. 10. Identified TEDP for a coevaporated film after annealing
at 1000°C for 30 min. Two phases of tetragonal MoSiz and Mo3Siz
are simultaneously present.

fore, the sensitivity in x-ray analysis is limited by the
background reflection intensity from the silicon wafer
and the thickness of the amorphous SiO; layer. Al-
though the correlation between these samples and
those analyzed by TEDP is not clear, electron diffrac-
tion analysis has higher sensitivity, and can provide
more information on the low concentration of silicides
than that obtained by x-ray analysis.

The presence of the SigMos; phase in the annealed
film indicates that a small amount of carbon is intro-
duced from the hot-pressed sputtering source into the
deposited film. Carbon content of the sputter target is
measured 0.14%, and carbon contamination in the de-
posited films is confirmed by Auger analysis. From
above results, we suggest that the transformation tem-
perature of hexagonal to tetragonal MoSi; is increased
and its rate is drastically decreased by the carbon
contaminant.

Besides the SizMos phase for the sputtered film, the
simultaneous formation of the Mo-rich silicide phase
Mo;Si» and MoSi; is observed for the coevaporated and
sputtered films after annealing at 700° and 1000°C, re-
spectively. The presence of these Mo-rich phases SizMos
and MosSis in annealed films at high temperature is
evidence that the films are Mo-rich. Guivarc’h et al.
(26) reported that during heat-treatment at 1000°C in
argon ambient, an SiO; layer formed at the MoSi; sur-
face. When the oxidation of the MoSi; silicide film on
SiO; proceeds, an SiO; layer grows at the film surface,
and the silicide film becomes Mo-rich (27). Therefore,
we suggest that the Mo-rich phases are generated at the
interface between the thin SiOs layer and MoSis during
annealing above 700°C in nitrogen as a result of the
surface oxidation of deposited silicide films.

Summary

Crystalline structural changes of molybdenum sili-
cide films in 30 min isochronal annealing were investi-
gated by x-ray and TEM. Two types of films, deposited
by sputtering and coevaporation, are used, and their
properties are compared. As deposited films for both
type are amorphous. They do not crystallize with an-
nealing below 350°C, but show hexagonal MoSis be-
tween 400° and 600°C. The tetragonal MoSi» phase ap-
pears above 700°C for the coevaporated film, and it
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coexists with hexagonal MoSi; above 800°C for the
sputtered film. A carbon stabilized phase, SizMos, is
observed above 750°C for the sputtered film, indicating
carbon contamination during the deposition. Besides
SizMos, the Mo-rich phase Mo3Si, is detected at above
700°C, which suggests slight oxidation during the an-
nealing, resulting in the Mo-rich film.
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Heterogeneous Decomposition of Silane in a Fixed Bed Reactor
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ABSTRACT

Heterogeneous decomposition of silane in a fluidized bed offers an attractive route for the low-cost production of
silicon for photovoltaic application. To obtain design data for a fluid bed silane pyrolysis reactor, deposition experi-
ments were conducted in a small-scale fixed bed apparatus. Data on the decomposition mode, plating rate, and
deposition morphology were obtained in the temperature range 600°-900°C. Conditions favorable for heterogeneous
decomposition with good deposition morphology were identified. The kinetic rate data showed the reaction to be first
order with an activation energy of 38.8 kcal/mol, which agrees well with work done by others. The results are promis-
ing for the development of an economically attractive fluid bed process.

Fluid bed pyrolysis of silane involves the hetero-
geneous decomposition of silane gas on hot silicon
seeds to produce free-flowing particles of silicon. The
method offers the potential for converting high purity
silane into pure, low cost silicon that is directly pro-
cessable using Czochralski or ribbon growth tech-
nology for photovoltaic application.

Under the sponsorship of the Jet Propulsion Labora-
tory, Union Carbide is currently engaged in the design
of a first-generation fluid bed silane pyrolysis devel-
opment unit. This development effort was initiated
after a preliminary assessment of the technology indi-

Key words: production of silicon, silane decomposition, hetero-
geneous decomposition, fluid bed reactor.

cated that the process has an economically attractive
potential for the production of low cost silicon. How-
ever, a sustained development effort is required to
demonstrate the technical feasibility of the fluid bed
process. In order to assemble a suitable design of the
process development unit, it was determined that im-
portant data were required on permissible silane feed
concentrations, deposition rates, and silicon product
morphology. A review of pertinent literature revealed
that data on critical silane concentration, above which
unfavorable homogeneous decomposition occurs, were
available only at high temperatures in the range 800°-
1100°C. For economical operation of the fluid bed re-
actor, temperatures in the 600°-700°C range are pre-
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ferred since silane feed concentration can be higher at
lower temperatures. Thus the cost of recycling hydro-
gen for diluting the feed is less at lower temperatures.
Also, literature data on plating rates were available
only for epitaxial deposition, and no information was
available on growth of irregularly shaped particles.
Furthermore, there was some question as to whether a
dense and coherent deposition morphology could be ob-
tained in the temperature range of interest.

In order to obtain the above design information with
a modest expenditure of time and effort, it was decided
to conduct silicon deposition experiments in a small-
scale fixed bed reactor. The specific objectives of the
fixéd-bed experiments were to: (i) identify bed tem-
peratures and silane feed concentrations which favor
heterogeneous decomposition and suppress the homo-
geneous mode; (ii) determine the heterogeneous de-
composition rate of silane, and (iii) obtain a qualita-
tive description of the deposition morphology.

Experimental Procedure

Apparatus.—The experimental apparatus, shown in
Fig. 1, consisted of a quartz reactor with an internal
diameter of 1 in. The bed of silicon particles was con-
tained in a 0.78 in. ID quartz liner inserted into the re-
actor. The liner was used to protect the reactor in the
event the silicon bed became plugged during a run.
Packed bed height ranged from 4 to 6 in. for decom-
position mode experiments, and was held fixed at 2.5
in. for kinetic rate experiments. Three thermocouples,
one each in the top, middle, and bottom portions of the
bed, were used to measure the temperature. Bed heat-
ing was accomplished by inductive coupling on a metal
sleeve surrounding the quartz reactor. The sleeve ex-
tended ¥ in. above and below the silicon bed. End
effects were countered by concentrating heat input at
the ends by adjusting the coil pitch. It was, therefore,
possible to obtain a nearly uniform temperature dis-
tribution through the length of the packed bed. Tem-
perature variation from top to bottom of the bed dur-
ing kinetic experiments was typically of the order of
10°C. A 5 kW, 455 kHz generator was used for the
induction power source. The gas exiting the silicon bed
was cooled by a cooling coil wrapped around the bot-
tom part of the reactor. Such cooling ensured that un-
decomposed silane leaving the bed during kinetic rate
experiments did not react on the reactor wall.

A mixture of hydrogen and 20% silane, together
with hydogen used for further diluting the feed gas,
and helium used for purging was stored in cylinders in
a secure, well-ventilated shed located outside the ex-
perimental area. All cylinders were properly valved
and pressures were regulated to suitable levels before
the gases were brought to the reactor vicinity. Pres-
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Fig. 1. Fixed bed reactor
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sure relief valves were provided in all the gas lines.
The gases were passed through 0.6 micron filters and
check valves were provided in the lines to prevent re-
verse flow. The gas flow rates were controlled by hand
needle valves and monitored by rotameters. A gas
mixing chamber filled with glass beads was provided
to ensure proper mixing of the feed gases to the re-
actor. The pressure drop across the reactor and reac-
tor filter was measured, and the reactor exit stream
was cooled and directed to a burner for safe disposal.
A sample from the exit gas was sent to a Gow-Mac
thermal conductivity cell to monitor silane concentra-
tion in the stream.

Silicon preparation.—The silicon used to make up
the bed particles was obtained by crushing 3 in. diam
rods produced by chemical vapor deposition. The
ground particles were screened to a size in the range
of 1190-2000 microns, giving an average particle size
of 1595 microns. Initial experiments on the mode of
silane decomposition were conducted using the above
particles. Later in the experimental program, in an
attempt to control fibrous growth, the crushed silicon
particles were washed first with hot hydrochloric acid
for 30 min to remove metallic impurities introduced by
crushing. The particles were then etched with a mix-
ture of acetic acid, nitric acid, and hydrofluoric acid
in the ratio 1:1.5:1, respectively. To prevent excessive
reaction, the etch duration was limited to about 2 min,
which resulted in a 10-12% weight loss in the silicon
sample. The particles were then washed with deionized
water followed by a wash with methanol. Since the use
of silicon particles prepared in the above manner re-
sulted in a reduction of surface fiber growth, all fur-
ther experiments, including the kinetic rate experi-
ments, used etched particles.

The etching procedure reduced the total metallic
impurities in the silicon from 48 to 5 ppm, as deter-
mined by induction coupled plasma emission spectros-
copy. The etching step also resulted in a reduction in
particle size to a surface-average diameter of 1509
microns.

The poured and tapped bulk densities of the etched
silicon were determined to be 1.14 and 1.27 g/cm3, re-
spectively. The void fraction was calculated to be
0.51 (poured) and 0.46 (tapped). The surface area of
the etched particles was measured by BET method
using krypton at —196°C, and found to be 0.20 m2/g.

Test procedure.—The silicon bed was heated to the
desired temperature and the desired flow rates of feed
gases were established through the reactor. Concentra-
tion of silane in the feed and effluent streams was
measured. The pressure drop across the bed was moni-
tored continuously throughout the run. The desired
run duration was typically 30 min for decomposition
mode experiments, unless the bed started to plug up
with fine powder, in which case the run was termi-
nated immediately. After the completion of the run,
the bed of particles was poured from the quartz liner
and visually examined. A sample from the bed was
also examined with a scanning electron microscope. The
microscope pictures showed powder if the reaction was
homogeneous, and no powder if the reaction was het-
erogeneous. By mounting and polishing the particles
into cross sections, the microscope also revealed the
deposition morphology. The above experiments cov-
ered a temperature range of 600°-900°C. ;

For decomposition rate experiments, a typical run
duration was 10 min. The rates were measured by
noting the reduction in silane concentration as the gas
stream passed through the packed bed held at a speci-
fied temperature. At each bed temperature, runs were
conducted at several flow velocities. The rate data were
obtained at 576°, 627°, and 676°C.
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Discussion of Results

Mode of decomposition and deposition morphology.—
A number of experimental runs was conducted on
the mode of decomposition. These experiments covered
silane feed concentrations in the range 0.5-20 mol
percent (m/o) and bed temperatures in the range
600°-900°C. Each run was made at a predetermined
temperature and silane concentration, and the result of
that run was then interpreted as either homogeneous
or heterogeneous decomposition, depending on the pres-
ence or absence of fine powder in the bed. Because of
this procedure, the distinction between homogeneous
and heterogeneous decomposition appears as a band
instead of a line in Fig. 2, which presents the data as
a relation between silane feed concentration and bed
temperature. The two lines connecting the solid and
open circles in the figure constitute the boundary of
a band that separates the homogeneous and heteroge-
neous decomposition regions. The critical silane con-
centration curve above which gas phase, homogeneous
decomposition predominates, lies within this band. For
instance, the critical silane concentration is between
1.5 and 5% at 800°C and between 10 and 16% at 700°C.

Data obtained by Eversteijn (1) and by Murthy
et al. (2) in horizontal epitaxial reactors at higher
temperatures are also shown in Fig. 2 for comparison.
Critical concentration curves in these two cases were
determined by gradually increasing the silane concen-
tration in a constant temperature reactor until powder
was visually observed. It may be seen that at any tem-
perature, the critical silane concentration determined
by the above investigators differs from each other by
an order of magnitude even though both of them used
analogous reactor systems.

Most of the initial experiments in the current work
were conducted using a packed bed of high purity,
unetched silicon particles. Data on the mode of de-
composition for these particles appear to agree well
with the extrapolation of data points obtained by
Murthy et al. Scanning electron micrographs of these
particles after deposition showed fibrous growth to be
dominant. Figure 3A shows fine powder, whereas Fig.
3B is a typical illustration of fibers. Some nodular
growth, which is the preferred morphology, was also
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Fig. 2. Temperature dependence of critical silane concentration
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tures of silicon particles.

observed, but fibers were predominant. In the experi-
ments it was observed that at a fixed silane feed con-
centration, the fibers became smaller in diameter as
the decomposition temperature was increased. If the
temperature was well into the homogeneous region, the
fibers eventually disappeared and fine powder was
formed.

Pressure drop across the silicon bed was usually a
good indication of the type of decomposition and the
deposition morphology. Figure 4 shows pressure drop
across the bed during typical experimental runs. In
run 22, the rapid increase in the pressure drop indi-
cated immediate generation of large quantities of fine
powder. When the deposition on particle surface was
fibrous, as in run 8, the rise in bed pressure drop was
more gradual. This is verified by the scanning elec-
tron micrograph in Fig. 3B, which shows fibrous
growth.

After many tests with unetched silicon particles
which showed predominantly fibrous growth, it was
suspected that metallic impurities on the particle sur-
faces were providing nucleation points for fiber growth
and, if the surfaces were clean, fibers could be elimi-
nated. Recent work by Osada et al. (3) tended to con-
firm the thought that fibers were caused by metallic
impurities on the particle surface. To test this hy-
pothesis, a sample of high purity silicon was acid-
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Fig. 4. Packed bed pressure drop curves with etched and un-
etched silicon for 9.8% silane, different decomposition modes.
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washed and etched as described earlier. Tests with
etched silicon did, indeed, result in particles with a
dramatic reduction in fiber growth. This is illustrated
in the scanning electron microscope picture 3C. Figure
3D shows the polished cross section of a silicon particle
from the above experiment. The deposition was dense,
firmly attached to the particle surface, and averaged
about 25 microns in thickness. This is the type of sili-
con plating that is most desirable in a fluid bed pyrol-
ysis reactor. As shown in Fig. 4, the pressure drop
across the bed was constant in time when there was
dense growth on etched silicon particles (run 23).

In the decomposition experiment using etched silicon
particles, a feed silane concentration of 9.8 m/o was
used. Powder formation was observed at 701° and
668°C; however, at 652°C no powder was formed, as
illustrated in Fig. 2. Previous tests at the same silane
feed concentration using unetched silicon particles had
indicated no powder formation at 696°C. Thus the
operating temperature for heterogeneous decomposi-
tion using high purity, acid-washed and etched sili-
con particles was lowered by 44°C compared to the
case with unetched particles. No further experiments
were conducted on the decomposition mode; the lower
boundary of the band separating homogeneous and
heterogeneous regions was estimated by drawing a line
parallel to the one obtained for unetched particles.

In the above experiments, it was possible for a small
portion of the incoming silane to have deposited on
the reactor wall approximately % in. above the top of
the packed bed. However, since the surface area of the
wall was substantially smaller than that of the parti-
cles, depletion of the feed silane before reaching the
bed was considered to be negligible.

Heterogeneous decomposition rate—The decomposi-
tion of silane into silicon and hydrogen is an irrevers-
ible reaction whose rate becomes significant at tem-
peratures above 400°C. In the present work, kinetic
rate measurements were conducted at 576°, 627°, and
676°C. The data were correlated by a first-order rate
equation.

The integrated form of the rate equation for a first-
order irreversible reaction in a plug flow reactor for
a system of changing density is given by Levenspiel
(4), as follows

KT= —(1+ea) In (1 — X4s) — eaXa [1]

where k = reaction rate constant, sec—!; T = space
time, sec; e = fractional change in system volume be-
tween no silane conversion and complete silane con-
version; Xa = fractional conversion of silane =
(Ca, — Ca)/Cas; Ca, = mol percent silane in feed;
and Cs = mol percent silane in effluent. A plot of the
right-hand side of Eq. [1] vs. T will result in a straight
line of slope k for data points at constant temperature.
As shown in Fig. 5, the current data fit well with the
first-order rate Eq. [1].

Equation [1] assumes that true plug flow existed in
the reactor. This implies that while lateral mixing is
permissible, there can be no mixing or diffusion along
the flow path. In Fig. 6, the normalized reactor effluent
concentration (5) is plotted against kT. If there is no
deviation from plug flow, the slope of the least-squares
regression line will be —1 and the intercept will be 1.
From the current data plotted as shown in Fig. 6, the
slope is equal to —1.0033 and the intercept is equal to
1.0047. This is a good fit and verifies that for the range
of conditions of the current tests, there is no diffusional
effect and plug flow is a valid assumption.

The rate measurements showed no dependency on
either feed composition or flow velocity, within the
range of current experiments that covered silane con-
centrations from 5 to 10% and feed superficial velocities
from 0.4 to 1.3 ft/sec. The reaction rate constants at
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576°, 627°, and 676°C were determined to be 0.585,
1.55, and 6.71 sec™1, respectively. The activation energy
for the heterogeneous decomposition reaction was de-
termined by plotting In k vs. 1/T as shown in Fig. 7.
The calculated activation energy is 38.8 kcal/mol, which
is close to the value of 37 kcal/mol reported by Ever-
steijn and Put (6). Based on the current experiments,
the rate constant for the decomposition reaction may
be written in the Arrhenius form

k = 5.14 X 10% exp (—38,800/RT) [2]

Figure 8 shows a plot of silicon growth rate in microns
per minute per percent silane plotted as a function of
temperature. Data points from the current work com-
pare well with the results obtained by Eversteijn and
Put (6) from epitaxial deposition.

Conclusions
The current work has identified feed silane concen-
trations and bed temperatures favorable for hetero-
geneous decomposition of silane in a packed bed reac-
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tor. It has also shown that deposition morphology is
significantly influenced by the purity of the silicon
particle surface. Acid-washed and etched high purity
silicon particles yield dense growth. The decomposition
rate measurements have shown the reaction to be first
order, with an activation energy of 38.8 kcal/mol, with-
in the range of current experimental conditions.

Based on the above conclusions, it is recommended
that fluid bed silane pyrolysis work should utilize a
starter bed of acid-washed and etched high purity
silicon. A good operating point for the pyrolysis reac-
tor is 10% silane feed concentration and a bed tem-
perature in the vicinity of 640°C. Under these condi-
tions, the decomposition should be primarily hetero-
geneous, the reaction rates should be sufficiently high
so that complete silane conversion can be expected in
a small fluid bed, and the deposition morphology should
be dense and coherent.
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An Experimental Study of Motion of Electrons and Holes in Y,0.S
Crystal as Revealed by Cathodoluminescence
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ABSTRACT

The average migration distan_ce L) o'f radiation-induced carriers in Y,0,S insulator, under no externally applied
field, has been studied by measuring the inflection points of the concentration dependence curve of activator lumines-
cence and crystal sizes. A quasi-one-directional migration of free carriers, for which the relationship L. = dC', is

inferred from the experimental results.

Electron beam irradiation of crystals creates plasma
electrons (1) (i.e., incident electrons plus internally
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generated secondary electrons) and pairs of electrons
and holes (EH’s) (2) (i.e., radiation-induced carriers)
in the volume in which the incident electrons have
penetrated. The EH’s can move out from the place
in which they are created. Under irradiation by an
electron beam of phosphor crystals, therefore, the ac-
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tivator ions in crystals are excited directly by the
plasma electrons, resulting in a weak cathodolumin-
escence (CL), and/or indirectly through mobile EH’s,
giving rise to an efficient CL. If the activator ions are
excited by mobile EH’s, the number of the directly
excited activator ions (in the penetration volume) by
the plasma electrons is negligibly small (less than
1%) and activator ions are predominantly excited by
mobile EH’s. Hence, the radiative recombination of
EH’s at activator ions in the phosphors is a major
concern in the discussion of the efficient CL. However,
the mechanism of the efficient CL in phosphors is not
clearly understood because of the vagueness of the
motion of EH’s in phosphor crystals under no externally
applied field. One experimental difficulty in determin-
ing the motion of EH’s in the crystals, which are placed
under no externally applied field, is the lack of any
internal detector of the motion of the mobile EH’s in
the highly insulated phosphor crystals. Then, three-
dimensional spreading of EH’s has been assumed under
the conditions of no applied field. Several attempts to
explain the CL mechanism, based on three-dimensional
spreading of EH’s, have been made in the last several
decades (3). They are not able to explain satisfactorily
all of the experimental results (e.g., linear, sublinear,
and superlinear dependence of CL on the exciting in-
tensities and on activator concentrations). Thus a clari-
fication of the motion of EH’s in phosphor crystals is
an essential necessity to discuss cathodoluminescence.

Recently, it has been shown that the activator lumin-
escence can be used as a good internal detector of EH’s
(4, 5). The activator ions are uniformly distributed in
the crystal and never move out of their positions
under ordinary conditions to generate EH’s in crystals.
For the excitation of activator ions, the activator ions
must be visited (or sampled) by EH’s that are travel-
ing in the crystal. Hence, the activator ions which are
distributed randomly on cation sites and emit a charac-
teristic luminescence when excited are good internal
detectors of the motion of EH’s, and the various aspects
of the motion of the mobile EH’s can be revealed by
studying the activator luminescence as a function of
concentration of the activator ions [i.e.,, the concen-
tration dependence (CD) curve of the activator lumin-
escence]. In this report, we shall try to figure out, as a
first-order approximation, a motion of EH’s in Y2028
by measuring the inflection points of the CD curves of
the particular activator CL as a function of the median
crystal sizes (¢m).

In CL study, we usually measure the time-averaged
activator luminescence intensity, <I>, which is given
by a result of the volume integral of the action of EH’s
to activator ions in the finite crystal volume and unit
time (4). In order to obtain a mathematical solution
of the volume integral, we must know the physical
properties such as the capture cross section of activator
jons, mobi'ity of the carriers, charge density, charge
distribution in the crystal, and so on. We do not deter-
mine the physical properties because of the difficulty
of obtaining the single crystals of the phosphors, and
within a limitation of our knowledge, there are no
available data regarding the physical properties of
the carriers in the rare earth phosphors. We measured
<I> as the total results of the action of the EH’s to
activator ions in the crystal and in unit time under
the given excitation conditions, regardless of the de-
tails of physical properties. In the analysis of the re-
sults of <I>, therefore, one may be allowed to draw a
macroscopic (instead of a microscopic) picture of the
motion of EH’s. Although it is the macroscopic picture,
a quasi-one-directional migration of EH’s in the crys-
tal, under no externally applied field, can be inferred
from the experimental results of <I>.

Experimental Results

The average migration distance (L) of EH’s in the
tiny crystals of Y20.S, which were distributed in log-
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normal distribution (6), has been studied by measuring
the CD curves of <I> of CL from the screens. The
preparation of the samples of Y20:S (6) and the mea-
surements of <I> of CL (7) have been reported in
the previous publications. The measurements of <I>
were made on the phosphor screens. In the screen, <I>
is proportional to the number of quanta emitted from
the excited activator ions in the crystals on the screen
in unit time. The screen is usually large (e.g., 1 cm?2)
compared with the crystal size (e.g., about 10 xm). In
such a screen, the excitation of activator ions only oc-
curs in the crystals in the first layer of the irradiation
side because the penetration depth of the incident elec-
trons (10 kV) is about 0.4 um (8), and EH’s are never
transferred to other crystals [the crystal is covered
with surface recombination centers of EH’s (9)]. When
the size of the electron beam on’'the screen is kept con-
stant for all measurements (it is usually so), <I> is
proportional to the number of the excited activator
ions in one crystal on the screen in unit time. Thus, we
can take account of <I> as the results of the action of
EH’s to activator ions in one crystal (in the median
size) laying on the screen.

We assume that EH’s in the crystal can be moved
out from the volume in which they are created, and that
the migration of an EH terminates on the first visit to
an unexcited activator ion; the average migration dis-
tance of EH’s increases as activator concentration (C)
decreases. Thus the CD curve should be inflected (i.e.,
have a discontinuity in the curve) at the activator con-
centration C* corresponding to the average migration
distance which is of the order of the crystal size (i.e.,
L = ¢um). Therefore, when the activator ions are dis-
tributed randomly on cation sites, and there is no en-
ergy transfer between activator ions, the relationship
between the L of the first-trapped carriers (electrons
or holes) and activator concentration can be studied by
using the crystal size and activator concentration C* of
the CD curve; L is equal to the crystal size (L = ¢m)
at C*. (It should be noted that the experimental value
L is only average migration distance because L is de-
termined from the crystal size; in the present case,
there is a log-normal distribution of crystal size of
Y50,S phosphor, i.e., the crystals are not all the same
size and ¢y is the median size of the crystals.)

The inflection of the CD curves plotted on a logarith-
mic basis can be observed when the measurements are
carried out in the wide C range, including the area in
which the concentration quenching mechanisms are in-
volved (e.g., 106 to 5 X 10~1 mol fraction). How-
ever, many reported CD curves are not studied in the
entire C range mentioned above; the CD curves study-
ing for the analytical purpose (10) were made in the
wide C region but below C* where <I> was propor-
tional to C, and for the determination of the optimum
activator concentration which was of practical interest,
the measurements were carried out in the C region
above C*. In both cases, one could not observe the in-
flection of the CD curves.

Y,05S offers us a favorable case to study because the
motion of both electrons and holes in the crystal can
be detected separately by their Eut3 and Tb+3 lumin-
escence and because microcrystals of different sizes can
be prepared (6). The study, however, is complicated
by the fact that the value of C* of the given crystal
size of Y»0.S:Eu differs greatly with the excitation
mode [e.g., d-c and pulse excitation (4)]. For instance,
the value of Cy*, for 1 usec pulse excitation, of Y20.S:
Eu (3 pum) is 1 X 10—4%, whereas the value of Cp*, for
d-c excitation, is 2 X 10~3 (20 times greater). A set
of CD curves showing a pulse width effect on the value
of C* is given in Fig. 1; the CD curves covering short
pulse excitation to d-c excitation were obtained with
a constant peak intensity at repetition of 16.7 msec
in the C region from 2 X 1075 to 1 X 10—2, It may be
seen that for pulse widths shorter than 2 usec, the
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Fig. 1. C tration d dence curves of time-averaged Eu+t3

(Do = 7Fz) luminescence intensities of Y2025:Eu (pm = 3 um)
under irradiation of various pulse widths of electron beam.

value of Cp* is independent of activator concentration
and remains at C = 1 X 10~¢%; the value of Cp* is not
influenced by the excitation intensity. For pulse widths
longer than 500 usec, the value of Cp* also stays con-
stant, but C = 2 X 1073 and is influenced by the excita-
tion intensity; the value of Cp* increases as the exci-
tation intensity increases. The transition from Cp* to
Cp* (i.e., C*) occurs in the pulse width range between
2 and 500 usec.

The above results allow us to use the value of Cp*
for the study of the relationship between L of the EH’s
and C. Tb is used to detect hole migration and Eu is
used for electron migration (4). Figure 2 shows the

o Cp(Tb)
% X
x Cp (Eu) Co" (Eu) electron beam
20k ° 0.5uA-cni 2

[}
T
x

Py, (um)
o

]

A

x©
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L 0.2
2T (in ¥,0,5) s
1 1 1 J
-5 4 = -2
10 10 10° 10

activator concentration (mole fraction)

Fig. 2. Crystal size ¢m vs. Cp*(Tb) and Cp*(Eu), and Cp*(Eu)
obtained under two different beam densities: 0.2 and 0.5 xA/cm?2,
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experimental curves of ¢ (= L) vs. Cp*(Tb) and
Cp* (Eu), together with Cp* (Eu) for two different in-
tensities of the excitation (0.2 and 0.5 wA/cm?2). ¢u is
the median crystal size, which is determined from the
sedimentation weight method (¢m = 0.5 um). It can
be seen that the values of Cp*(Tb) and Cp* (Eu) fit a
straight line, which is expressed as

L =dC"! (1]

where d is the distance between the nearest cations
(Y-Y); d = 3.5A for Y20:S. Because the migration dis-
tance of electrons and holes is expressed by Eq. [1] and
the activator luminescence substantially arises from
the recombination of EH’s at activator ions, and for
general reasons, we use the term EH instead of the
term “first-trapped electron” (or hole) in the follow-
ing discussion, even though the recombination process
is determined by the first-trapped carriers at activator
ions.
Discussion

The experimental results in Fig. 1 and 2 show that
the values of C* and slopes of the CD curves of Y20:S:
Eu in the same crystal size are changed with the condi-
tions of the excitations. There is an explanation for the
different values of C* by the change in the ratio of the
surface area to the volume of the crystals in the differ-
ent sizes (11), but this is not the present case. The
values of C* are changed with the pulse widths (in-
stead of the crystal sizes) even though the ratio of the
surface area to the volume maintain constant (with the
same crystal size). In order to explain the experimen-
tal results, we shall discuss the following: (i) the
quasi-one-directional migration of EH’s; (ii) the pulse
width effect on C*; and (iii) the nature of the carriers.
It should be noted that as already mentioned. the dis-
cussion made from the results of <I> only allow giv-
ing a first (or zero) order approximation of the mo-
tion of the EH’s. For a microscopic picture, we must
study further the physical properties of the carriers
and activator ions in the single crystal, but we only
study the time-averaged-luminescence intensities on
phosphor crystals in a log-normal distribution.

Quasi-one-directional migration of EH’s.—Using ac-
tivator luminescence as the internal detector, we have
experimentally studied the migration distance of EH’s
in highly insulated crystals (the resistivity being
greater than 10!° 0-cm) under no externally applied
field, which is difficult to study with other techniques.
We have found experimentally the relationship L =
dC~—1! for the migration of the carriers in Y20:S. An ex-
planation of this result is given below.

We assume that the migration of an EH is terminated
on the first visit to an unexcited activator ion. Because
C-1is the average number of cations per activator ion,
dC-1 is in accordance with the average length 1
“walked” by the EH before the EH is trapped at _l‘.he
unexcited activator ion. The relation of L = ¢m = | =
dC-1 can be interpreted as the average distance of the
migration of the EH’s is equal to the average length
walked by one EH, giving rise to the relationship
L = 1. Therefore, the migration of each EH terminates
at the activator ion arranged on one-directional line of
cations. Thus, a quasi-one-directional migration of EH’s
is deduced from the experimental results of <I>.

This is a significantly different viewpoint from the
three-dimensional migration. In the three-dimensional
case, the average displacement lsp of the EH is given
by the edge of the volume containing one activator
ion (the number of cations in the volume is given by
dC—1), and TgD = dC~1/3, even as the average walked-
length of the EH is given by dC—1. Thus the three-
dimensional migration distance Lgp (= ¢wm) is not
equal to Tsp and should be proportional to dC~173, i.e.,
Lsp = k1dC—1/3, but this is not observed.
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The results of the quasi-one-directional migration of
EH’s in the crystal, under no externally applied field,
indicate that the migration of EH’s is not by the random
walk (5); for one-directional migration, EH’s must be
under a driving force that is generated internally in
the crystal. The internal driving force may be related
to the electric field created by one or combination of
(i) the static field produced by the impurities or by the
electric charges trapped at the chemical impurities (in-
cluding activator ions) and at the crystal defects; (ii)
the gradient field produced by the charges and/or ther-
mal distribution induced by irradiation of electron
beam (12); and (iii) the charges created in the surface
volume of the crystal as a consequence of the ejection
of the true secondary electrons from the crystal (13).
However, these are not yet clearly understood. Further
study may prove an interesting subject.

Pulse width effect on C*.—The values of C* of
Y20,S: Eu in the same crystal size are changed with the
pulse widths of the electron beam (Fig. 1). For the
explanation of these experimental results, the Kkinetic
model (11) is incompetent because of the same crystal
size. The dependence of C* on the pulse widths is prob-
ably related to (i) the lifetime of the excited activator
ions; (ii) the number of activator ions in the domain
(as defined afterward); (iii) the random sampling of
the domains by EH’s; and (iv) the correlated migra-
tion of EH’s. We shall discuss these below.

Lifetime of the excited activator ions.—A statistical
description of the lifetime of the excited activator ions
is as follows. Each excited activator ion emits a photon
after remaining (holding) for sometime in its excited
state (i.e., lifetime) and returns to the ground state.
The holding time of many excited activator ions in
the crystal is not constant and it likely follows the
general rule of holding time, i.e., a Bernoulli distribu-
tion in which the probability density G(t) is given by

G(t) =Ae Mt [2]
Therefore, the distribution function g(t) is given by
g(t) =eM [31

where A is a constant and, for luminescence, is given
by 1/t where v is average lifetime as computed from

&= -fo e~t/Tdt [4]

v is related to 1/4 where A is Einstein coefficient.

The decay curve of the Do (Eu+3) luminescence from
Y20:S:Eu under pulsed cathode ray excitation holds
Eq. [3] and t = 500 usec (v is determined at 1/e of
the maximum intensity). Since 99.999% of the Eut3*
in the excited state returns to the ground state (Eu+3)
in 5 msec, it can be said that at the repetition rate of
16.5 msec, almost all of the Eu+3* excited by the EH’s
created by one pulsed electron beam of 10 msec pulse
width return to the ground state before (the migration
of the EH’s created by) the next electron pulse starts.
This leads to the experimental results of Fig. 1, obtained
with pulse width shorter than 10 msec: <I> is propor-
tional to the number of the excited activator ions by
the EH’s (i.e., the outcome of the trials of the EH’s)
created by a single pulse of the electron beam. For this
reason, the discussion on <I> of Fig. 1 will deal with
the statistical ouicome of the trials of the EH’s created
by a single electron beam pulse shorter than 10 msec
in the crystal.

Number of activator ions in domains.—To compute this,
we take account of a crystal cube equal to the crystal
size ¢m. In this cube, gy = L = d/Cp* and the number
of cations on the cube edge is given by

L 1 5
ey .
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We assume that the direction of the forward migra-
tion of EH’s coincides with that of the incident radiation
(because the total area of the one side of the crystal
is uniformly irradiated with electron beam), and the
first cation on the incident plane begins the one-direc-
tional line of cations. The length of the line is limited
by the crystal size. We shall hereafter call this crystal-
size-limited line of cations the “domain.” Hence, (1/
Cp*) domains can be arranged in any plane parallel
to the migration direction, and (1/Cp*)2 available do-
mains can be arranged in the cube crystal.

The value of (1/C,*)2 is also in accordance with the
number of activator ions in the crystal cube and each
domain, of the length ¢m = d/Cp*, statistically con-
tains one activator ion. It follows that each domain
always contains more than one activator ion when C >
Cp*. In contrast, when C < C,*, the number of acti-
vator ions in the crystal is less than the number, (1/
Cp*)2, of available domains; some domains contain no
activator ion and others contain only one activator ion
each. Thus there are two entirely different situations
of the domains containing activator ions, depending on
whether C > Cp*. This calculation shows that the in-
flection point of the CD curve may not be simply re-
lated to the saturation of the excited activator ions (5).

Random sampling of domains by EH’s.—The probabil-
ity that the number of the EH’s migrating in a specified
domain during the lifetime of the excited activator
ions, under the ordinary CL excitation conditions, can
be computed as follows. The migration process of car-
riers on the lattice sites is a Markov process; the lattice
site that has released the carrier to the next lattice site
is ready to receive other migrating carriers because the
lattice site has no previous history (i.e., statistical in-
dependence). This suggests that each EH has a statisti-
cally independent migration in the domains. This means
that the EH’s can migrate in the same domain, although
not at the same time. Thus the possible number of
simultaneously coexisting EH’s in the crystal may be
greater than the number of the domains calculated as
(1/Cp*)2 (= 10° EH’s for 10 um crystal). As an ex-
treme case, the maximum number of the coexisting
EH’s in the crystal is equal to the number of cations in
the crystal and is computed to be (1/Cp*)3, or about
1013 for 10 um crystal. This large number is for EH
“droplets” but it is far from the actual number of CL
conditions; the number of EH’s created by the ordinary
CL conditions (10 kV, 1 xA/cm2 beam in 500 wsec for
10 um crystal) is about 107 EH’s indicating that EH’s in
the crystal are better described as EH “gas.” (It can
be said that the excitation conditions of ordinary CL
are far from the saturation for EH’s creation.) The
calculated results suggest that the EH’s should migrate
randomly in the domain, i.e., a random sampling of the
domains by EH’s. The probability that an EH randomly
migrates in a specified domain during t is computed as
107/109 = 10—2; therefore, the probability that two
EH’s randomly migrate in the same domain during <
is given by (10—2)2 = 10—4 which is negligibly small
for consideration. Accordingly, it can be said that each
domain may have one EH during vt if the domains are
randomly sampled by the EH’s. In this case, L of EH’s
is equal to | walked by one EH, and the relationship
oM = L = T retains for all the pulse widths. Conse-
quently, C,* = C* = Cp* = d/L = constant for a
given crystal, and the value of C* exhibits no pulse
width effect. This has been observed Y20:S:Tb (the
hole migration in Y20,S).

Correlated migration of EH’s.—In the case of Y20,S:
Eu (detecting the electron migration), however, Cp* #
C* -« C,*. The values of C* are changed with the pulse
width (Fig. 1), and the curve of Cp* vs. ¢m are simply
shifted, in parallel with the curve of L = dC~1, to
high activator concentration as the excitation intensity
increases (Fig. 2). These results indicate that the ran-
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dom sampling of the domains by EH’s is not applicable
to the electron migration in Y202S.

The results in Fig. 2 show that the linear relationship
between the average migration distance and the values
of Cp* is held for the d-c excitation at the various ex-
citation intensities, indicating that the quasi-one-direc-
tional migration of EH’s is thoroughly retained for the
d-c excitation. Therefore, the shift of the values of
Cp* (and C*) with the excitation intensities is possibly
due to the increase in the number of EH’s, which have
the quasi-one-directional migration, in the same do-
main during the lifetime of the excited activator ions.
In other words, the domains may have EH’s more than
one during the lifetime of the excited activator ions.
If this is true, the EH generated recently in the pulse
duration selectively (rather than randomly) migrates
in the domain in which the previous EH’s have been
migrated (i.e., a correlated migration).

To estimate the number of the correlated EH’s mi-
grating in the same domain during the pulse duration,
we assume one activator ion is excited only once in its
lifetime (i.e., activator ion in an excited state is no
longer acting as the recombination center of EH). We
also assume that when the n EH’s migrate in the same
domain at different times during the single pulse dura-
tion, the walked length of the first migrating EH is
calculated as | = d/C*, and the walked length of the
nth EH is n times of the T (= nl). Accordingly, at C*
the crystal size ¢m is no longer equal to ! but is equal
to the migration length walked by the last EH (i.e., ¢m
= nl = nd/C* = d/Cp*). Under the above assumptions,
we estimated the experimental number of the EH’s,
which migrate in the same domain using the equations
of -

C* = nCpy*
cy*

or n=

[6]

Cp* is constant for a given crystal, so that C* increases
as n increases.

Figure 3 shows the experimental curve of n (= C*/
Cp*) as a function of the pulse widths of the electron
beam. The data are replotted from Fig. 1. It can be seen
that for the pulse widths shorter than 2 usec, only one
EH migrates in the same domain (e.g., n = 1), giving
rise to Cp*. The value of n increases with increasing
pulse widths longer than 2 usec, and gives rise to the
observed value of C*,

In reality, the length of the recently migrating EH
during the pulse duration longer than the lifetime of
the excited activator ions might be slightly compli-
cated. For pulse widths longer than the lifetime of the
excited activator ions (e.g., longer than 10 usec), some
excited activator ions are de-excited and they have a
chance of the re-excitation by the recently migrating
EH’s. In this case, ¢m should be equal to the longest
length walked by the EH in the domain under the equi-

20
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Fig. 3. Experimental curve of n (calculated from C*/Cp*) as a
function of pulse widths of electron beam.
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librium conditions between excited and de-excited acti-
vator ions. The longest time interval for the equilibrium
is likely the average lifetime t (= 500 usec), where ©
is of course a constant for the given phosphors. There-
fore, the value of C* is no longer dependent on the
pulse widths longer than t and remains a constant,
equal to Cp*. The values of Cp* and C* shift to higher
C as the excitation intensity increases (Fig. 2) because
of the increase in the n value.

Thus we gave an explanation of the pulse width ef-
fect on C* (and Cp*) with the correlated EH’s migra-
tion. The reason why the highly correlated electron
migration occurs in Y20;S is not understood.

Nature of carriers.—In the above discussion, we have
not specified the nature of the carriers (excitons or free
carriers). It is, however, found that the study made on
the CD curves provides for a clue of the nature of the
carriers in Y202S. There is a difference between the
values of Cp* with Tb and Eu; as already described,
the values of Cp* (Eu), detecting the electrons, depend
on the excitation intensity and shift parallel to itself
to higher values as the excitation intensity increases.
In contrast, no difference was observed with Cp* (Tb),
detecting the holes. Because the lifetime of Eu*3* is
almost the same as that of Tb*3* (about 500 usec) and
the measurements of Cp*(Tb) and Cp*(Eu) were
made with the same excitation conditions, one allows
us to draw a conclusion from above results that elec-
trons and holes in Y20:S are not associated with each
other, i.e., each is a free carrier.

A Proposed Model of Cathodoluminescence

The results of the quasi-one-directional migration
of EH’s and the radiative recombination mechanisms of
EH’s at activator ions (4) may allow one to propose the
following atomistic model of generation of EH’s, mi-
gration, and recombination at activator ions in the
highly insulated phosphor crystals. Using Y»0,S: Eu as
an example, we shall try to exolain the proposed model
as follows. We assume that EH’s are generated by elec-
tron transfer from O—2 (and/or S—2) to Y+3, and since
no bandgap luminescence is observed, the inverse elec-
tron transfer, from Y+2 to O—1 (or S—1), is forbidden.
We also assume that the lattice ions (i.e., yttrium, oxy-
gen, and sulfur) are not acting as recombination cen-
ters for EH’s. For the case of Y20,S, Y+3 (which has
received an electron) is converted to Y+2, which then
releases the electron to the next nearest Y+3, The elec-
tron migrates on Y +3 sites arranged on a line by repeti-
tion of the above mechanism. The hole migrates on O~2
(or S—2) sites arranged on a line by similar migration
mechanisms. The migration terminates by electron
trapping at an Eu+3 site; this gives rise to the rela-
tionship L = dC—1. The Eu*3 is converted to Eut2,
producing a negatively charged local field. A hole is
attracted to this region and is captured by the Eut?
to form the excited state (Eut3*). The Eu*3* emits a

v 2 £s’ £u?
+2 +2 3% 3
+ Y > |+ - + Eu + Eu —>Eu
e 1] \
f‘ \ h
5 - 2
02—>o‘—> ---------------- —>01—>0
creation trapping capture emission
of of of
E-H i electron hole
L =dC
e - : >} luminescence process
migration (tixed place)
distance

Fig. 4. A proposed model of generation, migration, and re-
tion of radiation-induced carriers at activator ion,
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photon and returns to the ground state (Eut3) to re-
peat the excitation process with another EH. Figure 4
illustrates the proposed model. The reduction process
(Y+3 > Y*2) and (Eut3 » Eut2) are observed in po-
larographic studies (14).

As a concluding remark, it has been shown that the
activator luminescence is a new tool in studying the
motion of mobile (radiation-induced) carriers in in-
sulator crystals. Even though it is only allowed to
draw the macroscopic (first-order approximation of)
picture from the present work, a quasi-one-directional
migration of free carriers and the correlated migration
of the electrons in Y20:S crystal are inferred from the
experimental results. Further experiments by using a
single crystal or a thin film and the theoretical con-
sideration are, we feel, necessary to illustrate a com-
plete picture of the motion of the carriers in highly
insulated phosphor crystals.

Manuscript submitted Sept. 2, 1981; revised manu-
script received Dec. 7, 1981.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1983 JOURNAL.
All discussions for the June 1983 Discussion Section
should be submitted by Feb. 1, 1983.

Publication costs of this article were assisted by
Matsushita Electric Industrial Company, Limited.
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Preparation, Optimization, and Cathodoluminescent Properties of a
Line Emission Penetration Phosphor

Thomas E. Clark* and Charles T. Burilla
Sperry Research Center, Sudbury, Massachusetts 01776

ABSTRACT

A multicolor line emission penetration phosphor, suitable for use in high brightness CRT’s, has been developed.
The system consists of multilayered powder particles containing a green-emitting La,0,S:Tb core, a nonluminescent
La,0,S0,:Tb middle layer, and a cover coating of small (~1 um) red-emitting YVO,:Eu particles. Preparation of the
phosphor involves two basic steps: (i) the controlled oxidation of La,0,S:Tb particles to produce an onionskin surface
layer of La,0,S0,:Tb and (ii) coating of the core particles with the small YVO,:Eu particles using a gelatin adsorption
technique. Optimization with respect to brightness and color range yielded a system that was significantly brighter
than previously developed line emission penetration phosphors while providing a comparable color range. Further,
large size core particles were found to improve the phosphor system performance due to a saturation of the red
component brightness at high working voltages. The paper discusses details of the preparation, optimization, and

cathodoluminescent properties of this system.

Muiticolor penetration cathode-ray tubes enjoy a
range of applications in modern display systems (1-2).
In the case of avionic displays, the system must be
designed to operate under the extreme condition of
sunlight falling perpendicular to the faceplate (~10,000
fed), as well as the more typical lighting levels of day-
time flight (~100 fcd) (2-3). Display readability under
high lighting levels is normally maintained by increas-
ing the display brightness and employing a contrast
enhancement device. However, for a given penetration
phosphor screen, increased brightness, which is ob-
tained by increasing the beam current density, leads to
a decrease in the screen lifetime (4). This fact, coupled
with limitations in the coulomb ratings, luminous effi-
ciencies, or designed operating voltages for state-of-
the-art multicolor penetration phosphors has led to the

* Electrochemical Society Active Member.

Key words: cathodoluminescence, penetration phosphors, color,
rare earth.

employment of directional filters in order to simul-
taneously meet display readability requirements and
obtain satisfactory screen lifetimes. The attendant dis-
advantage of directional filters caused by the need for
the viewer to carefully position his head with respect
to the display is accepted in order to take advantage
of the improved light transmission and hence improved
screen lifetimes obtainable with these filters. Although
selective filters (e.g., narrow passband filters) do not
suffer the mentioned disadvantage of the directional
filter, their use has been limited by the lack of a pene-
tration phosphor with acceptable cathodoluminescent
properties. An improved penetration phosphor, de-
signed for such an application, has been developed. Its
preparation, performance, optimization, and cathodo-
luminescent properties form the subjects of this paper.

Approach.—The ability to control the depth of elec-
tron penetration into the phosphor screens of CRT’s by
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adjusting the electron beam voltage (5) is exploited in
multicolor penetration tubes by employing a multi-
layered phosphor system. Thus at low voltages only
the phosphor “closest” to the electron source is ex-
cited yielding an output color corresponding to its
emission, while at the highest voltage inner phosphor
layers are also excited yielding an output color that
is determined by the relative emission intensities from
the contributing phosphors. Intermediate voltages then
give rise to different relative emission intensities and
hence different colors.

Of the various possible approaches for constructing
the requisite multilayered phosphor system, those util-
izing multilayered powder particles (6-12) have re-
ceived considerable attention for reasons of enhanced
luminous efficiencies (7) or ease of subsequent tube
manufacture (10). An early version (7) of a mixed
two-component system using red- and green-emitting
phosphors involved the formation of a nonluminescent
“onionskin” on the surface of ZnS: Cu (green-emitting)
powder particles. This dead-layer green (DLG) com-
ponent was then mixed with a commercially available
red-emitting phosphor allowing the preparation of a
multicolor phosphor screen using the same procedure
employed in monochrome tube preparation. ZnS:Cu,
however is not ideally suited for use in high brightness
displays because of its reduced luminous efficiency
under the high current density conditions found in
these displays (11). Furthermore, it is not ideally
suited for use with selective filters because of the
broad-band nature of its emission.

In another approach, Galves (10) developed an
efficient penetration phosphor consisting of a Zn»SiOy:
Mn core particle covered with a nonluminescent layer
on top of which was a coating of small red-emitting
YVO4: Eu particles. He also demonstrated the enhanced
efficiency of this single-particle system as compared to
a dual-particle system in which the DLG containing a
Zn,Si04: Mn core was simply mixed with standard size
YVOy: Eu particles. These penetration phosphors, how-
ever, also use a broad-band green-emitting phosphor
gihich reduces their suitability for use with selective

ters.

An early version of a single-particle penetration
phosphor system containing only line-emitting phos-
phor components was developed by Tecotzky and
Mattis (12). Its preparation involved a controlled sul-
fidization of RO3:Pr (R = Y or Gd) particles to yield
a core of red-emitting RyO3:Pr and a contiguous sur-
face layer of green-emitting Re0.S:Pr. Although, the
narrow-band aspect of the component phosphor emis-
sions makes this system well suited for use with selec-
tive filters (13), the presence of alternative red- and
green-emitting phosphor components with superior
cathodoluminescent efficiencies and color saturation
(11, 12, 14, 15) provide opportunities for improvement
in the system performance.

The penetration phosphors that have been under
development in this laboratory employ only line-
emitting phosphor components. The earliest version
(8) included standard size YVO4:Eu particles mixed
with a DLG consisting of Laz0S:Tb particles covered
with an onionskin layer of nonluminescent Las0sSO4:
Tb. A subsequent improvement in color coordinates
was obtained by using a red-emitting phosphor par-
ticle containing a nonlumipescent core (9). In an at-
tempt to improve upon the luminous efficiencies of
these previous efforts, development of a performance
optimized single-particle penetration phosphor was
undertaken. It consists of the previously described
Laz0,S: Tb DLG core particle coated with small red-
emitting YVO4:Eu particles. The specific objectives of
the performance optimization were to prepare and
characterize the penetration phosphor that: (i) yielded
a ‘“red to green” color range, (i) required a voltage
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change less than 15 kV, and (iii) had the maximum
red brightness. The optimization sequence included
four basic steps. First, the efficiency of the coating
process (i.e., surface coverage per coating application)
was optimized. This was followed by the selection of
a preferred particle size for the DLG core material.
The red component brightness was then maximized
and finally the working voltage for the red mode was
maximized.
Experimental

Synthesis.—Preparation of the single-particle pene-
tration phosphor involved the initial formation of a
DLG component with the appropriate barrier-layer
thickness, followed by a coating step in which small
YVO,: Eu particles were adhered to the surface of the
DLG particles. The DLG synthesis followed the pro-
cedure of Ignasiak and Veron (8) which consisted of
a controlled oxidation of La02S:Tb particles to yield
a contiguous surface layer of La02SO4:Tb. The rela-
tive inefficiency of Las02SO4 as a host for Tb-activated
cathodoluminescence allows this oxidation product to
act as a nonluminescent barrier layer on the green-
emitting core material. Coating of the DLG with small
red particles was accomplished using the gelatin ad-
sorption process described by Kell (16). This process
involved three basic steps: (i) coating the DLG powder
particles with an adsorbent film of gelatin, (ii) expos-
ing the filmed DLG particles to a liquid dispersion of
the small red-emitting particles, and (iii) removal of
the excess small particles via the differential sedimen-
tation rates that result from the particle size differ-
ences. The resulting coated core particles contained
essentially a monoparticle thick layer of small phos-
phor particles. In the following synthetic procedure,
the conditions given correspond to the penetration
phosphor found to yield the optimum performance.

Synthesis of Laz02S:Tb-Las02S04:Tb particles.—10g
of Las0:S:Thb (commercial phosphor, P-44) that had
been previously size classified to remove particles
smaller than 16 um in diameter were oxidized in a
rotating quartz chamber for 60 min at 749°C. [See
Ref. (8) for details of the reaction chamber.] A moist
oxygen flow of 20 cm3/min was maintained during re-
action and, although thermogravimetric, low voltage
electronic and surface analysis data (17) indicate a
negligible oxidation rate below 500°C, a blanket of
argon was kept over the material during the complete
preheat and cool-down periods.

Coating procedure.—50 ml of a 1% stock solution of
gelatin, prepared as described by Kell (16), were di-
luted with water to 500 ml, clarified by warming to
30°C, and acidified with glacial acetic acid to a pH of
4.0. Then 50 ml of the acidified gelatin solution were
placed in a 75 ml polyethylene bottle containing 5.0g
of the core phosphor particles, agitated for 25 min,
settled, and the supernatant removed by aspiration.
This was followed by 5-6 water washes to remove any
excess gelatin. A liquid dispersion of the small red
phosphor particles, prepared by ultrasonically agitat-
ing 1.65g of YVO4:Eu (Levy West Type 1505q) in 50
ml of water and acidifying to a pH of 3.9, was then
added to the filmed core particles, agitated 25 min,
settled, and the supernatant removed by aspiration.
Following two water washes a second coating of gela-
tin was applied to the particle-coated particles and
the excess gelatin was again removed with water
washes. Following a wash with a 37% formaldehyde
solution to harden the gelatin, the excess nonadhering
small phosphor particles were removed by washing
with ethanol as many times as necessary. Finally, the
material was air dried, lightly crumbled, and sifted
through a 30 um sieve.

Measurements.—Cathodoluminescent properties, ex-
cept where noted, were measured via transmission
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through samples held in a demountable CRT designed
to handle up to 16 samples at a time. [See Ref. (8) for
details of the apparatus.] A pulsed electron beam of
50 wusec duration and a 1 kHz refresh rate, operated at
0.5 wA, was focused to a spot of 3.0 mm diam for each
accelerating voltage level. Brightness measurements
were made using a Spectra Brightness Spot Meter
(Model UB Y%, Photo Research Corporation) and emis-
sion spectra were obtained with a Jarrel-Ash %% meter
Ebert scanning monochromator. Using a scanning rate
of 25 nm/min, digitized spectra were recorded at 1 nm
intervals. Corrections in the spectra for photomulti-
plier response, grating losses, and baseline variations
were made prior to calculating the color coordinates
using the 1931 C.LE. colorimetric system. Phosphor
screen samples were prepared on Nesatron glass using
standard settling techniques and were not aluminized,
except where otherwise noted. Optimized screen load-
ing densities (mass per screen area) were obtained for
the three types of phosphors evaluated: green-emitting
core particles, small-particle-coated penetration phos-
phors, and the standard size red-emitting YVO4:Eu.
These screen coating densities yielded the maximum
brightness for the respective phosphor types and were
used in subsequent screen preparations.

Discussion and Results

The first step in the performance optimization of the
single-particle penetron was to optimize the coating
efficiency. Beginning with preparative parameters used
by Kell (16), a trial-and-error adjustment of several
parameters was then conducted in order to find a set
of conditions that yielded a satisfactory coating effi-
ciency for this system. Factors considered in the opti-
mum search included the quantity and pH of the small
particle dispersion and the length of time that the
small particle dispersion was exposed to the filmed
DLG core particles. On the basis of scanning electron
microscopic analysis, a practical optimum coating effi-
ciency of about 75% was obtained. Scanning electron
photomicrographs of a coated particle, shown in Fig. 1,
illustrate the level of surface coverage obtained as well
as the size distribution of the small coating particles.
As can be seen, the coating particle diameters range
from considerably less than 1 um to greater than 2 um.

The influence of the core particle size on the bright-
ness vs. voltage curves was determined experimentally
by coating undoped LasO»S particles of various size.
A batch of LasO,S, reported to be 1.6% greater than
32 yum and 1.8% less than 5 um in diameter, was size
classified into four categories: <6, 6-10, 10-16, and >16
wm. Coated samples for the three larger diameter cate-
gories were prepared in a manner so as to minimize
differences in the nature of the coatings. Several phos-
phor screens, differing in screen loading density, were
prepared for each of the size categories. Red bright-
ness vs. voltage curves for these samples are shown
in Fig. 2. In Fig. 2a, we see that the screen loading
density range used encompasses the optimum value for
the particle size range considered. This is seen by the
fact that the relative brightness diminishes as the
screen loading density is increased or decreased from
6.8 mg/cm2. A comparable range of screen loading
densities was used for the 6-10 and 10-16 um core
material, but in neither case was an optimum screen
loading density established. However, in both cases,
the brightness increased as the screen loading density
decreased, for the entire density range covered. Thus,
the optimum screen loading densities for these smaller
sized particles apparently occur at lower values than
that for the >16 um core material.

A comparison of brightness wvs. voltage curves for
the three groups of core material is shown in Fig. 2d.
The curves shown are for the screen loading density
that yielded the maximum brightness in each of Fig.
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Fig. 1. Scanning electron micrographs ot a core particle con-
taining a single coating of small YVO4:Eu particles.

2a, b, and c. As can be seen, the >16 um diam core
material resulted in a sublinear red brightness curve
while the other two core materials yielded essentially
linear curves. Since the diminished red emission of
the >16 um diam core material at high voltage would
lead to a greener output color in the completed system,
this size core material was selected for use in the sub-
sequent optimization steps. The fact that the screen
loading densities for the two groups with the smaller
core diameter were not completely optimized simply
means that they would be as bright or brighter at the
optimum screen loading density. Thus, the reason for
preferring the >16 um core material remains valid.
The reason that the coated >16 um diam core mate-
rial exhibits a greater degree of sublinearity than the
other two groups of material derives from differences
in the amount of beam energy absorbed in the red-
emitting coating vs. the nonluminescent core for these
different size core particles. The three curves in Fig.
2d should have a common region at the lower ac-
celerating voltages corresponding to electron penetra-
tion that is essentially limited to the coating layer of
luminescent particles. As the accelerating voltage, and
therefore electron penetration, is increased, the ratio
of beam energy absorbed in luminescent vs. nonlumi-
nescent material becomes dependent on the core par-
ticle size. For the limit of a very small diameter core
particle the phosphor screen would appear to the elec-
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tron beam to consist essentially of a multiparticle thick
layer of small luminescent coating particles. The
brightness in this case would show a linear dependence
on voltage similar to that found for the standard size
YVO4:Eu in Fig. 2d. At the other extreme of a very
large diameter core particle, the phosphor screen
would appear to the electron beam to consist of a
monoparticle thick layer of the small YVO:Eu coat-
ing particles. The shape of the brightness vs. voltage
curve in this case would be similar to the sublinear
curves found for thin luminescent films (10, 18).

The luminous efficiency of the red-emitting compo-
nent in the penetration phosphor was next maximized
by coating successive layers of the YVO4:Eu onto
La20:S:Tb particles and evaluating the influence on
the output color coordinates. The only constraint limit-
ing the number of coating layers was the requirement
of being able to produce a “green” color output at an
acceptable working voltage. Untreated Laz0:S:Tb was
used here as the core particle material because it would
provide the greatest green emission intensity at any
operating voltage (compare the relative brightness of
the untreated Las02S:Tb vs. DLG samples in Fig. 4)

6 9 12 15 18 21

ACCELERATING VOLTAGE (kV)

(d)

and thus would yield the greenest color output at any
red phosphor coating level.

Data in Table I indicate that with more than one
coating layer the desired green output at the high
working voltage is shifted to yellow. As Fig. 3 il-
lustrates, this is due, in part, to the increased red
emission from the thicker luminescent coating layer.
However, it is also due to the diminished green emis-
sion from the core particle that results from the re-
duced beam energy reaching the core in the double
layered material.

The final step in the performance optimization was
to obtain the highest possible red mode working volt-

Table 1. Colorimetric properties at 17 kV of Lax055:Tb particles
coated with successive layers of small YVO4:Eu particles

No. of red Color coordinates Equivalent
phosphor wavelength
layers x Y (nm)
1 0378 0,571 562
2 0.445 0.508 573
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Fig. 3. Red brightness vs. accelerating voltage curves for >16 um
diam core particles coated with 1 and 2 layers of small YVO4:Eu
particles.

age so as to yield the maximum red brightness at a
given beam current density. To accomplish this, the
core particle with the thickest barrier layer that would
still yield an acceptable green output within 15 kV
of the red working voltage was determined by trial-
and-error. Table II contains the preparative condi-
tions, while Fig. 4 illustrates the relative green bright-
ness vs. voltage for the DLG’s investigated in this step.
Cathodoluminescent data for the red phosphor coated
DLG’s are presented in Tables III-V and Fig. 5.
Figure 5 contains plots of the equivalent wavelength
and relative brightness of the samples at two beam
voltages vs. the core particle oxidation time. Curves
are shown for beam voltages of 9 and 17 kV. The equi-
valent wavelength curves show a steady shift to longer
wavelengths as the oxidation time is increased. This
red shift is due to the reduction in green emission
from the core particle as the barrier layer thickness is
increased. Indeed, if the oxidation time was increased
sufficiently, the two curves would eventually converge
at the equivalent wavelength corresponding to the

Table II. Oxidation conditions for the dead-layer green sample

preparations*
Reaction Reaction
time temp
Sample (min) (£2°C) Mass (g)
1t 60 751 8.0
2 60 749 10.0
3 75 750 8.0
4 90 752 8.0
5 105 750 8.0
6 120 750 8.0

* Maintained a moist oxygen flow rate of ~20 cm® min during
all oxidation runs.

+ Maintained an argon flow rate of ~40 cm®/min during this oxi-
dation run,

mercial La202S:Tb and several dead-layer green samples consist-
ing of a nonluminescent La202504:Tb surface and a green-emitting
La202S:Tb core. The curve numbers refer to the sample identifica-
tion of Table Il where the respective oxidation treatments are
listed.
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Fig. 5. Plot of equivalent wavelength and relative brightness, at
9 and 17 kV, as a function of the core particle oxidation time.

red emission of the coating particles. Examination of
the brightness curves shows that the brightness at both
voltages decreases with an increase in oxidation time.
This is also due to the reduction in green emission as
the barrier layer thickness is increased. Here, the two
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Table 111. Cathodoluminescent data for dead-layer green particles (Lag025:Tb-La202504:Tb) coated with small YVO:Eu particles*

9 kV accelerating voltage

17 kV accelerating voltage

Number of Color coordinates Relative Color coordinates Relative
Core particle coating —_— bright- _ bright-
type** layers x Yy ness (%)t Ae (nm)t x y ness (%)t Ae (nm)¢
Untreated Laz02S:Tbh 1. 0.438 0.520 210 571 0.378 .571 345 562
(0.417) (0.538) — (568) (0.346) (0.598) — (557)
Untreated Laz02S:Tb 2 0.544 0.434 110 588 0.445 .5U8 219 7!
1 1 0.454 0.508 153 574 0.381 0.570 271 563
2 1 0.554 0.425 82 589 0.399 0.549 190 566
3 1 0.596 0.392 66 596 0.438 0.520 138 571
(0.607) (0.381) — (598) (0.422) (0.532) — (569)
4 1 0.604 0.387 61 597 0.441 .518 129 572
(0.619) (0.371) —_ (600) (0.425) (0.529) — (570)
5 1 0.615 0.376 61 599 0.445 .513 116 57
6 L 0.622 0.370 58 601 0.475 0.486 107 577

* The values in parenthesis correspond to measurements made through 2 mm of BG20, a selective filter.

** The numbers refer to the sample preparation in Table II.

t The brightness measurements are relative to that obtained for standard size commercial YVO4:Eu.
$ The equivalent wavelength was calculated vs. the CIE source C

Table 1V. Comparison of the voltage dependent output color for
two coated samples differing in the dead-layer thickness of tha
core particles

Color coordinates Equivalent

Voltage — ———s wavelength

Sample* (kV) x Y (Ne) T
2 6 0.642 0.355 604
7 0.613 0.378 599

9 0.554 0.425 589

10.5 0.516 0.459 583

17 0.399 0.549 566

19 0.388 0.564 564

4 7 0.636 0.359 603
9 0.604 0.387 597

10 0.584 0.401 594

13 0.517 0.455 584

17 0.441 0.518 572

20 0.434 0.512 572

* The numbers refer to the sample preparation in Table II.
t The equivalent wavelength was calculated vs. the CIE source

Table V. Cathodoluminescent properties of two linz emission
penetration phosphors. See the text for details of the phosphor

systems*
Color
Luminous coordinatest
Voltage eff. == ==
Phosphor system (kV) (lumen/W) x Yy

Single-particle 9 3.1 0.622 0.351
20 8.3 0.394 0.550
Dual-particle 8 19 0.634 0.353
18 6.3 0.398 0.547

* Properties measured in sealed aluminized CRT’s using a raster
scan. Breakthrough voltages were ~3 kV.
t Color coordinates were measured through 2 mm of BG20 filter.

curves would converge to the brightness value due to
the coating particles if the oxidation time were in-
creased sufficiently.

Since a red shift in color output at 9 kV corresponds
to an effective increase in the red mode working volt-
age, we see that this increase occurs at the cost of
reduced brightness and a degraded green output color
at 17 kV. Both of these deficiencies, however, can be
overcome by using a sufficiently high green mode
working voltage. From this point of view, the in-
creased red mode working voltage leads to an in-
creased green mode working voltage. However, Table
IV indicates that an increase in the red mode working
voltage also leads to an increase in the minimum volt-
age change required to produce both desired output
colors. Thus, whereas sample 2 requires an 11 kV
voltage change (6-17 kV) to produce a given color
change (X, from 604 to 566 nm), sample 4 requires

considerably more than 13 kV (from less than 7 kV to
more than 20 kV), to produce the same color change.

Based on the previously stated objectives and the
above discussion, entry 4 in Table III was selected as
the optimum single-particle penetration phosphor. The
color range of the phosphor, as a function of voltage,
is shown in Fig. 6. As can be seen, four distinct colors
are obtainable within an 11 kV voltage change. Table
V gives data obtained for the optimum single-particle
phosphor presented here and the dual-particle system
previously developed by this laboratory (9). The lat-
ter system employed the same type of DLG particles;
however, they were mixed with normal sized red-
emitting particles containing a luminescent La0:S:Eu
onionskin surface and a nonluminescent core. As can
be seen, the single-particle system results in luminous
efficiency increases in the red and green modes of 63%
and 32%, respectively, without a loss in color range.
Furthermore, the higher red mode operating voltage
for the single-particle system implies an 84% im-
provement in brightness under conditions of equal
current density. These results are consistent with those
of Galves (10), to the extent that the two approaches
are comparable.

Conclusions

A four color line emission penetration phosphor,
suitable for use in high brightness displays, has been
developed. The system consists of multilayered powder

0.6

YELLOW GREEN |

0.4

03 0.4 05 06 07
%
Fig. 6. Color coordinates at the indicated voltages (kV) for

entry 4 in Table III.
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Saturation of (Zn, Cd)S:Cu, Al Cathodoluminescent Phosphors at
High Current Densities

|. Experimental Phenomena

James R. McColl
GTE Laboratories, Incorporated, Waltham, Massachusetts 02254

ABSTRACT

Efficiency loss due to high electron beam current density in green-emitting (Zn, Cd)S:Cu, Al phosphors has been
measured for Cu and Al concentrations ranging from 27 to 1500 ppm. The severe loss of efficiency exhibited by
commercial phosphors with activator concentrations in the 20-75 ppm range is somewhat alleviated at higher concen-
tration. However, the improvement is far less than expected from a simple activator-depletion model, and saturation
effects are nearly constant from 100 to 500 ppm, showing that a second mechanism for saturation is important in this
material. It is also found that saturation is independent of repetition rate, but depends rather on the net dose of
electron beam charge delivered in a single pulse or scan. Laser photoexcitation experiments in the blue and u.v. show
that analogous saturation occurs for all modes of excitation. Thus the second saturation mechanism is neither a
thermal effect nor electric field quenching. The second paper in this series will show that the second saturation
mechanism in ZnS-type phosphors is excited-state absorption.

It has long been known that phosphors of the ZnS degree, but the effect is much more pronounced for
family, like ZnS or (Zn,Cd)S activated with Cu, Ag, ZnS-type phosphors than for other types (2-5). The
or Au and coactivated with Al, Ga, In, or halide ions, effect is important for color television picture tubes
exhibit sublinear response, i.e., their efficiency drops because ZnS:Ag.Al or ZnS:Ag,Cl is used as the blue
at high current density (1). Most cathodoluminescent primary, and (Zn,Cd)S:Cu.Al, as the green. For ex-
phosphors exhibit this saturation behavior to some ample, in a 19 in. picture tube operated at 2 mA beam

current, typical for a highlight scene, the efficiency of

hosphors, ‘CBT .phosphors; the green-emitting primary is typically 20-35% lower

Key words: cathodolumi
saturation.
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than at 0.1 mA. In addition to this loss of potential
picture tube brightness, a color shift toward pink can
be detected in highlight scenes because the europium-
activated red-emitting primaries used in most color
picture tubes do not exhibit saturation. The effect is
significant but tolerable in conventional picture tubes,
but would be accentuated in picture tube designs with
higher beam current density, such as postdeflection ac-
celeration tubes, projection TV tubes, or conventional
tubes with improved gun design.

In the research reported in this paper, I have ex-
perimentally investigated saturation in (Zn,Cd)S: Cu,Al
phosphors induced by high electron beam current den-
sity. There have been previous reports on measure-
ments of phosphor efficiency vs. current density. Gen-
erally, these reports have compared (Zn,Cd)S:Cu,Al
of a single composition with other, less easily saturated
phosphors. One of the goals here is to characterize the
effect of varying activator concentration on saturation
behavior. It has been a recurring theme in the litera-
ture of this subject that one of the saturation mecha-
nisms in ZnS-type phosphors is activator depletion
(1). This term refers to the loss of efficiency caused by
using up the available activator centers with an ex-
citation density comparable to or exceeding the acti-
vator concentration. This mechanism can be tested by
varying activator concentration, since activator de-
pletion should be less pronounced for a given level of
excitation when the activator concentration is raised,
and vice versa. The effect of electron beam dwell time
and repetition rate on saturation are also characterized
in this paper, both to provide information necessary
for standardizing phosphor measurements and to yield
insight into saturation mechanisms.

The content of this paper follows its original presen-
tation (6). That is, it is a report of an experimental
survey of phenomena relevant both for design of
cathode ray tubes and for gaining insight into mecha-
nisms causing nonlinear response. The research pre-
sented here shows that activator depletion is indeed
an important mechanism for saturation in ZnS-type
phosphors, but that another mechanism is also impor-
tant, particularly at the higher activator concentrations
where activator depletion becomes less pronounced.
The results of a second, more theoretical investigation
(7), will be presented in another publication. The
latter investigation shows that the second mechanism
for saturation in ZnS-type phosphors is excited state
absorption.

Experimental

The phosphors used in this study were prepared at
the GTE Chemical and Metallurgical Division,
Towanda, Pennsylvania, by standard production tech-
niques. The samples of (Zn,Cd)S:Cu,Al contained 8%
CdS by weight before firing. Cu and Al concentrations
ranged from 27 to 1485 ppm. expressed as weicht metal
per weight of phosphor. The phosphors were settled
onto tin oxide coated glass plaques using potassium
silicate-barium acetate as binder. The plaques were
not aluminized. Saturation measurements were car-
ried out at screen weights optimized for maximum
brightness, determined individually for each sample.

The dependence of phosphor efficiency on beam cur-
rent density was measured by an adaptation of the
method of Gibbons et al. (4). Figure 1 presents a
schematic illustration of the apparatus. An electron
gun produced a beam of 4 kV electrons, which was
then accelerated to typically 20 kV by a postaccelera-
tion cage, in which was mounted a rotatable sample
holder with eight plaques. The whole apparatus was
mounted in a stainless steel vacuum chamber, with
fused quartz windows, that was capable of maintaining
a pressure of 2 X 10~7 mm Hg.

Light emitted by the phosphors was measured
through the glass plaques by means of a microspot
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Fig. 1. Schematic illustrations of apparatus used for pulsed sta-
tionary spot phosphor saturation measurements.

radiometer. This device consists of an achromatic lens,
a 25 um diam pinhole set at twice the focal length of
the lens, and an RCA C31034 photomultiplier, which
has essentially flat spectral response in the visible
spectrum. When properly focused, the microspot
radiometer views a spot of 25 um diam; this is suffi-
ciently smaller than the typically 1 mm electron beam
spot diameter that one may consider the area viewed
as being excited by essentially constant current density.

Relative efficiency of phosphors was measured by
alternately moving test samples and reference phos-
phors into the path of the electron beam, keeping the
beam and radiometer fixed. This departure from the
method of Gibbons et al. (4), avoids possible changes
in beam spot profile that might be caused by deflecting
the beam (in our case, electrostatically). In each series
of measurements, five test phosphors and three stan-
dards were mounted in the apparatus. One of the stan-
dards, red-emitting Y,0;:Eu3t, was used to deter-
mine beam current density, as described in detail
below. Test phosphor efficiency was measured relative
to a second standard, green-emitting Laz0S: Th3+. Al-
though Lay0.S:Th3+ displays slightly sublinear re-
sponse, its use as a reference was advantageous since
its color and brightness are comparable to the test
phosphors. A third standard, a reference sample of
(Zn,Cd)S: Cu,Al, was included to check reproducibility.

The measurements were made with a pulsed, station-
ary beam. Pulses of from 0.25 to 2 usec duration from a
Hewlett Packard Model 214A Pulse Generator were
applied to the grid of the electron gun. Repetition
rate was varied from 7 to 60 pps. In contrast to Gib-
bons et al. (4), intensity measurements were always
made at the brightest part of the electron beam spot,
and current density was varied by varying total beam
current. In a typical run, each plaque was measured
at four different places at each current density to aver-
age out small nonuniformities. Most samples were re-
settled and measured in three separate runs.

As mentioned above, the intensity of light emitted
from Y,03:Eud* was used to obtain beam current
density. It was first ascertained that this phosphor does
not saturate under the conditions of this experiment.
This was done by modifying the microspot radiom-
eter to view the whole spot, rather than a small por-
tion, by replacing the pinhole with a neutral density
filter. The electron beam was then set to a relatively
high current and the focus was varied; this changed
the current density but not the total power delivered
to the plaque. Thus a change in total light output was
expected only for those phosphors that saturate. No
change was noted with Y»03:Eu3+. A decrease in light
output amounting to a few percent was noted with
Lay02S: Th3+ when the beam was focused; as expected,
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there was a sharp drop with the (Zn,Cd)S:Cu,Al phos-
phors.

Electron beam current density calibration was car-
ried out as follows. To be determined was the calibra-
tion constant K between current density J and micro-
spot radiometer photomultiplier current I with the
Y,03: Eu+3 plaque as target, related by J = KI. Since
the total beam current i is equal to the integral of
current density over the area of the plaque, the follow-
ing equalities can be stated

i= [ fJdzdy = K[ [Idxdy [

The total beam current i on the left-hand side of Eq.
[1] was measured with a Pearson Electronics Model
2100 current transformer, through which was passed
the high voltage lead to the postacceleration cage; the
latter acts as a Faraday cage. The integral for the
right-hand side of Eq. [1] was determined by slowly
scanning the beam in a 2 X 2 mm raster pattern of 20
lines with 22 measured points per line. The resulting
two-dimensional intensity profile was measured and
stored in a Nicolet Model 1073 Signal Averager. The
needed integral was computed numerically. An ex-
ample of an intensity profile and its integral are pre-
sented in Fig. 2.

The linearity of response of the microspot radiometer
system was assured by operating the photomultiplier
at average and peak currents low enough to prevent
saturation. Linearity of response was also tested with
neutral density filters.

Experimental Results and Discussion

The first goal of this investigation was to ascertain
the role of activator concentration on nonlinearity.
Activator concentrations in phosphors for color TV
tubes are usually chosen to yield maximum brightness
at relatively low current density, corresponding to
about 50 wA beam current in a conventional tube. The
resulting optimum concentration for (Zn,Cd)S:Cu,Al
is typically 20-75 ppm for Cu, depending on the par-
ticular measurement conditions of a given manufac-
turer. Somewhat higher concentrations can be used,
however, with little loss in low-current-density bright-
ness. Since the activator-depletion model predicts that
saturation should be alleviated by higher activator
concentration, raising the activator concentration
seems to be a reasonable approach.

Figure 3 presents data on phosphor efficiency rela-
tive to Lap02S:Th3+ for five sets of Cu and Al concen-

Fig. 2. Oscillogram of photomultiplier response from spot radi-
ometer during slow raster scan of Y»03:Eu+ phosphor. Lower
trace: photomultiplier response. Each “hump” represents one
horizontal scan. Upper trace: integral of lower trace.

J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY

July 1982

ACTIVATOR CONCENTRATIONS

(wt ppm)
Cu Al
s Q' = 27 27
o- 74 74
A& - 200 200
V - 546
o -

EFFICIENCY RELATIVE TO Lay0,S:Tb

1 ki 1 1
0 0.02 0.04 0.06 0.08 0.10 0.12
CURRENT DENSITY (A/cm?)

Fig. 3. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to
Lap05S:Tb3+ vs. peak current density in pulsed stationary spot
experiment with repetition rate — 60 pps and pulse duration —
0.5 usec.

trations. The measurements were carried out with a
pulsed stationary spot of 0.5 usec duration, 60 pps
repetition rate, and peak current density up to 0.12
A/cm2. The ratio of Cu to Al concentration is constant
for this set of phosphors.

It is evident from Fig. 3 that there is significant
saturation in this range of current densities and that
activator concentration strongly affects both low-cur-
rent-density efficiency and saturation behavior. The
efficiency extrapolated to zero current density is high-
est for the lowest activator concentration, and vice
versa. Conversely, saturation is reduced with higher
activator levels.

It can be concluded that saturation behavior is at
least in part an activator depletion effect, especially
at very low activator concentration; increasing the Cu
concentration from 27 to 74 ppm reduces the magni-
tude of saturation substantially. However, further in-
creases in Cu concentration yield much less improve-
ment, showing that either another phenomenon is con-
tributing or that some of the increased activator con-
centration is inactive. Above 500 ppm, concentration
quenching becomes severe.

A second goal of this investigation was to charac-
terize how the peak current density J,, dwell time T,
and repetition frequency f contribute to saturation be-
havior. These factors contribute to the average cur-
density Jay according to

Jay = Jyptf [2]

Saturation effects are often reported as a function of
Jav, but it seems obvious that phosphor efficiency
might well depend separately on the factors that
determine Jay.

Figure 4 presents phosphor emission intensity wvs.
repetition frequency for (Zn,Cd)S: Cu,Al, Las0,S: Tb3+,
and Y20;:Eu3*. For all three phosphors, intensity is
proportional to repetition frequency, even though the
sulfide was being excited so strongly during the ex-
periment that its efficiency was only 45% as great as its
low-current-density value. That is, the efficiency is
independent of repetition rate even when there is
strong saturation. This was true over the whole avail-
able range of current densities and dwell times.

The pattern of the excitation could also be varied
with little effect on efficiency. For example, nearly
constant emission intensity from the sulfides was ob-
tained with 60 single pulses/sec, 30 sets/sec of two
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Fig. 4. Photomultiplier response vs. repetition rate in pulsed
stationary spot experiment.

pulses 63.5 usec apart (the NTSC horizontal scan
period), and 15 sets/sec of four pulses 63.5 usec apart.
This implies that the phenomena responsible for satu-
ration in the sulfides recover in a TV horizontal scan
period. One conclusion that can be drawn from this
is that sample heating does not contribute to phosphor
saturation under these conditions. The instantaneous
temperature rise resulting from a pulse is

JpVe
wCd

where V is beam voltage, x is beam penetration depth,
and C and d are phosphor heat capacity and density,
respectively. For J, = 0.12 A/cm2, V = 20 kV, v = 0.5
usec, and p = 3 um, the temperature rise per pulse is
AT ~ 1°C, far too small to change phosphor efficiency.
The lack of a repetition frequency effect implies that
the time-averaged temperature rise is also insufficient
to change phosphor efficiency.

Figure 5 presents relative phosphor efficiency vs.
pulse duration and peak current density in an experi-
ment in which the product J,v was held constant. It is
apparent from Fig. 5 that the phosphor efficiency is

AT = (3]

14 1
——0 oo (ZnCAISCu (55 ppm), Al (120 ppm)
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Fig. 5. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to
La20:5:Th3+ vs. peak current density in 60 pps pulsed stationary
spot experiment. Product of peak current and pulse duration was
kept constant by adjustment of pulse duration with a value corre-
sponding to Joy = 5 uA/cm?2.
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constant under these conditions, even though the effi-
ciencies are significantly reduced by saturation. These
experiments were repeated for a variety of other ac-
tivator concentrations and other values of the product
Jpt, with similar results. It is reasonable to conclude
that the loss of efficiency due to saturation depends on
the dose p of beam charge per unit area per pulse:
p = Jpt. Furthermore, since the maximum dwell time
used in this experiment was 2 usec, it can also be con-
cluded that the phenomena responsible for saturation
do not recover significantly in times less than 2 usec.
From the above results on pulsed stationary beam
experiments, it is reasonable to suggest that when a
phosphor is excited by a scanned electron beam (with
dwell time =2 usec), the efficiency loss depends on the
integrated dose of beam charge per unit area per scan

p= fJ(t)dt [4]

Since the center of the beam may not pass over a
given phosphor particle, a further average over the
transverse dimensions of the beam spot is also neces-
sary.

These results can now be applied to a raster-scanned
cathode ray tube. Let i be the beam current, D be the
average beam diameter, t be the time for a horizontal
scan, and H and V be the horizontal and vertical
dimensions of the raster, respectively. Then the aver-
age dose of beam charge per unit area per scan is

it (5]

"=DH

For an elongated beam spot shape, the correct value of
D to use in Eq. [5] is the spot dimension transverse to
the beam scan direction. Thus beam current, spot size,
and scan velocity affect phosphor saturation directly,
not average current density. Let us choose typical
values for a representative calculation: i = 1.2 mA,
D=1mm,H =40 cm, V = 30 cm, and t = 53.5 usec.
These values yield J,y = #/HV = 1 wA/cm? for the
time- and screen-averaged current density, and p = 16
nC/cm2. This corresponds to J, = 32 mA/cm? in our
0.5 wsec pulsed stationary spot experiment. Figure 6
presents efficiencies of (Zn,Cd)S:Cu,Al phosphors rela-
tive to La;0,S: Th3+ measured both at J, = 32 mA/cm?
and extrapolated to J, = 0. It is evident that in con-

1.6

=
»

12

1.0

08

EFFICIENCY RELATIVE TO Lay0,S:Tb

L1 1l

1
20 50 100 200 500 1000 2000

0.6 T |

Cu CONCENTRATION (wt ppm)

Fig. 6. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to
La2025:Tb3+ vs. Cu concentration, with [AlI]/[Cu] = 1.
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trast to the case at J, = 0, the response curve at J, =
32 mA/cm? displays a maximum efficiency vs. Cu con-
centration occurring in the range 50-120 ppm. Mea-
surements at lower current density would shift the
peak to lower concentration, and vice versa. Within
the range of optimum concentrations for J, = 32 mA/
cm?, the average loss of efficiency due to saturation is
20%. This is in satisfactory agreement with experience
in raster scanned color TV tubes, in which a typical
saturation loss at an average current density of 1 uA/
cm? is 15%.

Another variable affecting saturation behavior in
CRT displays is anode potential. It is sometimes ob-
served that color TV tubes exhibit greater phosphor
saturation for a given beam current at higher anode
potentials. The experiments about to be described were
aimed at determining whether this is due to phosphor-
intrinsic properties or extraneous effects. It was first
determined that the light output from Y,03:Eult is
proportional to anode potential in the range from 20
to 30 kV. This made it possible to determine current
density in the usual way with adjustment of the con-
version factor K for anode potential. Measurements of
relative efficiency ws. current density for anode po-
tentials of 20, 25, and 30 kV for one sample are pre-
sented in Fig. 7. It is evident that, for this sample,
saturation behavior depends solely on current density
and not on anode potential. Similar measurements
were made on three other samples whose Cu concen-
trations ranged from 67 to 257 ppm, with similar re-
sults and conclusions. It can therefore be concluded
that the greater phosphor saturation observed in tubes
operated at higher -anode potentials is not phosphor-
intrinsie, but is probably due to the smaller beam size
at higher anode potential, which results in larger beam
current density for the same beam current.

The lack of dependence of phosphor saturation on
anode potential is unexpected, and probably results
from a compensation between two competing effects
of increasing anode potential: increased incident en-
ergy/unit area, but decreased energy/unit volume
within the phosphor. The latter results from the super-
linear dependence of electron penetration depth on
beam energy.

The efficiency data can be usefully summarized in
an empirical formula

oty = e(c) 161
P T T (1%

where ¢(p,c) is the relative efficiency as a function of p
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Fig. 7. Relative efficiency ot (Zn,Cd)S:Cu,Al phosphor vs. cur-
rent density for three electron beam energies.
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(dose of beam charge/cm?), c is activator concentra-
tion, ¢ (c) is the relative efficiency extrapolated to
p = 0, and po(c) is a parameter expressing the beam
charge/cm? required to reduce the efficiency by a fac-
tor of /2.

For any of the samples investigated, Eq. [6] repre-
sents the dependence of efficiency on beam current
density within 2%. The dependence of ¢ on Cu con-
centration is presented in Fig. 6; the variation of po
with c is given in Fig. 8. While Eq. [6] has no theo-
retical basis, it is a useful formula in conjunction with
Fig. 6 and 8 for determining the saturation perform-
ance of a given phosphor, or for obtaining the optimum
activator concentration for a given level of excitation.

Note that, with one exception to be discussed below,
the data on py vs. Cu concentration are independent of
Al concentration, provided that the [Al]/[Cu] ratio is
greater than unity, i.e.,, as long as the Al content is
great enough to guarantee that the dominant emission
center is the Cu-green center. The single exception in
Fig. 8 occurs for [Cu] = 27 ppm and [Al] = 200 ppm.
This sample exhibited a significant shift from Cu-
green emission to “self-activated” blue emission as
current density was increased, so it is hardly surprising
that its saturation behavior differs from samples that
did not exhibit self-activated blue emission.

Saturation under Photoexcitation

Several measurements of relative efficiency vs. ex-
citation density were performed under photoexcitation,
to yield insight into the mechanism of phosphor satura-
tion. Excitation at 337 nm from a pulsed nitrogen laser
lies at the peak of the u.v. excitation spectrum for
(Zn,Cd) S: Cu,Al, and creates free electrons and holes
by band-to-band excitation. A pulsed dye laser operat-
ing at 420 nm was also used. Light at this wavelength
is absorbed by promotion of electrons from Cut+ cen-
ters to the conduction band yielding Cu?+ centers
and free electrons. Thus there are three distinct
modes of excitation (including electron beam) to com-
pare. Excitation density in the photoexcitation experi-
ments was varied by insertion of neutral density filters
in the light path; these filters were checked by also
measuring the response of a lamp phosphor which was
known to respond linearly.

The comparison of saturation behavior induced by
the three modes of excitation is presented in Fig. 9.
The data shown here are for one sample, but are rep-
resentative of samples with Cu concentration ranging
from 27 to 1485 ppm. The obviously common satura-
tion behavior for the three modes of excitation points
toward a common mechanism.
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Fig. 8. Dose of electron beam charge per pulse at 20 kV re-
quired to reduce phosphor efficiency by a factor of \/2 vs. Cu
concentration.
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Fig. 9. Relative efficiency vs. relative excitation intensity in
(Zn,Cd)S:Cu, Al for electron beam excitation and photoexcitation
at 337 and 420 nm. Both ordinate and abscissa have been scaled
for the three modes of excitation to facilitate illustrating the sim-
ilarity of the shapes of the three curves.

One mechanism for phosphor saturation that may be
operative in Yy03:Eu3* is a quenching effect due to
electric fields resulting from electron beam charging
(8). The fact that apparently equivalent saturation is
induced in (Zn,Cd)S:Cu,Al by u.v. and blue light and
by electron beam excitation, reduces the possible im-
portance of this effect for this material.

Conclusion

Loss of efficiency of (Zn,Cd)S:Cu,Al phosphors has
been measured as electron beam current density is in-
creased, and this saturation behavior has been charac-
terized with respect to dependence on activator con-
centration, repetition rate, pulse duration, and anode
potential. Saturation is more severe at low Cu concen-
tration (25-100 ppm) than at medium concentration
(100-500 ppm). This indicates that activator depletion
is a mechanism for the sublinear response in these
phosphors. A simple calculation il). trates that this is
reasonable: at a dose of beam charge of 20 nC/cm?2, the
efficiency of a sample containing 27 ppm Cu is re-
duced by 30%. Assuming that an electron-hole pair is
created for each 10 eV of beam energy and that the
beam penetration depth is 3 um at 20 kV, the carrier
density created by 20 nC/cm? within a penetration
depth i ~1018 cm—3. The Cu concentration of 27 ppm
corresponds to a number density also of 1018 em~—3, so
it is indeed reasonable that activator depletion would
be appreciable under these conditions.

However, the near absence of concentration depen-
dence in the 100-500 ppm range and the fact that sam-
ples in this range are only about twice as resistant to
saturation as a 27 ppm sample indicates either that a
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second saturation mechanism is involved or that not
all of the added Cu is effective in the luminescence
process. There appears to be no corroborating evidence
for the latter; for example, concentration quenching
is not particularly severe in the 100-200 ppm range.
Thus there is evidence that another mechanism is re-
sponsible for the sublinear response of these phosphors
at other than very low activator concentrations. Other
experiments reported here indicate that the other
mechanism is not thermal or electric field quenching.

These results show that saturation in (Zn,Cd)S:
Cu,Al phosphors can be improved somewhat by mod-
erate increases in activator concentration. A clear un-
derstanding of the second mechanism is necessary to
judge if further improvements are possible. The second
paper in this series, based on an earlier presentation
(7), will show that this second mechanism is excited-
state absorption: a combination of (i) reabsorption of
emitted radiation by excited Cu centers (Cut centers
that have captured holes to become Cu?t) and (ii)
the analogous Forster-Dexter (9) process.
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Luminescence of Rare Earth Activated Lutetium Oxyhalide Phosphors

Jacob G. Rabatin*

General Electric Company, Quartz and Chemicals Department, Cleveland, Ohio 44110

ABSTRACT

Lutetium oxychloride and oxybromide phosphors have been prepared using Tb*', Tm?**, Ce*", Sm?*", and Dy?*
activators. In general, luminescent characteristics are similar to those found for corresponding lanthanum oxyhalide
phosphors. The stability of lutetium oxyhalides is markedly decreased apparently due to the effect of the lanthanide
contraction phenomenon. Apparently for the same reason, emissions from the Tm?* *P, excited states occur about 10
nm lower than those for corresponding lanthanum oxyhalide phosphor emissions. Tb?**, Tm?*, and Ce®* activated
phosphors are efficient under x-ray excitation and may have use in image intensifiers for high kilovolt peak applica-
tions in medical radiography. Emissions from the Tm?* P, have a broad-band character similiar to that found in
LaOBr:Tm phosphors.

The luminescent properties of rare earth activated disks were dried at 100°C before being placed in the

yttrium, lanthanum, and gadolinium oxyhalide phos- demountable CR generator. The emiss_ion spectra
phors have been reported (1-6). LaOBr: Tb phosphors shown in Fig. 3-9 were corrected for differences in
are efficient under ultraviolet (2), cathode-ray, and photomultiplier sensitivities over the spectral range.

Seray excitations (3). LaOBr:Tm phosph.ors.are effi- Other measurements.—X-ray diffraction analyses
cient under cathode-ray and x-ray excitations and were performed using a Diano apparatus. The dif-

show broad-band type emissions at 300 and 370 nm fraction
" . patterns were compared to LaOBr and LaOCl
(4). LaOBr phosphors activated with Ce®* (5) and  patterns” and to results reported in the literature

Dy3+ (6) are also relatively efficient under cathode- (10, 11). Absolute densities were measured using the
ray and x-ray emissions. In the process of filling the wel,l-known pycnometer method.

4f electronic shell in the lanthanide series, a large Output under x-ray excitations were measured on
contraction of ionic radius occurs from La3t+ at 1.06A powder plaques using a special apparatus which con-

to Lu3* at 0.85A. This so called lanthanide contraction tains a GE dental unit x-ray generator coupled to a
affects the basicity and other chemical properties of the
rare earth ions. It is the primary reason for reduced
stability of lutetium oxyhalides as will be shown in
this paper. A major purpose of this paper is to com-
pare the luminescent properties of the new lutetium
oxyhalide phosphors with corresponding lanthanum - ~—Luoci
oxyhalides. Because of the cost of LuyO; at over six
dollars per gram, a limited number of phosphor com-
positions were studied. 10 =

Experimental

Sample preparation—The desired amounts of the
activator and lutetium oxide were first dissolved in
nitric acid and then coprecipitated as oxalates. The
mixed oxalates were fired back to appropriate mixed
oxides at about 1000°C to obtain a highly dispersed
activator. About 10g samples of each lutetium oxy-
halide phosphor were prepared using a gaseous hy-
drogen halide method previously described (9). Since
lutetium oxyhalides are relatively unstable at higher 30
humidities, the phosphors were washed in methanol | | | L ]
that contained stearic acid to impart hydrophobic 500 700 900
moisture resistant phosphor surfaces. The phosphors °C
were kept in air tight glass containers between mea- Fig. 1. TGA curves for LuOCl and LuOBr between 400° and

SuTenlents, 1100°C run in dry air at 20°C per minute heating rates.

LuOBr ——

WT. LOSS, %
8
T

Thermogravimetry (TGA).—TGA analyses were
made using a du Pont 950-1090 Thermal Analyzer.
Sample sizes were 20 mg. Heating rates were 20°C per
minute using a dry air atmosphere. The data in Fig. 1
are reported as weight percent changes vs. sample 80 [ LueBr——= —
temperatures.

Reflectance and emission spectra.—Reflectance spec- S 60 ~——Lu0Br:.05Tb -
tra were obtained on powder plaques using a Cary 14 Z
spectrophotometer. CaF,; powder was used as a refer- E
ence sample. The results in Fig. 2 are reported as per- T 40 —
cent reflectance as a function of wavelength. The emis- o

sion spectra were also obtained using a Cary 14 ap-
paratus that was coupled to a demountable cathode-
ray apparatus or to a 254 mm excitation source as re-
quired. The cathode-ray excitation energies were 10

n
(<]

kV and 10A. For these measurements the samples were 220 240 260 25‘;0 3c|>0 32‘0
settled onto quartz disks placed in methanol. The

* Electrochemical Society Active Member. i 3

Key words: hatstinm Diviandes miasscencs, preparatios, Fig. 2. Reflectance curves for LuOBr and LuOBr:0.05 Th from
characterization, 200 to 330 nm.
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photomultiplier and suitable readout devices. Relative
readings were compared to LaOBr:0.002 Tb commer-
cial phosphor whose output was set equal to 100.

Results and Discussion

During the preparation of lutetium oxyhalides, it
was found that these compounds are much less stable
compared to lanthanum oxyhalides. The relative in-
stabilities of LuOCl and LuOBr are evident from the
TGA results shown in Fig. 1. In dry air, the decompo-
sition of LuOBr begins at about 500°C and is complete
by about 900°C with a weight loss of 27.5% that is
nearly theoretical for the reaction

2LuOBr 4 1/2 Oz » LugOs + Bry

In sharp contrast, under these conditions, LaOBr is
stable to over 1000°C. The decomposition of LuOCl
begins at about 700°C and is complete at 1000°C. At
room temperatures and relative humidity above 60%,
lutetium oxyhalides slowly decompose due to a reac-
tion with condensed moisture according to the reaction

3LuOBr + 3H OH - 2Lu(OH)3 + LuBrg

The hydroscopic nature of LuBrj3 accelerates this re-
action. Apparently because of the decreased basicity of
Lu compared to La due to the lanthanide contraction,
the lutetium oxyhalides are much less stable.

LuOCl and LuOBr were characterized by x-ray dif-
fraction techniques that show similar patterns to
LaOCl and LaOBr, respectively. According to Temple-
ton et al. (10), LuOCl does not crystallize into the
PbFCl-type tetragonal structure found for LaOCI.
Mayer et al. (11) found that LuOBr does crystallize
into the PbFCl-type structure, with space group Dy,”
P4/nmm and with two molecules in the unit cell.
These structural differences between LuOCl and
LuOBr may explain some of the differences in emis-
sion characteristics. The measured absolute density of
LuOBr is 7.1 in good agreement with the value cal-
culated from lattice constants (11). The crystal habit
of both compounds is plate-like and the refractive in-
dexes are greater than 2.1.

To some extent optimum LaOBr phosphor composi-
tions were used as guides to choose activator concen-
trations for the lutetium oxyhalide systems. Some
qualitative results on color and emission intensities are
listed in Table I. In general, the LuOBr phosphor have
more intense emissions than the corresponding LuOCIl
phosphors. Also, the emission colors and intensities are
similar to the corresponding lanthanum oxyhalide
phosphors. Figure 2 shows the diffuse reflectance
spectra for LuOBr and LuOBr:0.05Tb. The absorption
edge is at about 240 nm for LuOBr and at about 265
nm for LuOBr:0.05Tb. Under 254 nm excitation, the
absorption process involves the strong broad-band
transition 4f-5d of Tb3+ (1).

Spectral emission curves were obtained for several
phosphors using CR and 254 nm excitations. These re-
sults are presented in Fig. 3-9. Only selected regions
of the emission spectra are shown for each phosphor

Table I. Colors and emission intensities of various lutetium
oxyhalide phosphors

Excitations and emissions®

Phosphor 254 nm CR X-ray
LuOBr:0.05Tb Green, S Green, S Green, S
LuOBr:0.002Tb Blue, W Blue, S Blue, S
LuOBr:0.003Tb 0 Blue, M Blue, M
LuOBr:0.005Sm Orange, M Orange, S Orange, M
LuOBr:0.005Dy 0 Yellow, M Yellow, W
LuOBr:0.005Ce Blue, S Blue, S Blue, S
LuOCl1:0.05Tb Green, S Green, S Green, S
Lu0Cl:0.005Ce Blue, W Blue, M Blue, W
LuOCl1:0.003Tm Blue, W Blue, M Blue, M

* S = strong, M = medium, W = weak emission.
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so that more detailed aspects of these emissions can be
observed. The complete spectra between 300 and 700
nm showed no other unusual emission characteristics
and are similar to emission spectra reported for the
corresponding LaOCl phosphors. Assignments of
transitions are not indicated in most cases since these
correspond closely to those reported previously for
LaOBr phosphors (1-6). The emission spectra, under
CR excitation, for LuOBr:0.002 Tb are shown in Fig. 3.
5D;-7F; emissions predominate in the ultraviolet-blue
spectral region similar to those for LaOBr:0.002Tb (2).
However, the 5D4-7F5 emissions at about 542 nm are
more intense by a factor of 3 compared to LaOBr:
0.002Tb. It appears that the quenching of the 5D;-7F;
emission occurs at lower Tb concentrations compared
to LaOBr:Tb phosphor. Possibly the quenching of the
5D3; emissions due to the cross-relaxation process (12)
is favored in LuOBr phosphors because Tb-Tb near
neighbors are more likely to occur since the ionic radii
of Lu3* and Tb3+ are more alike and Tb-Tb near
neighbors should cause less crystal distortions. This
quenching phenomenon is more clearly observed in
LuOBr:0.05Tb (Fig. 4) where only 5D4-7F; emissions
are detected while in the case of LaOBr:0.05Tb signifi-
cant 5D;-7F; emissions are observed (3). The emission
spectra of LuOCl:0.05Tb are shown in Fig. 5. The 5Dy~
7F5 emissions at about 540-550 nm are more intense

B LuOBr:.002 Tb
10KV CR Ex.

RELATIVE INTENSITY

L 1

400 440 480 - 520 560 600

Fig. 3. Emission spectra for LuOBr:0.002 Tb under CR excitation

- LuOBr:.05Tb
10 KV CR Ex.

RELATIVE INTENSITY

|
500 550
A,nm

Fig. 4. Emission spectra for LuOBr:0.05 Tb under CR excitation
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Fig. 5. Emission spectra