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FUTURE MEETINGS
Of The Electrochemical Society

ATLANTA, GEORGIA—OCTOBER 9, 10, 11, 12, 13, & 14, 1977
Headquarters at the Hyatt Regency

The detailed Call for Papers published December 1976-April 1977 issues of This Journal. Final program
published in August 1977 issue of This Journal.

Planned symposia for the Atlanta Meeting include the following Divisions and subjects:
Battery—Ambient Temperature Li Batteries, General Session; Battery and Corrosion—Corrosion of Battery
Materials; Battery, Industrial Electrolytic, and Energy Technology Group—Load Leveling; Corrosion—Corro-
sion Inhibitors, General Session; Corrosion and Energy Technology Group—Materials for Fusion Reactors; Di-
electrics and Insulation—Failure Mechanisms in Dielectric Materials, New Nonmetallic Materials for High
Thermal Conductivity for Power Dissipation in Electrical and Optical Devices, Plasma Etching and Depo-
sition Technology, General Session; Dielectrics and Insulation and Electronics—Charge Transport in Thin
Film Insulators: Generation, Injection, Conduction, Trapping, Thin Film Phenomena: Interfaces and Interac-
tions; Dielectrics and Insulation, Electronics, and Electrothermics and Metallurgy—Sixth International Confer-
ence on Chemical Vapor Deposition; Electrodeposition—General Session; Electrodeposition and Electronics—
Plating Processes for the Electronic Application; Electronics—Devices in Amorphous and Polycrystalline
Silicon, Highly Conducting Nonmetallic Materials, Semiconductors General Sessions, General Materials
and Processes General Session; Electronics and Electrothermics and Metallurgy—Ohmic Contacts and In-
terconnect Technology; Electrothermics and Metallurgy—High Temperature Metal Halide Chemistry, Gen-
eral Session; Energy Technology Group—Materials and Processes for Photovoltaic Energy Conversion; New
Technology Subcommittee—Fundamentals and Applications of Electrokinetic Phenomena.

SEATTLE, WASHINGTON—MAY 21, 22, 23, 24, 25, & 26 1978
Headquarters at The Olympic Hotel

The detailed Call for Papers published July-November 1977 issues of This Journal. Final program published 1
in March 1978 issue of This Journal.

Planned symposia for the Seattle Meeting include the following Divisions and subjects:

Corrosion—General Session; Corrosion and Electrothermics and Metallurgy—Oxidation of Metals and Alloys;
Corrosion, Industrial Electrolytic, and Physical Electrochemistry—Mathematical Modeling of Electrochemical
Modeling of Electrochemical Processes; Dielectrics and Insulation—Solid-State Chemical Sensors, General
Session; Dielectrics and Insulation and Electronics—Thin Films of Tunneling Dimensions; Dielectrics and
Insulation, Electronics, and Electrothermics and Metallurgy—Defect Chemistry of Semiconductors and Di-
electrics; Dielectrics and Insulation and Electrothermics and Metallurgy—Fundamentals of Film Growth
Processes in Anodic and Thermal Oxides; Electronics—Multilayer Epitaxy, Semiconductor Materials and De-
vice Characterization Techniques, Semiconductors General Sessions, Improved Energy Conversion Devices
for Lighting: Fluorescent Lamps and Phosphors, Phosphor Screening, Luminescence General Session, Gen-
eral Materials and Processes General Session; Electronics and Electrothermics and Metallurgy—Eighth In-
ternational Conference on Electron and lon Beam Science and Technology; Electrothermics and Metal-
lurgy—Electroslag Refining, General Session; Industrial Electrolytic—Chlorine and Chlorate Cell Technol-
ogy, Industrial Water Electrolysis, General Session; Organic and Biological Electrochemistry—The Electro-
chemistry of Molecular Interactions in Biological Membranes, General Session; Physical Electrochemistry—
Electrode Kinetics; New Technology Subcommittee, Dielectrics and Insulation, Electrothermics and Metal-
lurgy, and Industrial Electrolytic—Source Reduction and Recycling in Industrial Processing.

NEW ORLEANS, LOUISIANA—OCTOBER 8, 9, 10, 11, 12, & 13, 1978
Headquarters at the Fairmont Hotel

The detailed Call for Papers published in December 1977-April 1978 issues of This Journal. Final Program
published in August 1978 issue of This Journal.

Planned symposia for the New Orleans Meeting include the following Divisions and subjects.
Battery—Vehicle Propulsion; Corrosion—Atmospheric Corrosion, Fundamental Aspects of Cathodic and An-
odic Protection, General Session; Corrosion, Dielectrics and Insulation, and Electronics—Corrosion of Elec-
tronic Materials; Dielectrics and Insulation and Electronics ~Cenductive Glass. Technology, Double Dielec-
tric Interfaces, Growth and Evaluation of Materials Prepared by Low Pressure CVD; Electrodeposition—Engi-
neering Topics in Electrodeposition, General Session; Electrodeposition and Physical Electrochemistry—
Electrocrystallization; Electronics—Passivation Techniques, Passive Display Devices, Reactive lon Etch-
ing, Surface Preparation of Semiconductors, Semiconductors Geneial Sessions, General Materials and Proc-
esses General Session; Electrothermics and Metallurgy and Physical Electrochemistry—Second International
Symposium on Molten Salts; Industrial Electrolytic—Industrial Methods of Metal Extraction.
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THE ELECTROCHEMICAL SOCIETY
BOOKS IN PRINT

Monograph Series

The following hardbound volumes are

sponsored by The Electrochemical

Society, Inc. and published

by John Wiley & Sons, Inc., 605 Third Avenue, New York, N.Y. 10016. Members of the Society can receive a 33% discount
by ordering from Society Headquarters. Books and invoice are mailed by publisher. Nonmembers (including subscribers)
must order direct from the publisher. All prices subject to change without notice.

Corrosion Handbook, edited by Herbert H. Uhlig (1948).
1188 pages, $37.25.

Arcs in Inert Atmospheres and Vacuum, edited by W. E.
Kuhn. A 1956 Spring Symposium (1956). 188 pages, $12.25.

The Electron Microprobe, edited by T. D. McKinley, K. F. J.
Heinrich, and D. B. Wittry. A 1964 Fall Symposium (1966).
1035 pages, $44.75.

The Stress Corrosion of Metals, by Hugh |. Logan (1966).
306 pages, $24.25.

The Corrosion of Light Metals, by H. P. Godard, W. B. Jep-
son, M. R. Bothwell, and R. L. Kane (1967). 360 pages,
$22.00.

High-Temperature Materials and Technology, edited by |. E.
Campbell and E. M. Sherwood (1967). 1022 pages, $45.50.

Alkaline Storage Batteries, by S. Uno Falk and Alvin J.
Salkind (1969). 656 pages, $45.25.

The Primary Battery, Volume |, edited by George W. Heise
and N. Corey Cahoon (1971). 500 pages, $37.25.

Zinc-Silver Oxide Batteries, edited by Arihur Fleischer and
John J. Lander (1971). 544 pages, $38.75.

The Corrosion of Copper, Tin, and Their Alloys, by Henry
Leidheiser, Jr. (1971). 411 pages, $47.50.

Corrosion in Nuclear Applications, by W. E. Berry (1971).
572 pages, $32.50.

Handbook on Corrosion Testing and Evaluation, edited by
W. H. Ailor (1971). 873 pages, $54.50.

Modern Electroplating, edited by Frederick A. Lowenheim.
Third Edition (1974). 801 pages, $33.50.

Marine Corrosion, by Francis L. LaQue (1975). 332 pages,
$23.75.

The Primary Battery, Volume Il, edited by George W. Heise
and N. Corey Cahoon (1975). 528 pages, $42.25.

Society Symposium Series

The following softbound symposium volumes are sponsored and published by The Electrochemical Society, Inc., P.O.
Box 2071, Princeton, N.J. 08540. Orders filled at the list price given, subject to availability. Enclose payment with order.

Vacuum Metallurgy. J. M. Blocher, Jr., Editor. A 1954 sym-
posium. 216 pages, $5.00.

High-Temperature Metallic Corrosion of Sulfur and Its Com-
pounds. Z. A. Foroulis, Editor. A 1969 symposium. 276
pages, $4.50.

Electron and lon Beam Sci and Technology, Fourth In-
ternational Conference. R. Bakish, Editor. A 1970 sym-
posium. 680 pages, $7.50.

Fundamentals of Electrochemical Machining. C. L Faust,
Editor. A 1970 symposium. 365 pages, $4.50.

Electron and lon Beam Sci and Technology, Fifth In-
ternational Conference. R. Bakish, Editor. A 1972 sym-
posium. 420 pages, $5.50.

Electrochemical Contributions to Environmental Protection.
T. R. Beck, O. B. Cecil, C. G. Enke, J. McCallum, and
S. T. Wlodek, Editors. A 1972 symposium. 173 pages, $4.00.

Oxide-Electrolyte Interfaces. R. S. Alwitt, Editor. A 1972 sym-
posium. 312 pages, $9.00.

Electrets. Charge Storage and Transport in Dielectrics. M. M.
Perlman, Editor. A 1972 symposium. 700 pages, $18.00.

Marine Electrochemistry. J. B. Berkowitz, M. Banus, M. J.
Pryor, R. Horne, P. L. Howard, G. C. Whitnack, and H. V.
Weiss, Editors. A 1972 symposium. 416 pages, $15.00.

Semiconductor Silicon 1973. H. R. Huff and R. R. Burgess,
Editors. A 1973 symposium. 936 pages, $15.00.

Electrochemical Bioscience and Bioengineering. H. T. Silver-
man, |. F. Miller, and A. J. Salkind, Editors. A 1973 sym-
posium. 268 pages, $8.00.

Chemical Vapor Deposition, Fourth International Conference.
G. F. Wakefield and J. M. Blocher, Jr., Editors. A 1973
symposium. 608 pages, $16.00.

Fine Pariicles. W. E. Kuhn and J. Ehretsmann, Editors. A
1973 symposium. 352 pages, $15.00.

Chlorine Bicentennial Symposium. T. C. Jeffery, P. A. Danna,
and H. S. Holden, Editors. A 1974 symposium. 404 pages,
$11.00.

Electrocatalysis. M. W. Breiter, Editor. A 1974 symposium.

378 pages, $12.00.

W

Corrosion Problems in Energy Conversion and Generation.
C. S. Tedmon, Jr., Editor. A 1974 symposium. 474 pages,
$12.00.

Electron and lon Beam Science and Technology, Sixth In-
ternational Conference. R. Bakish, Editor. A 1974 sym-
posium. 594 pages, $16.00.

Properiies of Electrodeposits—Their Measurement and Sig-
nificance. R. Sard, H. Leidheiser, Jr., and F. Ogburn,
Editors. A 1974 symposium. 430 pages, $13.00.

Metal-Slag-Gas R and Pr . Z. A. Foroulis
and W. W. Smeltzer, Editors. A 1975 symposium. 1032
pages, $20.00.

Chemistry and Physics of Aqueous Gas Solutions. W. A.
Adams, G. Greer, J. E. Desnoyers, G. Atkinson, G. S. Kell,
K. B. Oldham, and J. Walkley, Editors. A 1975 symposium.
522 pages, $11.00.

Chemical Vapor Deposiiion, Fifth International Conference..
J. M. Blocher, Jr., H. E. Hintermann, and L. H. Hall,
Editors. A 1975 symposium. 848 pages, $18.00.

Thermal and Photostimulated Currents in Insulators. D. M.
Smyth, Editor. A 1975 symposium. 215 pages, $7.00.

Energy Storage. H. P. Silverman and J. B. Berkowitz, Ed-
itors. A 1975 symposium. 258 pages, $8.00.

Etching. H. G. Hughes and M. J. Rand, Editors. A 1976
symposium. 203 pages, $7.00.

Electron and lon Beam Science and Technology, Seventh
International Conference. R. Bakish, Editor. A 1976 sym-
posium. 632 pages, $18.00.

International Symposium on Solar Energy. J. B. Berkowitz
and |. A. Lesk, Editors. A 1976 symposium. 372 pages,
$10.00.

International Symposium on Molten Salts. J. P. Pemsler,
J. Braunstein, K. Nobe, D. R. Morris, and N. E. Richards,
Editors. A 1976 symposium. 632 pages, $16.00.

Properties of High Temperature Alloys. Z. A. Foroulis and
F. S. Pettit, Editors. 851 pages, $12.00.

Semiconductor Silicon 1977. H. R. Huff and E. Sirtl, Editors.
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ABSTRACT

Open-circuit potentials are reported for the hydrogen (Au) electrode in
molten carbonate at 650 C. The data, with few exceptions, agree with thermo-
dynamic values calculated assuming simultaneous equilibrium of the shift and
the methane reactions. The exceptions are those instances where methane has
to be oxidized almost completely to reach equilibrium, and those where
carbon can form during preheating of the gas.

The anodic activation polarization of the hydrogen
electrode in alkali carbonate melts should be small
because of the required high temperatures. This is
evidently true because the nature of the electrode
metal has no effect on the polarization (1). Ohmic
losses can be estimated from the conductance of the
electrolyte and should be generally small even in a
porous gas diffusion electrode except when poorly
conducting surface oxides are formed on the electrode
metal. Thus, with negligible activation polarization
and ohmic losses the anode polarization should con-
sist, at potentials below the metal oxidation potential,
of concentration overvoltages plus, possibly, some con-
tribution from liquid junction potentials between an-
ode and cathode,

Broers et al. (2) have found that the polarization
of such anodes results primarily from the accumula-
tion of reaction products (CO; H,O) rather than
from a lack of hydrogen. The anode reaction

Hj + CO3= = H20 4 CO; + 2e~ [1]

produces CO; and H;O both of which are acids in
molten carbonates. Both enter into acid-base equi-
libria (3, 4) with the strongly basic O= ion

COz 4 0= = CO3= [2]
H20 + 0= =20H- [3]

The acidity constants, i.e.,, the equilibrium constants
of reactions [2] and [3] are of similar magnitude.
Busson et al. (5) reported the values Kcop, = 1075
and Kuyo = 108 for 600°C. The alkalinity of the melt,
expressed as pO = —log[O=] in analogy to the pH
of aqueous solutions (6), is therefore not determined
by the CO, pressure alone but by both the pressures
of H20 and CO;. Because of this simultaneous depen-
dency of the oxygen ion concentration on both pres-
sures, it appears more suitable to use the pO as the
measure for acidity rather than the PCO, = —log pcos
which was suggested by Janz et al. (7) for hydrogen-
free systems.

* Electrochemical Society Active Member.

1 Present address: General Electric Company, Research and De-
velopment Center, Schenectady, New York 12301.

Key words: molten carbonates, hydrogen electrode, open-circuit
potentials.

A given melt can then be considered acidic if the pO
is larger than a certain neutrality value, and alkaline
if the reverse is true. Busson et al. (5) reported for
the solubility of CO, the relationship (CO;) = 0.1
Pcoy (Pcog in atmospheres, (COz) in mole/liter). To-
gether with the acidity constant of CO; we have, at
600°C

(CO2) (0=) =10-85 [4]

We consider a melt to be neutral when (CO;) =
(0=), i.e., at pO = 4.25. As long as the water pres-
sure is not extremely high, the OH—- ions can be
assumed to be dissolved in molten carbonate and
we can use the same pO value for a neutral melt
containing both acids, HyO and CO;. An equilibrium
oxygen electrode can then be used as a pO indicator
with the potential

PO U A 51
= e Sm——
ot 5 mFo F P

The results of Broers et al. (2) indicate, in this
terminology, a lack of buffer capacity of the electro-
lyte (8) as a main cause for the polarization of a
hydrogen anode. This explanation assumes that the
electrode reaction is, at all current densities, close
to equilibrium, i.e.,, the iR-free electrode potential
is nearly identical with the equilibrium potential
calculated with the activities of the reactants as they
prevail at the metal/liquid interface. However, this
explanation is in apparent contradiction to data in
Ref. (5) which describes deviations from equilibrium
even at open circuit. The discrepancies were as large
as 100 mV with the largest differences observed in
acidic and alkaline melts, i.e.,, just where polarized
molten carbonate electrodes are assumed to operate.

A number of factors can cause real or apparent
discrepancies between calculated thermodynamic po-
tentials and observed open-circuit potentials (ocp).
The equilibrium potential of reaction [1] is given by

RT Pyy0P
E=E 4+—In ﬂ [61

2F Py,
If arbitrary mixtures of Hs;, CHs;, CO, and CO, are
used we can calculate the equilibrium pressures of
H20, CO,, and H; provided that carbon is not formed.
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However, the actual pressures at the electrode may
be different, resulting in discrepancies between cal-
culated and observed potentials.

It is also possible that observed differences are due
to fundamental uncertainties which are introduced
by the type of reference electrode used in previous
studies. The HoO and CO; pressures at a molten car-
bonate electrode cannot be changed without simul-
taneously changing the electrolyte composition (Eq.
[21, [3]). As written, Eq. [6] assumes that E is mea-
sured against a reference in the same medium, and
that the reference potential varies with the carbonate
jon activity in the same way as that of the hydrogen
electrode. An example is an oxygen reference elec-
trode with the same H>O and CO, pressures as the
hydrogen electrode. In this case, E is simply the cell
voltage for the water reaction and E° can be cal-
culated very accurately. Differences between such
calculated values for E and observed ocp have to be
due to nonequilibrium conditions of the working elec-
trode. Such experiments are thermodynamically well
defined but they are also cumbersome, requiring
changes in the gas composition at the reference in
concert with those at the working electrode.

It is more common to use a constant reference
electrode. Such experiments are simpler to do but
they are thermodynamically less well defined, i.e.,
observed potentials cannot be compared with calcu-
lated values without additional assumptions. Assume
that an oxygen electrode in a carbonate melt of fixed
acidity (CO; pressure) is used as reference. Equa-
tion [6] can then be applied provided that liquid
junction potentials and differences in the carbonate
ion activities at the two electrodes are negligible.
These conditions should be fulfilled except for very
alkaline conditions at the working electrode. Similar
restrictions apply to potentials referred to a metal/
metal ion electrode such as that of Danner and Rey
(9). With such a reference, furthermore, the standard
potential E° cannot be calculated from thermodynamic
data but has to be determined empirically.

The present study was undertaken in an attempt
to identify the reasons for previously reported devia-
tions of ocp from thermodynamic values, and to de-
termine how and under what circumstances the ocp
can be calculated.

Experimental

The apparatus used in measuring the ocp is illus-
trated in Fig. 1. The electrolyte, which was a fused
binary eutectic of 62 mole percent (m/o) Li:COj
and 38 m/o KyCO;, was contained in a tapered cru-
cible made of Degussit AL-23 (99.5% AlsO;, dense).

The working electrode (WE) was a 0.020 in. diam
gold wire inside a 0.50 in. diam AL-23 tube with a
1 mm opening to the melt at the bottom. The tube
was vented to the atmosphere through a 0.125 in.
diam alumina tube,

The initial partial pressures of Hy and CO, in the
feed gas to the WE were regulated by flowing each
gas through Gilmont Flowmeters (no. 1) connected
by a tee to 0.25 in. diam tubing, 2 ft in length, where
they were allowed to mix prior to entering the water
saturator. The initial water pressure was established
by flowing the gas mixture through a saturator main-
tained at the required temperature. The saturator
efficiency was checked by absorbing the H,O with
Dri-Rite. The feed gas was subsequently preheated to
650°C by flowing at 200 ml/min through 0.25 in. diam
316 stainless steel tubing 7 ft in length. The latter
was wrapped around the outside of the cell crucible.

The apparatus was heated in a Lindberg furnace.
All experiments were done at 650° =+ 0.5°C. The
temperature was measured inside the cell with a
thermocouple contained within an alumina tube.
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Fig. 1. Cell assembly

Cell voltages were measured with a Newport digital
voltmeter having an input resistance of 1090Q.

For the present study a constant oxygen reference
electrode was used [0, CO, (Au) with Po, = 1/3
and Pco, = 2/3 atm]). This choice of reference intro-
duces fundamental inaccuracies which were described
in the introduction. Significant errors of this nature
should produce deviations of the ocp from theoretical
values. As will be shown later, good agreement was
observed which indicates that such errors were small
for the range of compositions studied. The reference
was checked against a CO/CO; electrode of similar
melt composition (Pco = 0.382 and Pco, = 0.618 atm).
The difference between the observed and the calcu-
lated voltage of this cell [using data from Ref. (10)]
was 2 mV which demonstrates the usefulness of our
reference. Similar reliability in a ternary melt of
alkali metal carbonates has been reported by Borucka
et al. (11, 12).

Results and Discussion

The observed open-circuit potentials for initially
dry mixtures of Hy and CO; are listed in Table I.
Included in this table are the pressures of Hp, H>0,
and COz which were calculated assuming shift equi-
librium (K, = 1.96), and also simultaneous equilib-
rium of the shift and the methane reactions (K, =
2.68). The data are plotted in Fig. 2. We see that
neither assumption explains the experimental results.

One likely cause for the differences is carbon forma-
tion. If the gases are heated instantaneously to 650°C,
carbon cannot form since the potential of the C/CO.
reaction would be negative relative to the hydrogen
potential if either shift or complete equilibrium is
assumed. However, in our experiments the gas was
heated gradually as it passed through the preheater
tubing. At temreratures below 650°C the C/CO» po-
tential becomes increasingly more anodic to the hy-
drogen potential assuming, e.g., shift equilibrium, and
carbon formation is likely.

The experiments were repeated with an addition
of 14% H,0 vapor to the Hz-CO; mixtures. The re-
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Table I. Initial (index?) and calculated pressures assuming equilibrium for the shift reaction only
Initially Shift equilibrium Shift and methane equijibrium

Puge Peoy? Pu, Pco, Pago Etneor. Py, Poo, Puyo Pca, Etneor. Eexpt

0.05 0.95 0.005 0.905 0.045 —899 0.0045 0.905 0.045 3.4 x 10-8 —894 -916
0.1 09 0.017 0.817 0.083 —927 0.017 0.817 0.083 1.7 x 10-¢ —926 —-945
0.2 0.8 0.059 0.659 0.141 —964 0.059 0.659 0.141 7.7 X 105 —964 —-975
0.3 0.7 0.121 0.521 0.179 —993 0.120 0.523 0.179 6.4 x 104 —992 —985
0.4 0.6 0.199 0.399 0.201 —1018 0.195 0.404 0.202 0.0027 —1017 —~1000
0.5 0.5 0.292 0.292 0.208 —1045 0279 0.301 0.214 0.0075 —1041 -1010
0.6 0.4 0.399 0.199 0.201 —1074 0.370 0.212 0.217 0.016 —1065 -1025
0.7 03 0.521 0.121 0.179 —1109 0.472 0.135 0.211 0.029 —1094 —1045
0.8 0.2 0.659 0.059 0.14 —1156 0.591 0.068 0.192 0.043 —1138 -1070
0.9 0.1 0.817 0.017 0.083 —1235 0.748 0.017 0.142 0.049 —-1212 -1105

Table 11, Initial (index°) and calculated pressures assuming equilibrium for shift reaction only, and
assuming complete equilibrium
Initially Shift equilibrium Shift and methane equilibrium

Pupe Pcog® Pugo° Puy Pco, Prgpo Etneor. Py, Pco, Prgpo Pong Etheor. Eexpt.
0.043 0.817 0.14 0.013 0.787 0.170 —890 0.013 0.787 0.170 1.4 x 10~7 —890 -895
0.086 0.774 0.14 0.030 0.718 0.196 -921 0.030 0.718 0.196 2.7 x 10-¢ —-921 —925
0.172 0.688 0.14 0.076 0.592 0.236 —958 0.076 0.552 0.236 6.4 x 10-5 -958 —960
0.258 0.602 0.14 0.134 0.478 0.264 —985 0.133 0.479 0.264 3.9 x 10+ —984 —~982
0.344 0.516 0.14 0.204 0.376 0.280 —-1009 0.201 0.378 0.281 0.0014 —-1008 -1010
0.430 0.430 0.14 0.285 0.285 0.285 —-1032 0.277 0.289 0.289 0.0037 -1030 —1030
0.516 0.344 0.14 0.376 0.204 0.280 —1057 0.360 0.209 0.290 0.0076 —1053 —1050
0.602 0.258 0.14 0.478 0.134 0.264 -1 0.451 0.139 0.284 0.0129 —1079 —1078
0.688 0.172 0.14 0.592 0.076 0.236 -1121 0.555 0.077 0.267 0.0185 -1113 -1112

sults are given in Table II, together with the pressures
of Hs, H20, and CO; again calculated with the assump-
tion that only the shift reaction is in equilibrium. The
ocp and the thermodynamic potentials E, derived from
these calculated pressures, are plotted in Fig. 3a
against the activity term in Eq. [6]. The agreement
is better than in Table 1. However, at low potentials
the experimental data still are more positive than
the calculated values. The ocp appears to be a mixed

100,
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Fig. 2. Open-circuit potentials for dry mixtures of Hy and COa.
Partial pressures of Ha, COg, and HyO calculated assuming equi-
librium for the shift reaction only.

potential with the hydrogen reaction being anodically
polarized and some other reaction proceeding cath-
odically. This electrochemical description is being used
because any of the possible chemical reactions (shift,
Boudouard, etc.) can be considered as the neutral
sum of electrochemical partial reactions. It does not
matter, for the present purpose of determining equi-
librium potentials, where these reactions occur, i.e.,
at the metal/liquid interface or somewhere upstream
from the electrode. .

We have the following four reactions, combinations
of which yield all other possible reactions (chemical
or electrochemical)

H; 4 COs= = CO; 4+ H20 4 2e- [71
CO 4+ CO3= = 2CO3 + 2e~ [8]

C 4+ 2C0s= = 3CO; 4- 4e— [9]

CH, 4 4CO3= = 5CO; + 2H0 + 8e— [10]

Since, by adding 14% H20, we had raised the value
of E for reaction [7] above that for reaction [9] no
carbon formation was possible, Reaction [8] was ac-
counted for by assuming equilibrium for the shift
reaction which is the (electrically neutral) sum of
reactions [7] and [8]. It was indicated, therefore, that
the cathodic branch of reaction [10] was responsible
for the remaining differences in Fig. 3a.

The equilibrium pressures for the gas mixtures in
Table 1I were recalculated assuming that reactions
[7]1, [8], and [10] were in equilibrium. Thus, in addi-
tion to the shift reaction, the methane formation,
which results from a combination of reactions [10]
and either [7] or [8], was assumed to be in equilib-
rium. The value

PcoP; st

= = 2.68
PcuyPuso

[11]

was used. The results are given in Table II and Fig.
3b. Agreement between observed and theoretical po-
tentials appears satisfactory.

In Fig. 4 and Table III the results are given for
gas mixtures containing a constant initial amount of
methane, The experimental and theoretical potentials
agree with each other except for those gases for which
complete equilibrium requires nearly complete oxida-
tion of methane, i.e., to pressures below approximately
0.0006 atm.
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pressures calculated assuming complete equilibrium.

Conclusions

We conclude that, in calculating the ocp of a hydro-
gen electrode from the composition of the (initially
cold) feed gas, the entire experimental setup has to
be considered including the device used to preheat
the gas. Large errors can result if complete equilib-
rium is not achieved. This is particularly true if the
initial gas contains insufficient water to prevent car-
bon formation at lower temperatures encountered by
the gas during heating. If, on the other hand, an
equilibrium gas mixture is supplied, the ocp in most
instances agrees accurately with the thermodynamic
value. Exceptions are experiments in which equilib-
rium can be obtained only by nearly complete oxida-
tion of excess methane in the feed gas.

Manuscript submitted Nov. 8, 1976; revised manu-
script received April 21, 1977.

. Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.
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Equilibrium Properties of Lithium/Niobium Selenide,
Nonaqueous Secondary Cells

J. N. Carides and D. W. Murphy*
Bell Laboratories, Murray Hill, New Jersey 07974

ABSTRACT

Equilibrium-open-circuit potentials of Li/LiC104, PC/NbSe, (xr = 2, 3, 4,
4.5) cells were measured as a function of the state of charge of these cells.
For NbSe; the emf decreased monotonically from ~2.3 to 1.65V at full dis-
charge (1 Li/Nb) and was independent of prior history. With NbSe; two dis-
tinct types of emf curves were found: (i) a constant emf of ~1.7V from 0-2Li/
Nb followed by a monotonic decrease in emf to ~1.5V at 3Li/Nb, and (ii) a

pro

“stecfped" form with breaks at 1 and 2Li/Nb. Neither type of curve was re-
uced on cycling. The emf of NbSes and NbSess was nearly constant at

1.83V to ~4Li/Nb. The NbSe4 exhibits a monotonic decrease in emf to ~1.6V at
5Li/Nb. The emf curves obtained on the first charge and subsequent cycles
were higher in value. The implications of this data on the chemistry of cell

discharge is discussed.

Interest in nonaqueous reversible cells of lithium
with metal chalcogenides prompted a study on the
equilibrium properties of these cells with the series of
niobium selenides NbSe;, NbSes;, and NbSes+, to de-
termine equilibrium properties, and to better under-
stand the chemistry in this series. The selenides of ni-
obium were chosen because they exhibit a wide range
of stoichiometries. Dynamic electrochemical results
have been reported for NbSe; (1) and for NbSes+: (x
= 0-0.5) (2). The class of metal dichalcogenides has
been suggested to form reversible cathodes with Li (3,
4), prompting the examination of NbSes.

Experimental

Materials.—Niobium powder (30 um, 99.95% purity),
selenium shot (5N purity), graphite powder (325
mesh), lithium foil (Foote Mineral Company), and
polyethylene powder (Microthene 5090, U. S. Industrial
Chemicals) were used as received. Propylene carbonate
(PC) and tetraglyme (TTG) were vacuum distilled
from lithium, Lithium hexafluorophosphate (Ventron)
and lithium perchlorate (Ventron) were vacuum dried
at ~ 150°C. The selenides of niobium were prepared by
direct reaction of the elements in sealed vitreous silica
ampuls at 750°, 680°, and 450°C for NbSe;, NbSe;, and
NbSey + 1, respectively. X-ray diffraction patterns agree
with those previously reported for these phases.

* Electrochemical Society Active Member.
Key words: batteries, intercalation, chalcogenides.

Construction of Test Cells

Except for NbSe;, cathodes were prepared by hot
pressing a mixture of 65-70% active powder (150
mesh), 30-25% graphite, and the balance polyethylene
(PE). Pressing was done at ~123°C and 3.5 X 104 psi
yielding samples of ~ 7 mil thickness that were cut to
convenient sizes. The natural growth habit of NbSe3
resulted in a conducting, feltlike material of inter-
woven fibers, which was cut into sections and used
directly. All samples were sandwiched between nickel
screen to provide support and external connection.

The cathodes were placed horizontally in a crystal-
lizing dish together with a lithium electrode, separation
provided by glass filter paper or glass wool.

With one exception, the electrolyte was 1.0M LiClO4
in PC. One cell, using NbSes, was constructed with
0.1M LiPFg in TTG to determine the significance of
the electrolyte.

Cells were constructed in an inert atmosphere box
under argon, and were mounted in air-tight Mason jars
fitted with electrical feed throughs.

Test Procedure
Voltages were measured using a Keithley 160B digi-
tal multimeter. Cells were discharged at low current
densities for periods of 8-24 hr, representing a suitable
fraction of the theoretical capacity. Typical current
densities were of the order of 50 wA/cm?2 Following
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discharge the cell was disconnected and allowed to
equilibrate for periods of 16-48 hr. Approach to equi-
librium was determined by periodic potentiometric
readings during the time interval. When voltage read-
ings indicated a change of 0.010V or less over an 8 hr
sampling period, the cell was regarded as having at-
tained equilibrium and the voltage at that point re-
corded; discharge to the next point was then resumed.
The same procedure was followed on charging. All
voltage readings were made at 24° =+ 2°C.

Several cells of each type were tested and the curves
derived were the best fit for all points.

At least one representative of each cathode material
was cycled several times. Some cells were cycled
within a range that represented only a fraction of the
theoretical capacity.

After the tests were completed, each cell was dis-
mantled and the cell components visually inspected.
None of the electrodes showed any deterioration or
other abnormalities.

Results and Discussions

NbSe;—Lithium is introduced into NbSe; according
to xLi + NbSep - Li,NbSe; (0 = x = 1) (5, 6). Figure
1 shows a gradual decrease in emf indicating that
Li,NbSe; is single phase over the entire composition
range. The shape may be understood to arise from a
gradual filling of the metallic d band in NbSey, lithium
inserting between Se layers in which only Van der
Waals bonding exists. This result is similar to that pre-
viously discussed for TiSs (3, 7), whose equilibrium
emf is compared in the same figure. Upon recharging
NbSe; cells, the equilibrium voltage curve tracks the
discharge curve within 3%, confirming that the same
composition is obtained from charge or discharge.

These results were reproduced in several test cells
and in each case the cells could be discharged to at
least 95% of theoretical capacity (1 lithium) while
still permitting recovery of at least 90% of the amount
discharged.

Previous work (8) on NbSe; in Li cells containing I,
suggested that NbSe; acted as a “host” for 1. Reexam-
ination of that cell data shows a substantial capacity in

24
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EO EMF (VOLTS)
N
(=)

19
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17
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0 05 1 15
Li/M (M=Nb,Ti)

Fig. 1. Equilibrium voltage of NbSes as a function of Li com-
position, compared with results given for TiSz (3).
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the voltage range observed here for lithium interca-
lation.

NbSesz.—Results for NbSez (Fig. 2) are ambiguous.
In some cases the equilibrium emf was similar to that
found for slow discharge (9), and OCV data for TiS;
(3). Other cells behaved quite differently, sometimes
even for material taken from the same sample prepa-
ration and with identical x-ray powder patterns. After
cycling, all the NbSes cells exhibited a gradual sloped
emf. These differences in various NbSe; electrodes and
the changes in emf on cycling imply that the structure
is changing on cycling. Inspection of the structure of
NbSe; (Fig. 3) (10) suggests the possibility that the
complex arrangement of chains in the structure may
not be unique. Such polytypism has been noted for a
number of two-dimensional compounds involving co-
ordination geometry and registry of the layers. The
polytype formed at 680°C may not be the most stable
at room temperature and also might change via lithia-
tion and delithiation. We have been unable to detect

3.0

2.5

EQ EMF (VOLTS)
I
o

Li/Nb

Fig. 2. Equilibrium voltage curves for NbSe; as a function of
Li content. Curve 1 is first discharge curve for one type of be-
havior; curve 2 is the equilibrium curve for the same type on
second discharge. Some NbSes cells yielded a “stepped” voltage
on first discharge, as shown by curve 3.

ONb  Ose

OATOM POSITIONS £ 1/2 b

Fig. 3. Structure of NbSes (10)
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these changes by x-ray powder patterns, the patterns
being quite complex, weak, and diffuse.

NbSes;—Cells were cycled to 2Li/Nb, 4Li/Nb, and
5Li/Nb. The equilibrium emf’s are shown in Fig. 4. The
curve is almost flat (slightly negative slope) from 1-3Li
at about 1.83 =+ 0.02V. This curve differs from that re-
ported (2) under dynamic conditions in that a break
appears beginning at about 3.5Li, with the voltage re-
maining above 1.5V at 5Li, as opposed to a sharp drop
in voltage at 4Li in the dynamic study. This particular
cell was recharged to ~ 84% of amount discharged.

Cells limited to 2 or 4Li showed better rechargeabil-
ity, ~93% of amount discharged. In the initial part of
the first recharge, the 0-4Li emf levels off at ~ 2,07V,
and the 0-2Li emf merges with the 0-4Li emf near
1.5Li; therefore, these charge curves tracked each
other. When both these types of cells were subse-
quently discharged (second discharge), they continued
tracking each other closely, although at a higher but
still flat emf (1.92 = 0.02V) over the range 1.5-3.8Li.
The second discharge curve for the 0-5Li cell started at
higher voltages than the first discharge, but ultimately
converged with the others in the range ~ 2.8-4Li. This
phenomenon of different discharge curves converging
to the same emf, and the relative flatness of the com-
posite second discharge curve was true of the NbSess
series as well.

Another NbSey cell using 0.1M LiPFg in TTG yielded
a curve similar to that using LiCl04/PC, but approxi-
mately 3% lower in emf, indicating any role played
by the electrolyte is minimal.

NbSeys.—Cells were cycled from 0 to 2Li, and 0 to
4Li. Recoverability was about 90% for all these cells.
One cell was discharged to 4.3Li/Nb, but further dis-
charge was not possible without a precipitous drop in
the cell voltage below ~ 1.2V (recoverability for the
cell was about 87% ). The emf remained at 1.83 = 0.01V
to 4.3Li, thus there was no gradual decrease in emf as
with NbSes. The initial equilibrium curve was nearly
flat (1.83 = 0.01V) over most of the range as shown in
Fig. 4.

Except for the cell that was discharged beyond 4Li,
the various initial charge and second discharge curves
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Fig. 4. Composite results for equilibrium voltages of NbSes and
NbSey.s, as a function of Li content; first discharge.
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Fig. 5. Equilibrium voltages for two complete cycles of an
NbSes 5 cell, as a function of lithium content.
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Fig. 6. Composite showing equilibrium voltages for cell NbSe,
compounds studied in this series.
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converged in a manner similar to that described for
NbSes. The second discharge curve is flat at about 1.93
=+ 0.02V over the range 1-3Li. Typical emf curves for
2 full cycles are shown in Fig. 5.

Discussion

All the initial discharge data are compared and sum-
marized in Fig. 6. For NbSe; we observed varying ini-
tial discharge curves on samples giving identical x-ray
patterns. We have included in Fig. 6 the curve resem-
bling that previously published (9).

NbSe; is essentially fully reversible by the mecha-
nism of lithium intercalation involving virtually no ir-
reversible chemical changes, similar to TiSz (3). The
shape of the equilibrium emf vs. composition curves
confirm that a single phase is involved during cycling.
The higher selenides of niobium were reversible in
varying degrees, but the charge curves were signifi-
cantly different than the discharge curves. Indeed, the
equilibrium charge voltage exceeded the initial dis-
charge voltages by at least 15%. In these cases, the
chemistry is obviously more complex and significant
changes take place within the first cycle. The very low
current densities and long equilibration times mini-
mized effects due to solvent incorporation. The test
with 0.1M LiPFg in TTG supports this conclusion.

For NbSes (curve 1, Fig. 2) the flat portion of the
discharge curve is lost after the first cycle, while in
NbSe; and NbSey s level, although higher than original,
emf’s persist and data points from cells having different
cycle history tend to converge during some overlapping
parts of the cycle span. This behavior is best repro-
duced when a composition of Li;NoSes+; (x = 0, 0.5)
is not exceeded.
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The changing OCV curves on cycling the higher sel-
enides NbSe; and NbSes+, (x = 0, 0.5) seems to indi-
cate a multiphase system or a gradual structure change
in these cases. Further studies are needed to confirm
and elucidate such changes.

Manuscript submitted March 7, 1977; revised manu-
script received April 14, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions_for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by
Bell Laboratories.
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The Allotropes of Dibasic Lead Oxide: A
Quantitative X-Ray Diffraction Analysis

J. R, Dafler*+
ESB Incorporated, Technology Center, Yardley, Pennsylvania 19067

ABSTRACT

The allotropes of PbO are important in the formulation of positive and
negative elements for lead-acid, SLI-battery systems. Recently, there has
been renewed interest in making plates rich in tetrabasic lead sulfate
[(PbO)sPbSO4] or tribasic lead sulfate [(PbO)sPbSOs(H20)], with special
attention to which species predominates in the fully conditioned plate. The
form is, characteristically, related to whether the starting oxide for paste
formulation is rich in orthorhombic or tetragonal PbO. A quantitative tech-
nique, using x-ray diffractometry, to determine the amount of one allotrope
in mixtures of both is given here, with a discussion of sources of probable
error and the character of analyses based on linear calibration curves.

Dibasic lead oxide (PbO) occurs in two polymorphic
forms: the tetragonal, t-PbO; and the orthorhombic,
0-PbO; oxides. Both oxides are important in the lead-
acid battery industry, and t-PbO is a major component
of most commercial oxides used to make porous,
pasted electrodes for storage batteries. The two oxides
have slightly different densities and, according to
Clark and Kern (1) and others (2-4), differing reac-
tivities. Some battery manufacturers prefer to formu-
late pastes for electrode manufacture with oxide mix-
tures that contain no 0-PbO. These oxides, the very
low yellow (VLY) oxides, are considered by some

* Electrochemical Society Actflve Member.
of

1;’sx'esent address: i Qas Technology, Chicago, Illinois

Ke).r words: basic lead sulfates; lead oxides, dibasic; x-ray dif-
fractometry.

to be superior for paste production and battery ele-
ment fabrication. The presence of 0-PbO is now con-
sidered desirable or undesirable only according to the
crystal form sought in cured, pasted, unformed plates.
If (PbO),PbSO, [tetrabase] is desired (5, 6), 0-PbO
rich oxides are selected, while the formation of (PbO)3s
PbSO,4(H20) [tribase] appears favored by the pres-
ence of t-PbO. Pavlov and Papazov (7) have recently
summarized the results of a large amount of careful
experimental work concerning the interplay of the
divalent oxides in yielding the final form of battery
plates. Their conclusions with respect to the morphol-
ogies of cured plate species disagree with ours, but
their summaries of pasting and paste manufacturing
do not.
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Considerable battery practice has been devoted to
developing cured plates rich in (PbO)sPbSO4(Hz0),
and Mrgudich (8), using VLY oxides found a modified
or activated PbO that apparently was a distorted
t-PbO. Moreover, in his work, mixing and pasting
techniques that produced (PbO).PbSO, yielded little
of the distorted species, suggesting a special propensity
to incorporate into the tetrabase lattice. Clark and
Tyler (3) had systematically studied the Pb(II) oxides
and found an “active” PbO that had unusual properties
which could be indexed by catalytically decomposing
hydrogen peroxide, though some of their 0-PbO:t-PbO
mixtures also had unusual activity for HoO; decompo-
sition. Later Clark and Rowan (9) found that o-PbO
could be converted to a distorted t-PbO by grinding.
They attributed this to transformations taking place
in imperfectly crystallized regions that were under-
going natural o-PbO - t-PbO transitions. Petersen
(10) summarized much of the early effort devoted to
preparation and identification of the allotropes of PbO.

In agreement with long standing experience, Pavlov
and Iliev (11) established that (PbO)3PbSO4(H0)
is the preponderant phase in pastes made at tempera-
tures below 80°C. They suggested that (PbO)4PbSO4
was formed at higher temperatures by reacting
(PbO)3PbS0O4(H20) with t-PbO, but only if o-PbO
was present. Pavlov and Papazov contend the neces-
sary 0-PbO will be generated by processes in paste
mixing, and by oxidizing the metallic lead in com-
mercial oxides when H,SO;, is present.

For reasons of older battery practice and craft, and
evaluation of treated ores and commercial oxides for
purchase, it was necessary to have a fast and rea-
sonably simple technique to quantitatively determine
0-PbO in a given oxide sample.

X-ray diffraction of Pb(II) oxides.—Orthorhombic
and tetragonal PbO possess distinct, sharply defined
x-ray diffraction spectra (12) and, moreover, their
most intense diffraction maxima (I100) occur quite
close to one another in a spectrum of mixtures, making
quantitative diffractometry appear a very promising
method of analysis (13, 14). Mixtures of t-PbO and
0-PbO, and commercial oxides for lead-acid battery
manufacture represent quasi two-component systems
in which the mass absorption coefficients, uxi, are the
same, obviating the need to make absorption correc-
tions to the measured intensities (15). Alexander and
Klug have shown that the measured intensity, Ij, of
a line in a mixture where uyxi = pyj, is a linear func-
tion of the fraction of the ith component in an i-j
mixture (14). Ores and commercial oxides sometimes
contain metallic lead in quantities up to 30%, how-
ever, this component represents no difficulty, except
as a relatively constant matrix diluent.

The method of standard additions is frequently used
in atomic absorption spectrophotometry (16) and
stripping voltammetry (17), and can be applied to
any analytical problem in which matrix interference
effects need to be minimized (18, 19). Klug and Alex-
ander adumbrated the use of this method for quan-
titative diffraction analysis of very small samples (20).

Quantitative diffractometry by the method of stan-
dard additions is one depending on linear calibration
curves, and the difficulties inherent in such analyses
is discussed by Mandel and Linnig (21). The method
and treatment of data derived using linear calibra-
tions is treated in detail by Larsen, Hartmann, and
Wagner (22). Basically what is done is the unknown
matrix is scanned carefully and the ratio of the ana-
lyzed, Iioo-line intensities is determined, preferably
in a statistical fashion from several separate. discrete
scans. The sample is then “spiked” or diluted with
carefully measured amounts of the subject polymorph
(in this case 0-PbO) to produce two or three calibrat-
ing samples, These are mixed with extreme care and
the x-ray intensity ratios, R;, measured.
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The standard addition samples are used to generate
an analysis, or calibration curve, produced by plotting
the appropriate R-values as a function of percent
added 0-PbO. Since linear regression analysis is avail-
able so casually through the use of hand-held calcu-
lators, a least squares line can usually be determined
within minutes. The line will have a positive slope
and a negative intercept on the abscissa. The absolute
value of the x-intercept (percent added o-PbO con-
centration) will be the determined value of the un-
known quantity. If the line is translated so that it
includes the origin, a recalculation of all points must
lie on a straight line parallel the original calibration
curve.

The analytical possibilities inherent in the x-ray
diffraction spectrum, apparently were first listed by
Hull (23). The first practical analysis appears to be
that of Clark and Reynolds (19), and since the work
of Klug and Alexander and colleagues (14, 15, 20, 24)
quantitative diffractometry has found widespread ap-
plication.

Experimental Procedures

A commercial lead oxide was used for this study.
It is a standard “leady” oxide used to prepare
(PbO) 3PbSO4 (H20) -rich elements for positive plate
manufacture. It contained 17.6% metallic lead, the
rest being t-PbO. This was VLY oxide and contained
no 0-PbO. The 0-PbO was a high purity litharge sup-
plied by Johnson, Matthey and Company, Limited
of London. An x-ray diffraction spectrum of a “non-
leady” commercial oxide is shown in Fig. 1. The dif-
fraction maxima useful in this analysis are noted.

Portions of the VLY oxide were carefully diluted
with small amounts of 0-PbO, the additions to repre-
sent, approximately 5, 10, 15, and 20%. The carefully
measured chemicals were then mixed thoroughly in
a SPEX shaker mill with a single alumina ball.

A Philips Electronics, Incorporated x-ray diffrac-
tometer, using Cu radiation was used for all intensity
measurements. This unit has a curved crystal mono-
chromator (LiF). For analytical measurements the
scanning rate was 0.25°/min, with a 0.2° receiving
slit, and beam settings of 42 kV:22 mA. These instru-
ment settings yield a natural linewidth of ~0.2°.

Four spectra of the interesting regions were made
for each sample. After each scan, the sample was
discarded and the storage bottle once more shaken in
the SPEX mill. Samples were back-filled into the
holders to minimize possible orientation effects.
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Fig. 1. X-ray diffraction spectrum of a “nonleady” commercial
oxide. The principal x-ray diffraction maxima of t-PbO and o-PbO
are indicated.
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Commercial oxides for lead-acid battery plate manu-
facturing are generally very fine, and all but a very
small fraction of the material used did not pass a
325 mesh ASTM sieve. Crystallite size and particle
size in these oxides are so small, generally, that some
line broadening is seen. This enhances the practicability
of the analysis: Alexander, Klug, and Kummer (24)
have shown that reproducibility of intensity measure-
ments is highest if the average particle size is less
than ~5u Wilchinsky has correlated the effects due
to crystal, grain, and particle size on diffracted beam
power (25).

To simulate unknown analysis and visually establish
the linearity of the intensity ratio: percent added o-PbO
calibration, all samples were scanned in serial order,
After the initial remixing of the samples, each was
scanned three more times in random order. The pooled
data were then subjected to multiple linear regres-
sion analysis using a digital computer to establish
the over-all “goodness” of the calibration line, and
to obtain a statistically derived standard error of
estimate, Sr. The data were also processed with a hand
calculator that featured linear regression analysis
(Texas Instruments SR-51A). The simulated analyses
that follow were processed using the hand calculator.

Results and Discussion

The two x-ray diffraction maxima used in this de-
termination are: o-PbO, the [111] line; 3.07A at a
Bragg angle of 29.06°; and t-PbO, the [101] line;
3.12A at a Bragg angle of 28.58°. The base line for
the intensity measurements was established between
the steady background at 26.5° and the diffraction
minimum at 29.8°. The relative intensity ratio, R =
I(0-PbO[111])/I(t-PbO[101]), is obtained from the
uncorrected peak height measurements. The method
is illustrated in Fig. 2, which shows two typical scans
for samples containing differing amounts of 0-PbO.

The values of R calculated from four different
“spiked” samples of the commercial oxide are sum-
marized in Table I. The initial, serially obtained values
are denoted with asterisks. They are discussed in an-
other section as a simulated unknown analysis. The
data in the table are listed in order of increase in
R-value to facilitate initial statistical treatment. The
line “added 0-PbO” is used in a later section to dis-
cuss regular analysis of an unknown (in this case
the first sample, 6.875% o-PbO, is the simulated un-
known).

The sixteen data were subjected to linear regression
analysis after examination for gross error. Of the
two data that are questionable and do not fit their
populations well (underlined in Table I) only the
second, the 0.2595, point can be rejected by the ratio
test of Crow et al. (26).
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Fig. 2. Two analytical scans of the t-PbO/o-PbO region. The
method of measuring line intensities is indicated on the right. The
left-hand spectrum represents the simulated unknown,
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Table I. Summary of intensity data for “spiked” oxides

Percent 0-PbO (%) 6.876 9.128 14.58 21.03
Added o-PbO (%) 0.00 2.253 7.705 14.16
R-values 0.1341 0.1656 0.2595* 0.4003
0.1365* 0.1729 0.2805 0.4012°
0.1405 0.1764* 0.2812 0.4072
0.1410 0.1794 0.2820 0.4097
Average R-values 0.1380 0.1736 0.2812 0.4046
Standard deviation 0.00330 0.00594 0.00075 0.00458
Range of R 0.0064 0.0138 0.0015 0.0094
Relative error 0.0239 0.0342 0.00267 0.0113

* Initial datum for each mixture.

Linearization: digital computer.—The program used
yields a multiple linear regression analysis line that
is weighed according to the density and distribution
of observations about their mean value. The line ob-
tained gave the percent 0-PbO, Y, as a function of
the intensity ratio, X. The F-value for the line was
~17000 with a sum of squares, attributable to the re-
gression, of ~480. Statistically, this is a very good
calibration curve, and indicates data linearization to
be appropriate. The correlation coefficient was 0.9991.
The equation is

Y = —0.10902 + 52.56X [1]

and the standard error of estimate, Sr, is 0.259, which
indicates, or suggests that using this calibration will
produce determinations, 0-PbO = (Y = 0.259) %, 64%
of the time, and 0-PbO = (Y = 0.518) %, 90% of the
time, etc.

Linearization: hand calculator—To analyze the
pooled data using the hand calculator, the averaged
R-values were used, because multiple linear regres-
sion is not available on the instrument. The expression
for percent 0-PbO was

Y = —0.19620 + 52.53X [2]

The standard error of estimate calculated for this
regression line for the four averaged values was 0.192.
When calculated for all fifteen data, the value for Sr
was 0.257. As expected, the linearization was very
good, the correlation coefficient being 0.9997.

The error of estimate for both treatments is quite
low but, of course, for low 0-PbO contents (1-10%)
would represent a fairly large relative error in the
determination. For commercial ores and oxides that
contain 0-PbO this is a sufficiently precise and sensi-
tive analysis.

As Klug (27) and others (28) have pointed out
the sufficiency conditions for quantitative diffrac-
tometry (linearity in the analytical relationship) is
met very well. The necessary conditions that the ana-
lytically interesting diffraction maxima intercept the
same region of analyzing radiation (29) is, clearly,
well met (cf. Fig. 2).

The analysis of an unknown.—To analyze an un-
known, the R-values for the unknown and the “spiked”
samples are plotted on any convenient axis; such as
intensity ratio, R, vs. concentration added o-PbO. The
unknown’s R-value is plotted as 0.0% added o-PbO.
To simulate analysis we plotted the values from Table
I under the “added 0-PbO” heading, on just such an
axis. Since we know the correct, measured value of
percent 0-PbO in the simulated unknown we can
discuss the precision and accuracy of this analytical
method for the PbO allotropes.

To further simulate laboratory practice we will use
the four initial readings only, then analyze the one-
time analysis situation compared to the replicated
analysis, using the pooled data. In the unknown de-
termination, the R-values are treated as the dependent
variables, functions of the percent of added o-PbO, P.
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The data from Table I marked with asterisks were
plotted on analysis axes, as shown in Fig. 3. One of
the lines is a casual fit made by visually averaging
the point splits, and may closely approximate real
practice in the laboratory. The other line is the result
of linear regression analysis by the hand calculator.
The equation of the line is

Rinitial = 0.1320 4 0.01847P [3]

with a P-intercept of —7.146 added o-PbO. We can
generate a table of residuals and calculate Sr for this
line. The standard error of estimate for this deter-
mination is 0.671, worse than for the replicated data
(0.259 and 0.257). The analysis for 0-PbO is in error
by 8.94%, nearly twice the error of the answers de-
rived using pooled data (2.20% for the computer
linearization and 2.97% for the SR-51A linearization).
It is interesting to note the casual, visual lineariza-
tion led to a determination of 6.55% o-PbO, an error
of 4.73%, not much worse than the answer calculated
from Eq. [3].

The ordinary expectation is that precision and, pre-
sumably, the accuracy will be no worse than the error
reflected in the distribution of the replicated data
(Table I). The answer obtained in simulated analysis
has a larger error than the replicated data, and the
answers from pooled data indicate the relative error
in the determination is larger than the error in the
pooled data, The fact the computer linearization was
outstanding (correlation coefficient = 0.9991) appears
to offer us a paradox. The data are far better than
the answer. This appears to be a property of the
calibration line and its relationship to the data (21).

The solution lies in the fact that linear calibration
lines are “best fits” of data that randomly fluctuate
in the neighborhood of the line. It is, in fact, data
scatter about the calibration curve that determines
and defines the measure of precision and therefore
the accuracy of this analysis (30) and it is always
larger than the error in the replicated data. That is
so, because, superimposed onto the replication error,
as a source of scatter, are the ordinary experimental
errors: in this case powder sample packing and mix-
ing, peak height measurement, ete. *

The reliability of the calibration line is a two-
dimensional problem, and as Mandel and Linnig (21)
and Lark (31) have shown, a complex one. The un-
certainty in the slope and intercept of the least squares
calibration line defines a two-dimensional. confidence
region, centered on the fitted (slope, intercept)-data
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Fig. 3. Analysis plot for 0-PbO determination. A casual, visual
averaging of the initial points is shown comparéd to the least
squares line,
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pair (21, 26, 32). The area of the confidence region
depends on the magnitude of the experimental errors
that yielded the raw data, and the width of the con-
fidence band, superimposed onto the linear calibra-
tion curve, defines the limits of precision and accuracy
of such a method.

A deeper analysis would yield the confidence band
for any given selected confidence interval (o, 20,
3¢ . . .). That is unnecessary at this point, but it has
been necessary to indicate how normal distribution
of data can lead to unexpectedly large errors in an-
alyses dependent on linear calibrations. This technique
for the allotropes of PbO is a sound and useful method,
providing normal care in preparation and experimental
procedure is taken. The simulated analysis has shown
that determinations without replication of observa-
tions leads to a less precise answer, with the decision
whether or not to do data replication most likely to
depend on the need to adjust formulated oxide mix-
tures for the presence or absence of one of the allo-
tropes. The required degree of preciseness will de-
pend on the required preciseness in the 0-PbO analysis.
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APPENDIX

To investigate the expectation for accurate analyses
from any set of four data we randomized the data pool
with the 0.2595 point omitted, then wrote fifteen re-
gressions using data sets made up by randomly select-
ing four R-values from the data pool. In each case we
calculated the percent 0-PbO of the “unknown,” gen-
erated tables of residuals, and calculated the Sr-value
for each of the fifteen lines (there are 192 possible com-
binations of data). These data are shown in Table IL
The range in percent error in 0-PbO and Sr are 11.44%
and 0.435, respectively.

It is instructive to plot the signed percent error in
0-PbO analysis as a function of the standard error of
estimate of the fifteen lines. This can be seen as Fig, 4.
The points from the computer and hand calculator
analyses of the pooled data. are also plotted. The dis-
tribution of the points in Fig, 4 appears strongly to in-
dicate the presence of a systematic error that yields
high ‘values for 0-PbO, giving regression lines that
more frequently yield answers with a positive error.
The source is probably a tendency to overestimate the
gxtenlsity of the 0-PbO[101] line, leading to high

~values.

Table I1. Analysis of random data set linearization

o-PbO Error
Index Intercept Slope (%) Sr (%) Ce

1 0.1333 0.01931 8.905 .051 0.436 0.9999
2 0.1380 0.01852 452 .160 8.39 .9998
3 0.1371 0.01870 7.333 123 8.65 .9999
4 0.1349 0.01927 004 331 1.88 9992
5 0.1319 0.01243 .789 130 -~1.25 .9998
6 0.1315 1960 .710 141 —2.41 .9998
7 0.1372 0.01863 346 059 7.05 .9999
8 0.1381 1848 475 171 8.73 .9997
9 0.1369 0.01914 7.151 1 4.01 .9995
10 0.1368 001898 207 214 4.83 ).9995
11 0.1380 1 422 166 796 .9958
12 0.1335 0.01890 061 .494 2.70 9979
13 0.13687 0.01867 320 281 6.47 .9993
0.1295 0.01917 .758 .335 -1.70 .9990

15 0.1364 0.01863 7.325 264 8.54
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Fig. 4. Scatter diogram for standard error of estimate and
signed error in 0-PbO determination. The fifteen randomly gen-
erated regressions are shown as open circles: O represents the
visual averaging, while [] and A are the computer and hand cal-
culator values for the pooled data.

Figure 4 indicates the occurrence of very large error
is coupled to small Sr-values, so that empirically the
expectation of very large error is small. If we assume
Sr > 0.257, the smallest value found for the treated,
replicated data, then large errors correspond to Sr-
values that are unrealistically small (outside the con-
fidence band). The largest error in o-PbO analysis
seen in this sampling, for Sr > 0.26 is ~6.65%.
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Study byrAuger Spectrometry and Cathodic
Reduction of Passive Films Formed on
Ferritic Stainless Steels
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National Center of Scientific Research, 94400 Vitry sur Seine, France

ABSTRACT

This paper deals with the passivation of ferritic stainless steels (26% Cr)
in a 3.5% NaCl solution. The passive state was examined by Auger electron
spectrometry and electrochemical reduction techniques. From the chemical
composition profiles it appears that the passivation of these alloys is char-
acterized by the formation of a thin oxide film and the development of a
chromium-depleted zone in the metallic substrate near the metal-oxide inter-
face. The composition of the passive film changes continuously with the depth.
The number of atoms within a given layer of the film is lower than in the
layers of the metallic matrix. The thickness and chemical composition of pas-
sive films change with the temperature of the corrosive medium. The study
by cathodic reduction shows that molybdenum additions especially affect the
properties of the inner layers of the passive film.

The great interest in the development of the passive
state on iron-chromium steels is due both to the com-
plexity of this phenomenon and to its practical impor-
tance. Despite numerous studies on this subject, there
are still no definite conclusions relative to the nature
and structure of the passive film formed on the surface
of the alloys. There is some experimental evidence that
the thickness of the oxide film varies from monolayer
dimensions near the active-passive transition, up to
dimensions of 10-50A in the passive potential region.
However, at present, it is not possible to identify the
oxide phase as a single oxide, a duplex oxide, or an ox-
ide not related to any known oxide.

It is obvious that an accurate and extended knowl-
edge of the passivity phenomenon requires further ex-
perimentation, especially in connection with the factors
affecting the ionic and electronic processes, the local
electric potential, and the spatial variation of these
through the film. In addition, more quantitative data
must be obtained concerning chemical composition and
structure.

Further investigation should take advantage of
promising new techniques of surface analysis such as
electron spectroscopy for chemical analysis (ESCA),
low energy ion-scattering spectrometry (ISS), sec-
ondary ion mass spectroscopy (SIMS), Mdssbauer
spectroscopy, nuclear microanalysis, and activation
analysis.

This work consists of a study by Auger electron
spectrometry and coulometric techniques of passive
films formed on very pure ferritic stainless steels ex-
posed to a 3.5% NaCl (pH 2.5) solution. The influence
of the passivation potential, alloy composition, and
temperature of the corrosive medium were examined.

We have developed in a previous paper (1) some
quantitative aspects of Auger electron spectrometry,
and a general formalism has been given elsewhere (2).
Up to now, determinations of surface concentrations
have been carried out by resorting to standards. How-
ever, studies that have been published in the last 5
years (3-6) indicate the possibility of doing absolute
measurements by taking an element of the matrix as a
reference element. It is the purpose of this article to
demonstrate the use of quantitative Auger analysis
in the study of passivating films.

Experimental
Materials.—The alloys investigated were very high
purity ferritic stainless steels prepared by plasma fur-

Key words: passive films, Auger spectrometry, coulometry.

nace melting (7). In these alloys the total content of
metallic impurities is less than or equal to about 10
ppm by weight, and that of the nonmetallic impuri-
ties is also very low (typically: 10 ppm C, 7 ppm N,
10 ppm O).

The specimens were polished through 600 grade car-
borundum paper and then vacuum annealed for 1 hr
at 900°C. Before introduction into the electrolytic cell
the specimens were electropolished in a glacial acetic
acid/perchloric acid mixture (3.2:1, by volume).

Electrochemical procedure.—Passivation experiments
were carried out in 3.5% NaCl (pH 2.5) solution com-
pletely deaerated with pure nitrogen. Potentials are
reported vs. the saturated calomel electrode (SCE).
The specimen was polarized in the cathodic region at
—T700 mV/SCE for 2 min, and then submitted to a
slight anodic dissolution: The specimen was put on
open circuit for several seconds and then brought to
the desired potential in the passive region. According to
Frankenthal, this procedure gives the most reliable re-
sults (8). After passivation treatment, each specimen
was rinsed in distilled water and dried in a stream of
dry air.

The passivating films are formed at constant poten-
tial in the passive potential range, Passivation treat-
ments correspond to a film growth stage where the log/
log plots of the current vs. time give a straight line for
periods of several hours. This stage occurs after about
30 sec of film growth, The study of the earlier stage of
film formation during which the anodic current density
decreases abruptly has not been considered here. Fur-
thermore, it must be pointed out that the analytical
and cathodic reduction study deals with films formed
electrochemically with intermediate exposure to the
atmosphere.

Passivation experiments were followed by analytical
or coulometric measurements. The study of the cath-
adic reduction curve was conducted in 18N HySO4 solu-
tions deaerated with pure nitrogen (9). The passive
film was cathodically reduced at a constant current of
5 uA/cm2,

Analytical procedure.—The samples are introduced
into the chamber of the Auger spectrometer a few
minutes after formation of the passive film. The sur-
face is bombarded under a vacuum of a few times 10—9
Torr with a beam of primary electrons having a kinetic
energy of 2500 eV. The target current is 200 xA.

The Auger spectrometer operates with a conventional’
cylindrical mirror analyzer (CMA), i.e., with a coaxial
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electron gun which bombards the surface of the sample
at normal incidence. The emitted secondary electrons
enter the CMA with an emission angle ¢ of 42°18” with
respect to the normal, and an angular aperture of the
beam limited to = 3°. Our spectrometer yields the dif-
ferential energy distribution curve dN(E)/dE of the
secondary electrons emitted from the surface. We as-
sume that the peak-to-peak amplitude of the Auger
transition is due to the contribution of the atomic lay-
ers in the vicinity of the surface and proportional to
the corresponding Auger current, From this hypothesis
the peak-to-peak amplitude of the Auger signal due
to an element I given by all the i layers, is
H; = 2 hi® = 2 ar K1 Ni®
i=0 i=0

where N1 is the number of atoms I in the layer i, o;
is a sensitivity coefficient (characteristic of the element
I), and K@ is the contribution coefficient of the layer
i to the total signal given by the whole specimen. (See
the Appendix for the formalism leading to a quantiza-
tion of Auger spectrometry and for more complete in-
formation relative to the physical meaning of the vari-
ous factors.)

In the choice of the appropriate Auger peak for the
assessment of the concentration of the various ele-
ments, the following conditions have been taken into
account: The Auger peak should not involve valence
electrons and should not be superimposed on another
peak. In the case of iron, we chose the peak at 598 eV,
and we converted it to an apparent peak at 703 eV by
multiplying the measured height by a coefficient equal
to the ratio of the peak heights at 598 and 703 eV, re-
spectively, as determined on a pure iron matrix.

An approximate value of the sensitivity coefficients
of iron, chromium, and molybdenum can be obtained
from the study of the metallic matrix when the passive
film has been completely removed by ion etching. This
way the Auger signals are only related to the base ele-
ments of the alloy, the concentrations of which are well
known. This assumes that sputtering is not selective,
which seems to be verified by the constancy of the total
number of atoms in every layer. By taking iron as a
reference material, we obtain the sensitivity coefficients
of the other elements I (I = A, B, C...), by satisfying
the following relationship

c €

H
2 H* = 2 -—l:constant
I1=4 124 "

where H* is the corrected peak height.

The contribution coefficient K of iron has been cal-
culated from Eq. [2] in the Appendix for different
kinds of matrixes (metal or oxides). For the other ele-
ments the values of K are obtained by the same pro-
cedure (Table I).

Though a statistical approach enables one to show
theoretically that the sputtering of atoms does not
leave an atomically planar surface, we have neverthe-
less supposed for the sake of convenience that etching
strips a complete layer before attack on the subsequent
one. This approximation is more accurate when the
number of layers removed is low. The focus of the ion
beam is such that the irradiated area is much larger
than the one sampled by the primary electrons.

To obtain the depth profile for the various elements,
argon ions accelerated by a potential of 600V were used
with the ionic current between the limits of 0.3 x 1012-
3 X 1012 jons cm~2 sec—1. It has been derived (10) that

Table |
Elements Fe Cr Mo o Cl
Energy, eV 598 529 186 510 181
a 1 3. 1

. 3 8 9
K 0.73 0.70 0.57 0.70 0.57
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the number n of argon ions impinging on a 1 cm? area
of surface is proportional to the sputtering rate, i.e., n
= y(p - t), in which p is the argon pressure in Torr,
t is the sputtering time t in minutes, and the constant
v is equal to 4.1 X 10!8 cm—2 Torr—! min—L. If the sput-
tering rate of one Torr - min is taken as unity, and
supposing that the atom density of a surface layer is
nearly 1015 ecm—2, we obtain a sputtering rate of one
monolayer for p+t ~ 0.2 X 10~3 Torr - min. This is
approximately the case for iron and chromium in the
present study, the sputtering yields of which are, re-
spectively, 1.25 and 1.26. This value for p-t is also
compatible with the sputtering of monolayers obtained
by thermal segregation.

Our method of quantifying the Auger spectra entails
the measurement of the peak amplitude H; of the char-
acteristic Auger signals chosen for the various ele-
ments. The change of H; as a function of the sputtering
rate is plotted and this curve is cut by vertical and
parallel lines corresponding to a separation equal to 0.2
X 10—3 Torr + min; this regular interval is consistent
with the removal of a monolayer from the surface. The
relevant abscissas of the points of intersection Hai and
H,it+1 permit the determination of the concentration of
the element A in the layer i (c.f., Eq. [4] in Appendix).

By applying Eq. [3] in the Appendix to each couple
of successive vertical lines, we obtain, knowing the
contribution coefficient k, the number of atoms of an
element in the monolayer bounded by these lines.

From Table I it is seen that the carbon peak has not
been taken into account, That element is only observed
during the first sputtering period, and its concentration
is considerably reduced in the second atomic layer.
Nevertheless it represents the major constituent in the
overlayer as the sample is taken from the electrolytic
cell and is introduced into the spectrometer. Due to
some difficulty in assigning an accurate sensitivity co-
efficient to carbon, it was decided to ignore that ele-
ment, which has the drawback of leading to concen-
tration values without physical meaning in the outer-
most layer of the sample, but does not significantly
perturb the concentration profiles of the other elements
in subsequent layers.

In addition to Auger electron technique, activation
analysis was used to obtain in a quantitative manner
the oxygen contained in the passive film; specimens
are irradiated in a beam of tritons accelerated in a
Van de Graaf generator. The following nuclear reaction
has been used: 1I?O(t:,'n)lft:l"" (T = 110 min). A detec-

tion limit of 0.004 ug - cm—2 may be obtained for a 10
min irradiation with 0.2 zA of tritons at 2 MeV (11, 12).

Results

Passive film formed electrochemically.—Figure 1
shows the composition profiles of the passive film on a
ferritic 26% Cr-1% Mo steel that was passivated for 6
hr at a potential of 4- 650 mV/SCE in a 3.5% NaCl (pH
2.5) solution. Passivation of the ferritic steels is charac-
terized by the formation of an oxide film 8-9 atomic
layers in thickness, and by the development of a chro-
mium-depleted zone inside of the matrix at the oxide-
metal interface.

The diagram shows that the overlayer of the passive
film is principally carbon, the concentration of which
decreases abruptly and completely disappears beyond
the fourth layer. Chlorine is also found in the first
layers of the oxide. The depth of penetration of carbon
and chlorine are similar.

From the depth profiles it can be seen that each
atomic layer of the passive film has a particular com-
position. The internal layers of the oxide are richer in
chromium than the matrix, while the iron concentra-
tion in the same layers is lower. There exist steep
gradients of concentration near the metal-oxide and
oxide-solution interfaces.

For the 26% Cr-1% Mo steel, the molybdenum con-
centration in the passive film is very low (Fig. 1 and
2), Nevertheless, the presence of that element in the
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§tee1 slightly modifies the depth profiles. Particularly,
1’9 appears that the maximum chromium content in pas-
sive films on the alloys without molybdenum (Fig. 3)
is higher than that in films on alloys containing molyb-
denum (Fig. 2).

The thicknesses of passive films vary very slightly
with potential and with the length of passivation (at
least for times greater than 30 min). However, the
depth of the chromium-depleted zone increases linearly
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Fig. 1. Composition profiles of the principal elements in the
passive film and in the alloy. (26% Cr-1% Mo steel) passivated
for 6 hr at a potential of 650 mV/SCE in o 3.5% NaCl (pH
2.5) solution at 5°C,
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Fig. 2. Composition profiles of the principal elements in the
passive film and in the alloy. (26% Cr-1% Mo steel) passivated

for 6 hr at a potential of —250 mV/SCE in a 3.5% NaCl (pH
2.5) solution at 5°C.
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Fig. 3. Composition profiles of the main elements in the passive
film and in the alloy. (26% Cr steel) passivated 6 hr at a po-
tential of —250 mV/SCE in @ 3.5% NaCl (pH 2.5) solution at 5°C.

with passivation time at all passivation potentials
(Fig. 4).

The chromium concentration at the minimum of the
composition profile is low for short passivation times
(30 min), but rises progressively to a constant value as
the time is increased. It appears that changes in alloy
composition at the film-matrix interface can proceed
long after the passive film has been formed.

Figures 5 and 6 show the influence of the tempera-
ture of the corrosive medium on the depth profiles of
passive films, In the first example (Fig. 5), the poten-
tial of the sample was kept at —250 mV/SCE and the
chloride solution was held at 98°C. In the second one
(Fig. 6), the same alloy was passivated at a potential
of +650 mV/SCE and removed from the solution when
its temperature reached the critical pitting tempera-
ture, i.e., the temperature beyond which localized at-
tack is likely to occur. It can be seen that the films
formed under these conditions are generally thicker.
It also appears that the penetration of carbon and chlo-
rine is more extensive. Both elements are detected in
the film near the oxide-metal interface. In comparison
with the experiments carried out at 5°C, the following
differences are also noticed: the dip in the iron profile
inside the passivating film is not as deep or broad and
can hardly be seen for the experiment at 98°C; and the
enrichment in chromium affects a much wider zone and
is observed as a large hump in the concentration pro-
file.

The curves giving the number of the atoms N of
each element and those giving the total number of the
atoms 3N; in'each layer of the passive film are plotted
in Fig. 7 as a percentage of the number of the atoms in
a layer of the matrix. The number of atoms in each
layer of the passive film is generally lower than in the
layers of the matrix. This number is relatively low in
the layers close to the oxide-solution interface, in-
creases in the first layers, and then decreases at the
oxide-metal interface. It also seems that the layers lo-
cated in the chromium-depleted zone of the metallic
matrix have a slightly smaller number of atoms than
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in the deeper layers where the alloy reaches its true
composition.

Hydrogen atoms are not detected by the Auger effect.
This element could be present in the film in the form

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

30
0 2!
2
© 20 |
Qo
S -
Lol
1
® o
LA
1 2 3 4 5 6

Time (hours)

Fig. 4. Number of atomic layers in the passive film (curve 1)
and in the chromium-depleted zone (curve 2) vs. the time of
passivation. (26% Cr-1% Mo) steel passivated at a potential
of 4650 mV/SCE, in a 3.5% NaCl (pH 2.5) solution at 5°C.
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Fig. 6. Composition profiles of the principal elements in the pas-
sive film and in the alloy. (26% Cr-1% Mo) steel passivated for
1 hr at a potential of 4650 mV/SCE, in @ 3.5% NaCl (pH 2.5)
solution at 34°C.

of water molecules, as has been suggested for the pas-
sive films formed on pure iron (13) and on stainless
steels exposed to different solutions (14). Obviously,
the presence of hydrogen can affect the total number
of the atoms in each layer, and particularly near the
oxide-solution interface.

The influence of the temperature of the corrosive en-
vironment upon the number of atoms of each element
in an atomic layer appears very clearly: The films
formed in a chloride, solution heated at a temperature
of 98°C (Fig. Tb) accommodate fewer atoms in a layer
(lower $N;) than those growing in the same medium
at a temperature of 5°C (Fig. 7a).

Passive films formed in the air.—Passivation in air of
a ferritic steel maintained for a fortnight in a desiccator
at 25°C (Fig. 8) presents some analogies with that ob-
tained in a chloride solution. The depth profiles show
the presence of carbon and chlorine in the first layers
of the film, chromium enrichment in the internal lay-
ers, and strong gradients of composition at the inter-
faces. In comparison with the passive films formed in
an aqueous solution it appears that for the iron profile
the minimum is much wider and its value is much
higher. The external ridge of the well is also at a
higher level. The concentration gradient for chromium
is decreasing towards the surface. The molybdenum
in the film is very low as in the films formed in aque-
ous solution. It is also observed that the number of
atoms within a given layer of the film is lower than in
the metallic matrix. Nevertheless, in the air-formed
films the cations originating from the steel substrate
tend to accumulate in the outer layers of the film, as a
result of the absence of a dissolution process.

Activation analysis.—Activation analysis shows that
oxygen content in the film varies only very slightly
with the potential. For the 26% Cr-1% Mo steel pas-
sivated 1 hr in a 3.5% NaCl solution, the quantity of
oxygen contained in the oxide varies from 0.40 to 0.45
pg/cm? when the potential is changed from —250 to
+650 mV/SCE. However the oxygen content increases
with the temperature of the solution (0.6 ug/cm? after
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Fig. 7. Composition profiles giving the number of atoms of the
principal elements within each layer of the passivated film and
in the alloy. (26% Cr-1% Mo) steel passivated for 1 hr at a po-
tential of +650 mV/SCE in a 3.5% NaCl (pH 2.5) solution. a.
solution temperature 5°C; b. solution temperature 98°C.

passivation at —250 mV/SCE, when the solution is at
98°C).

Coulometric measurements.—The apparent coulom-
bic thickness of the passivating films has been mea-
sured. Further, coulometric measurements have been
made to learn more about the influence of molybdenum
on the properties of the passive film.

Figure 9 shows the coulometric reduction results ob-
tained with two different alloys (26% Cr and 26% Cr-
1% Mo ferritic steels) for 1 hr polarization at a given
potential. It appears that the quantity of charge used
in the film reduction process increases with the passi-
vation potential. Two different potential regions are in-
dicated: the first is located at lower potentials and the
second extends to the higher values. This behavior has
been reported by many workers for the passivation of
iron (15, 16) and stainless steel (14).

The efficiency of the cathodic process, measured as
the quantity of charge required for reduction of the
film decreases with molybdenum additions (Fig. 9 and
10). More precisely, the molybdenum content of the
alloy has little influence on the reduction of the outer
layer of the film (Fig. 9 and 10, curves a). However,
the alloys with molybdenum require more charge for
the reduction of the inner layers, particularly the layer
next to the oxide-metal interface (Fig. 9 and 10, curves
c). The quantity of charge for the reduction process
increases with the temperature of the corrosive me-
dium. It is also important to observe that the plateau
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in the potential-time curve disappears at the high tem-
perature (Fig. 11).

Discussion

The analytical study by Auger electron spectrometry
indicates that the composition of the passive film
changes continuously with depth. This information sup-
ports recent ion-scattering spectrometry work for air-
formed oxide film on a series of iron chromium alloys
(17).

Previous ESCA studies (18) of films formed on chro-
mium steels have shown that chromium is in a trivalent
state in all zones of the passivating film, while iron is
trivalent in the outer layers with a gradual transition
to divalent state in the layers near the metal-oxide
interface. These results can be correlated with the iron
profile obtained by Auger-spectrometry. The minimum
which can be observed in the concentration profile for
iron (Fig. 1-3) leads us to consider two zones in the
passive film: an inner nonporous oxide which exhibits
good electronic conduction and in which cation trans-
port could be expected, and an outer porous oxide in
which anions can migrate. A difference between our
results and those given by ESCA is worth noting: The
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chromium concentration gradient in the passive film
formed on steels with 4-30% Cr at 25°C in oxygenated
water is the inverse of that observed by Auger spec-
trometry in this work (except for the very first layers,
where the sign of the slope is the same). Analytical re-
sults show that the thickness of the film does not de-
pend directly on the electrode potential. However it
must be recognized that changes in the defect structure
probably occur with potential variations (15, 16).

The passive film formed on iron-chromium alloys
appears to be a duplex oxide similar to that suggested
for passivation of iron (19-23) and austenitic stainless
steel (23a). Chlorine penetrates into the outer layers
of the film at all potentials. Aggressive ions are stopped
only by the inner layers of the film at all potentials.
Aggressive ions are stopped only by the inner layers
of the film, even when the temperature of the cor-
rosive medium is increased.

In previous papers, the properties of films formed on
stainless steels have been associated with an amor-
phous structure (14, 25). This gel-like structure may
be more protective, because it offers a higher resistance
to cation transport than crystalline structures (26). In
our opinion the amorphous state is characteristic of the
outer layers of the passive film. In this zone channels
may be formed, and large ions can move (27-30). Fur-
ther, if we assume that the outer layer forms a poor
conductor, anion transfer may be assisted by a high
field (16). The less dense matter of the outer zone im-
plies a porous structure, and the presence of Cl- in the
outer layer is consistent with this model.
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The compositional analysis is in agreement with re-
cent results (31), and shows that the molybdenum con-
centration in the passive films formed on ferritic stain-
less steels is very low (even in the case of an alloy
with 3% Mo) and is only detectable in the inner part
of the films. However, coulometric measurements in-
dicate that the passive fiilms formed on Fe-Cr-Mo al-
loys require a much greater quantity of charge for re-
duction than do the films formed on Fe-Cr alloys. This
electrochemical behavior of the Mo alloys may be as-
sociated with their greater corrosion resistance (32-37).
It should be pointed out that molybdenum additions
have little effect on chromium depletion. This phe-
nomenon, which occurs in high temperature oxidation
of iron-chromium alloys (38-41), has not been men-
tioned as a possible process at low temperatures.

Conclusions

The passive film formed on iron-chromium alloys in
NaCl solution is approximately 10 atomic layers thick.
The film is enriched in chromium relative to iron. The
composition profile of iron in the film shows a deep
minimum with a value near to zero in the middle of
the film, and a marked increase near the oxide-solution
interface. There is a narrow zone inside the film which
is only a chromium oxide, behind which molybdenum
rises to a level equal to its concentration in the alloy.
Further, we observe in the alloy chromium depletion
at the oxide-metal interface. On the whole, the total
number of atoms per layer is not the same in the oxide
film as in the matrix. The less dense matter in the pas-
sive film implies a porous structure. Chlorine is al-
ways present in the outer zone of the film but does not
penetrate into the inner zone. It appears that molyb-
denum additions increase the stability of the inner
layers of the film near the oxide-metal interface.

Manuscript submitted Oct. 26, 1976; revised manu-
script received May 11, 1977,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by the
National Center of Scientific Research.

APPENDIX

Contribution of Each Atomic Layer to the Total Auger Signal:
A Quantitative Approach

If we study a heterogeneous sample, the composition
of which is-a function.of the depth in a direction nor-
mal to the surface but homogeneous within each atomic
layer parallel to the surface, we may consider that the
Auger current due to element A given by the whole
specimen represents the sum of the contributicns of
each atomic plane. The peak-to-peak amplitude of the
signal ha® corresponding to the Auger current due to
the layer i is expressed by the following relationship

ha®h = apka@N LD [A-1]

where Ns® is the number of the atoms A in the layer
i, a fraction of which are excited by the incident elec-
tron beam and yield Auger electrons. This proportion is
taken into account in the « term. o4 is a sensitivity co-
efficient, characteristic of the element A, which includes
the ionization cross-section, the probability of the
Auger transition, as well as many constants of the
spectrometer such as the intensity of the incident beam
and the collection factor of the analyzer. This term has
a fixed value provided the intensity of the beam and
the energy of the primaries are well determined.
Therefore, it is independent of the matrix insofar as
there is no chemical binding resulting in a change of
the Auger transition probability. ko is the contribu-
tion coefficient of the layer i to the total signal given
by the whole specimen. It takes into account the es-
cape depth of the Auger electrons in the layers before
they reach the level i and the backscattering within
the matrix,
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Owing to these effects, it can be shown that the con-
tribution coefficients are in geometrical progression:
1, K, K2 ..., with the expression of K given by

K ( d d )
—=exp— \ —— 4 —
B Dycos ¢ +Dp

where d is the thickness of a monolayer, D, the escape
depth of the Auger electrons, D, the depth of penetra-
tion of the primary electrons, and 6, the angle of ac-
ceptance of the Auger electrons in the cylindrical
mirror analyzer.

If we designate by H;® the initial Auger signal rela-
tive to the element I (I = A, B, C...), when the zero
layer is present we may write

HA® = ap (NA® 4 KANA®D + Ka2N2@
+ oo+ KalNA® +..0)
Hp® = ap (NA® + KpNp® + Kp2Na®
.'+ voo+ KpiNg® 4 ., .)
H® = o (N1© + KN/ + K2N;®
+ oo+ KN 4..0)

and after removal of the zero 'l_éyer, when layer one
becomes the outermost layer, we may write

HaD = ap (NAD +'KANA("’() + oo+ KaimINA® L))
Hp®) = ag(Np1> 4+ KgNp® + .., 4 Kpi~INg® 4 ...)
HiD = oy (N, D 4 KN{® 4 ... + Ki—IN/D +...)

Hence, if we suppose a layer-by-layer ion etching, the
number of the atoms of the element A in the “zero”

layer can be deduced ] .
0 _ :
Na©® = Hy¢ kaHA'
QA

and those contained in layer “one” can be computed
from the peak heights Ha1> and Hx(®. More generally,
for any element 1 (I = A, B, C...), the number of
atoms in the layer i is given by

Hi — kyHG+D

[A-2]

[A-3]

N =
ay
The total number of the atoms present in layer i obvi-
ously is

2 Ni® = N 4 Np® 4 Nci
I=A

If it is certain that this quantity is the same in every
layer, its value must be constant. It is therefore pos-
sible to choose the sensitivity coefficients as, op, ac ...

4]
Hy®
to verify that E i
I=A ag
values of aa, ap, ac are known, the number of the atoms
in each atomic layer can be deduced. The atomic frac-
tion of the element A in layer i is given by

Ha® — kaHpG+D

= constant. Inversely, if the

N At
Ca == o [A-4]
@) G
z N 2 H,t kIHI i+)1
I=A I=A o
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The Pb/Pb™ Exchange Reaction in Perchlorate

Acidic Solutions

A. S. Gioda, M. C. Giordano, and V. A. Macagno

ABSTRACT

The Pb/Pb+2 exchange reaction mechanism in acidic perchlorate solu-
tions has been investigated. Tafel slopes of about 30 mV are found for both
Pb dissolution and deposition under steady-state and nonsteady-state con-
ditions, respectively. Empirical rate equations for electrodissolution and
electrodeposition are

2FE
i = k.F exp

RT
and
, 2FE
ic = kcF C2pp+2 €Xp — 'R_T

respectively. A mechanism with a chemical step as the rds is proposed to ex-
plain the experimental results. Although there has been spec1al interest in
the study of lead electrodes as anode energy producers in acid and alkali
media (1,2), less is known about the anodic behavior of lead electrodes in
acidic solutions without film formation.

Department of Physical Chemistry, National University of Cérdoba, 5000 Cérdoba, Argentina

The anodic dissolution of lead has been studied (3)
in KNOs, Pb(Ac)2, and NH4Ac solutions, and a mech-
anism involving Pb+ ijons was postulated. On the
other hand, results of impedance and double impulse
measurements (4) have shown that at low Pb*2 con-
centrations the exchange process was controlled by
lattice growth and dissolution. A full account of ki-
netic parameters for the Pb/Pb+2 exchange reaction
in the presence of different types of electrolyte solu-
tions is compiled elsewhere (2). In HClO; acid solu-
tions in particular (5) only the passivation time of
polycrystalline lead anodes was studied as a function
of current density. The authors concluded that the
process of anodic passivation is controlled by mass
transport in solution.

Recently (6) the anodic oxidation of solid Pb in
H2S0; has been investigated and compared with mea-

Key words: electrodeposition, dissolution mechanism, adions,

surements on solid Pb in HCIO4 solutions. Although
some interesting features are shown, a full account
of kinetic parameters are missing. Nevertheless, they
concluded that the slow step for surface area changes
with HCIO4 solutions is located in the surface since
the curves do not depend on rotation speed.

This paper reports the results of kinetic studies
of the exchange reaction at polycrystalline lead elec-
trodes in acidic perchlorate solutions containing dif-
ferent amounts of Pb*2 jons, using several electro-
chemical techniques under a wide range of experi-
mental conditions.

Experimental
A common three-electrode Pyrex glass cell was
used for this investigation. The electrolyte solutions
were deareated with purified nitrogen before each
run. Temperature was maintained at 25° =+ 0.1°C.
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Polarization curves were obtained with a fast rise
time potentiostat. Linear potential sweep experiments
were performed with a specially designed triangular
pulse generator (7) provided with electronic ohmic
compensation. Potential current curves were recorded
with a X-Y EAI Variplotter or with a 545 B Tektronix
oscilloscope. Potential/time curves were obtained with
a specially constructed power supply of +0.1% stabil-
ity. Transients were recorded either with a Sargent
MR register or with the oscilloscope. Rotating-disk
electrode assembly was previously described (8).

A saturated calomel electrode was used as the ref-
erence electrode. It was conveniently isolated from
the working solution by an agar plug and glass joint.
The reference compartment was in contact with the
electrolyte through a Haber-Luggin capillary.

Lead electrodes were prepared from a bar stock
of 99.999% Koch-Light Limited. A Teflon electrode
assembly was used (9) to support the piece of Pb
bar. The seal is produced using the principle of a
drill chuck. The collet was made in Teflon, while the
truck and the chuck were made in Teflon charged
with fiber glass to make it harder. The surface exposed
to the solution was a disk of either 4 x 10-3 or 6.1 X
10-2 cm2. The exposed surface was ground with car-
borundum paper 600A with distilled water, as the
lubricant, washed with distilled water, and then placed
immediately in the cell. The same procedure was
repeated before each run. Although mechanical pol-
ishing for soft metals has been criticized (10), we
found that the several electropolished electrodes tested
were unable to give reproducible results. The auxil-
iary electrode was a Pt foil of about 6 cm2.

Solutions were prepared from NaClO, Koch-Light
crystallized from distilled water, and HCIO4 acid
Merck pA. Pb(ClO4), was obtained from lead electro-
Iytic dissolution in HC104-NaClO, solutions and stan-
dardized with EDTA. Concentration range was be-
tween 2 x 10-3 and 1.64M for Cl04— ions, from 10—5
to 10~IM for H+, and between 2.3 X 10-5 and 1.34
X 10—2M for Pb+2,

The steady-state rest potential was taken at open
circuit until the drift in potential was 5 mV/hr or
less, and it was measured with a pH Meter 4 Radiom-
eter potentiometer, The time elapsed to reach the
steady state depends on the type of solution and con-
centration.

Current efficiency for an exchange of two Faradays
per mole was verified through quantitative determina-
tion of Pb*2. Unless indicated otherwise, all poten-
tials are quoted against the saturated calomel electrode.

Results
Potentiostatic polarization curves.—Two types of
solution composition were studied: a mixture of
NaClO4-HCIO4, and the same mixture with addition
of Pb(ClO4)2. The dependence of the steady-state rest
potential with the different species involved are com-
piled in Fig. 1. It can be seen that E, appears almost
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Fig. 1. Dependence of the steady-state rest potential with differ-
ent species. @ vs. Cppt+ — Ccios~ = LIIM, Cgt = 0.1M;
W vs. Cut — Cciogs~ = 1.06M; A vs. Ccios— — Cppt2 =
0.001M, Cyt = 0.00IM; & vs. Cciog— — Cut = 0.00IM.
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independent of ClO4— and H* species concentration.
On the other hand, in the Pb+*2 concentration range
studied, a plot of E, vs. log Cpp+2 shows a slope

SE,

—_——=0.03V [1]
dlog Cpp+2
and with an intersect at log Cpp+2 ~ 0 very close to
E°py/pp+2 electrode, indicating that a Nernst’s equa-
tion for the process
Pb=Pb*2 4 2e [2]
is followed.

Figure 2 shows some of the anodic polarization be-
havior of Pb electrodes in the two types of solutions.
A linear dependence of E vs. log i, is observed over
at least two decades of logarithm even for the most
dilute solutions. The addition of different amounts of
Pb+2 produces an increase on the exchange current,
but it has no appreciable effect on Pb dissolution.
The polarization data obtained with stationary and
rotating-disk electrodes were similar except for the
region near the rest potential where the effect for
the backward reaction becomes important and at high
overpotentials where mass transport interferes. Anodic
Tafel slopes in both types of solutions are around
30 mV/decade. A similar value was also reported pre-
viously (6).

The experimental dependence of anodic dissolution
current densities on ClO4~, H+, and Pb+2 concen-
tration gives the following results

( dlogi, ) ( dlogis )
81og Cciog— /Em+po+z  \0log Cu* /Ecioa—po+2

= (———6 L ) =0 [3]
dlog Cep+2 / E,cloa—.u+

Although ionic strength was not constant for the first
relationship, the effect of ¢g potential on i is minimal
when the reaction is independent of the ion concen-
tration, as it seems to be in this case.

The variation of exchange current density with Pb+2
concentration obtained by extrapolating the Tafel line
to the rest potential is

dlog i,

—_—1 4
d log Cpp+2 4]
as shown in Fig. 3. Also, from the dependence of the
rest potential on Pb+*2 concentration, a value of Pb+2
concentration at the surface could be calculated in
the type solutions. This average exchange current
is also included in Fig. 3.

On the other hand, i, appears as almost independent
on H* and ClO4~ ions concentrations as it is shown
in Table I. Thus

( dlog i ) ( 8 log i, ) 0 5]
8log Cu+ /pp+2 \dlog Ccios~ /po+2

L}
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Fig. 2. Polarization curves for Pb electrodissolution. O, [, ¢,
A Cat = 0.00IM and Ccio4~ = 0.002, 0.014, 0.1, and 1.64M,
vespectively. M Ccioy~ = L.I3M, Cu* = 0.00IM, Cpp+2 =
0.0|3M; [ ] Cc;o[' = ‘.“M, CH+ =] 0.00IM, Cpb"’z =
0.001M; A Ccioqs~ = LI3M, Cxt = 0.IM, Cpp*2 = 0.0002M.
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Stoichiometric numbers (11) were experimentally ob-
tained from current densities values at low overpo-
tentials, as

ionF ( o )
= — 6
YZTRT \oi, sl

Figure 4 gives typical n vs. i, plots. The » values ob-
tained for the different types of solutions are com-
piled in Table I, and the average result is 0.5. In order
to obtain reproducible results for the cathodic reac-
tion, the electrode was rotated and the potential
scanned at a constant rate of 5 mV/sec. Under this
condition it is supposed that a quasisteady state is
reached since no appreciable change in the E/i curves
was found with potential sweep rates up to 20 mV/sec.

Figure 5 shows representative polarization curves
for Pb deposition. Limiting currents are obtained which
depend linearly on the square root of electrode rota-
tion speed and Pb+*2 concentration. Taking into ac-
count the Levich’s equation (12)

iy = 0.62 nFD2/3,1-1/6,1/2Cy, (71

the diffusion coefficient can be evaluated. The average
Dpp+2 is 4.8 X 10—6 cm2 sec—1,

The half-wave potential does not depend on rotation
speed, this being an indication that the reaction be-
haves in a reversible way (13). On the other hand, a
plot of n ws. log [(iL — i)/iL] (12) gave a straight
line with a slope of about 30 mV/decade.

Galvanostatic potential-time curves.—Representa-
tive potential-time curves for Pb+2 electrodeposition
are shown in Fig. 6. Only one transition time is ob-
served at all current densities studied. Nevertheless,
an increase in the transition time was observed in
repetitive runs performed at low current densities.
This effect together with the increase of the i.t%/C
ratio as i. is decreased, Fig. 7, could be attributed to

Table I. Kinetic parameters for Pb electrodissolution

Coio,~ Cu+ Cpp#2 ba log io
(M) (M) (M) V) (A/em?) 4
.030 —5.48 -
026 —5.32 —
- .027 —5.44 0.40
029 —5.44 054
1.64 0.001 .028 —3.88 0.40
0.001 .027 —4.00 0.73
.027 —3.72 059
.029 —-524 =
= .030 —5.40 0.38
0.1 0.001 029 —3.88 0.46
0.001 .032 —3.92 e
.033 —5.72 0.54
—_ .030 —-5.27 =
.031 —5.60 —
0.014 0.001 0.001 030 —3.83 0.67
.028 —5.88 =
0.002 0.001 —_ .028 —5.20 0.49
0.003 0.001 0001 .029 —4.10 0.46
0.002 025 —3.68 =
113 0.001 0.013 0.030 -236 —
0.0002 0.026 —4.48 =
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an appreciable increase in the electrode area due to
deposition. At moderate and high current densities
a linear dependence of i.t%/C vs. i, is found.

By applying Sand’s equation (14) to the linear re-
gion, the diffusion coefficient can be evaluated as
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Fig. 4. Plots of overpotential vs. current density. Ccioy~ =
1.64M, Cy* = 0.001M. @ Without Pbt2; A Cpp*2 = 0.001M.
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Fig. 5. Polarization curves for electrodeposition obtained at the
RDE. Cppt2 = 0.013M, Ccios— = 1.64M, Cu+ = 0.IM. o
(rad/sec): 1 = 19.8; 2 = 40.2; 3 = 58.2; 4 = 774; 5 = 96.9;
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rent density. Ccios~ = 1.13M, Cut = 0.1M; O, 1, A Cppt2
= 0.0036, 0.013, and 0.0009M, respectively.
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giving an average value of 4.5 X 10—6 cm2 sec—1. A
plot of E vs. log (1% — t*%) (14) gives a good straight
line with a slope of 30 mV/decade.

Linear sweep voltammetry.—The dissolution curve
appears as a typical process without film formation
with a continuous increase in current as the potential
is increased. On the reverse sweep a cathodic current
appears near the rest potential. Voltammograms for
Pb deposition are shown in Fig. 8. The cathodic i/E
curves show a peak current that depends on sweep rate.

A plot of i, vs. v'%, Fig. 9, shows a complex behavior.
At low v there is a straight line dependence of ip with

|
~500 ~600 700
£ [mv]
Fig. 8. Yoltammograms for Pb*2 deposition. Cpp+2 = 0.013M,
Cciog~ = 1.13M, Cg* = 0.1M. Sweep rate (V/sec): 1 = 0.02;

2=01;3=02;4—=08,5=2;6—=4;7 =6;and 8 = 10.
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Fig. 9. Dependence of the peak current density on sweep rate
for Pb*2 deposition. Ccios~ = 1.I3M, Cy* = 0.1M. o, [, A
Cppt2 = 0.013, 0.0036, and 0.0009M, respectively.
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v'%, As sweep rate is increased there is a transition
to a lower slope. From the highest slope, the diffusion
coefficient for a two electrons reversible process was
calculated. The average value results 4.3 X 10~6 cm?2
sec—1,

In Fig. 10, the behavior of E, vs. log v is analyzed.
Two different zones are observed depending on sweep
rate. At low sweep rates, E, remains constant inde-
pendent of v, while after a certain v value the varia-
tion of E, vs. log v*% takes a slope of

i 30 mV [91
—— m
b log v¥a
Discussion

From the experimental results given above, the
rate for the anodic reaction can be derived from the
theoretical expression (15)

iq = Fka(sCsZq,5) €xp (acFE/RT) [10]

With the experimental values of o = 2 and Z, for
all species as zero, the empirical rate equation for
the anodic reaction is obtained

2FE
RT

Introducing the overpotential in Eq. [10] as n = E
— E,, the theoretical rate equation is rewritten as

ia = Fkq(nsCsZe1) explacF (n + E;)/RT]  [12]

when n = 0, i, = i, = i, and the exchange current
results

i = Fkq (5Cs2e.¢) exp (aoFE,/RT)
= Fk¢ (n5Cy%0.0) exp (—eFE,/RT) [13]

On the other hand, the Nernst equation can be written
as

iq = Fkq exp [11]

RT
E; = E; — — 1n x,Cyms [14]
nF
which according to Eq. (2] takes the form
RT
E,=E,+ = In Cpp+2 [15]

Furthermore, the equilibrium constant of the total
electrochemical reaction is related to the anodic and
cathodic rate constants (15) as follows

_k"_ = KW/v [16]
c
Taking into account the above equations, the following
relations between kinetics parameters are found
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Fig. 10. Dependence of the peak potential on log v¥2 for Pb+2
deposition. Ccioa— = 1.13M, Cy*t = 0.IM. ¢, M, A Cpp*2
= 0.013, 0.0036, and 0.0009M, respectively.
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n = v(ag + ac) [17]
and
ms = ll(za - Zc) [18]
Thus Eq. [13] for the exchange current can be trans-
formed to

ms
i, = (kK1/?*)F [J:,C, (

+ Zc) ] exp («oFE,/RT)

[19]

Equation [19] shows that from a plot of In i, vs. In
Cpp+2 the cathodic reaction order can be found. Ex-
perimentally

d1Ini, ms
= +Z; )—my=1 [20]

d1n Cpp+2 v

v

hence, as ms = —1 and » = 0.5, results are Z, = 2.
Also, according with Eq. [17], (aq + o) = n/v = 4
and o, = 2; thus the rate equation for the cathodic
reaction results in

2FE

RT

Deposition of Pb*2 behaves as a rather reversible
reaction under steady-state conditions. Nevertheless
under linear sweep voltammetry a certain degree of
irreversibility can be inferred from i, vs. v% depen-
dence, Fig. 9, and also from E, vs. log »%, Fig. 10,
at high sweep rates giving a Tafel slope of about 30
mYV/decade in agreement with the theoretical a; = 2.

By combining data represented in Fig. 9 and 10 the
cathodic reaction order was obtained from log i, vs.
log Cpp+2 at constant E, Fig. 11. The experimental
value is in agreement with the kinetic Eq. [21]. In
a general case of a multistep reaction (16) the trans-
fer coefficients o are denoted as

aa=( Yo —p,) [22]

v

te = Fk.C2pp+ + €xp —

[21]

and
&= (L"L + ﬂf) 23]

v

where 4’s and r are the number of electrons transferred
before and during the rds, respectively. g is usually
taken as 0.5. On the bases of the kinetic parameters
obtained, only one set of numbers of electrons trans-
ferred before and during the rds are possible. Thus,

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

September 1977

for ag = 2 and y = 0.5, with 8 = 0.5 results vy = 1
and r = 0.

Accordingly a mechanism with a charge transfer
in quasiequilibrium followed by a chemical step as
the rate-determining step could be postulated as the
most probable pathway for Pb/Pb+*2 exchange reac-
tion in acidic perchlorate solutions. Taking into ac-
count that Pb+*2 concentration does not affect the
anodic reaction rate, a loop-containing mechanism
could be discarded in principle (17). On the other
hand, the stoichiometric number of % experimentally
obtained is an indication that for each occurrence of
the rds the total reaction goes twice to completion.
Hence, a quasiequilibrium one-electron charge trans-
fer step to form species Pb(I) adion could be postu-
lated for the first step (11). It is more difficult to
assign a formal equation for the rds. Nevertheless,
a chemical interaction between two Pb(I) adions to
form a more suitable specie for the second charge
transfer could be a plausible explanation for the » =
0.5 found experimentally. Formally, a sequence of steps

Pb=Pb(I) + le [24]
rds

2Pb(I) » [Pb(D)]z [25]

[Pb(I)]y=2Pb+2 + 2e [26]

would be in agreement with the experimental data
correlated by the empirical Eq. [11] and [21]. Much
work is indicated in order to clarify the complex
nature of the rds, but this investigation has shown
that the behavior of the Pb/Pb*2 exchange reaction
agrees with a series of previous results obtained with
sp metals (18).
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LIST OF SYMBOLS
A amperes
b,  anodic Tafel slope
Cp concentration of diffusing specie in the bulk
C; concentration of s specie
diffusion coefficient
E electrode potential
Ei/2 half-wave potential
E, standard potential
E, peak potential
E, steady-state rest potential
F Faraday’s constant
i current density
ia anodic net current density
ie cathodic net current density
iy limiting current density
ip peak current density
1o exchange current density
ke, anodic specific rate constant
k. cathodic specific rate constant
K  equilibrium constant
m, stoichiometric coefficient of s specie in the over-
all reaction
n number of electrochemical equivalents per mole
T number of electrons transferred in the rds
R gas constant
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ag anodic transfer coefficient

ac cathodic transfer coefficient

B8 symmetry factor

va number of electrons transferred before the rds
n overpotential

v stoichiometric number

pl kinematic viscosity

ns  productory over s

T transition time

¢2  potential at the outer Helmholtz plane
w electrode rotation speed (radians/sec)
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The Electrochemical Reduction of Carbon
Dioxide, Formic Acid, and Formaldehyde

P. G. Russell,! N. Kovac,* S. Srinivasan,** and M. Steinberg

Brookhaven National Laboratory, Department of Applied Science, Upton, New York 11973

ABSTRACT

The prospects for the electrochemical reduction of carbon dioxide to
methanol were examined by investigating the intermediate reactions. The
reduction of carbon dioxide was carried out in a neutral electrolyte at a mer-
cury electrode. The high overvoltage observed for carbon dioxide reduction to
the formate anion reflects a low value for the efficiency of electric energy
utilization for this process. Formic acid can be reduced to methanol in a per-
chloric acid electrolyte (at a lead electrode) or in a buffered formic acid
electrolyte (at a tin electrode). The faradaic efficiency for methanol formation
is close to 100% at the tin electrode in a narrow potential region correspond-
ing to a low current density. The potential dependence of formic acid reduc-
tion to methanol suggests that the adsorption of formic acid on the elec-
trode, near the pzc, may be the rate-controlling step in the over-all reaction.
The reduction of formaldehyde to methanol occurs with a faradaic efficiency
exceeding 90% in a basic solutlon The Tafel slope decreases when either
the formaldehyde concentration is increased (at constant pH) or when the
pH of the solution is increased (at constant concentration). The polyoxy-
methylene glycols present as impurities in formaldehyde solutions may in-
fluence the mechanism of the electrode process through interaction with
formaldehyde molecules and/or other adsorbed species resulting in small
changes of the Tafel slope.

The prospects for electrochemical production of
methanol from carbon dioxide—With the increasing
possibility of the unavailability of oil in 20-30 years,
methanol will probably be the substitute liquid fuel
(or fuel intermediate) in the future. New methods
for the production of methanol should be economically
competitive with existing technology. One approach for
the production of methanol from nonfossil sources is
by the electrochemical reduction of carbon dioxide.
This will be feasible only with a potentially cheap
source (e.g., controlled thermonuclear generation) of
electrical energy. Methanol may also be considered as
a medium for the storage of hydrogen

The purpose of this work is to evaluate the optimum
conditions (electrode, electrolyte, pH, etc.) for the con-

* Electrochemical Soclety Stud Member.
** Electrochemical Society Active Member.
1Present address: Sprague Electric Company, Research and De-
velopment Laboratories, North Adams, Massachusetts 01247.

version of carbon dioxide to methanol. The high over-
potentials observed for the reduction of carbon dioxide
and its intermediates result in an over-all low energy
efficiency. The reduction of carbon dioxide to formic
acid has been studied extensively. However, few
studies describe the further reduction of formic acid
to methanol.

Previous studies on the electrochemical reduction of
carbon dioxide—The electrolytic reduction of carbon
dioxide in aqueous solutions has been the subject of
many investigations. According to the earlier papers
(1-5) formic acid (or the formate ion) was found to
be the principal product with the highest current
efficiency being obtained at amalgamated electrodes
(see Table I). The electrolyte, containing the alkali
salt (bicarbonate, carbonate, or sulfate) was usually
saturated with carbon dioxide gas [pressures of up to
50 atm were used in some experiments (4)]. High cur-
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Table 1. Results of some previous studies on carbon dioxide reduction in aq luti
Percent
faradaic
Products other than efficiency
Pressure HCOOH. Final conc. for HCOO-
Cathode Anode Separator Electrolyte of COs of HCOOH, g/liter production Ref.
Zn electrodeposited on Pb Porous cell Sat’d KaSO« 5 atm —_ 98.6 (4)
Cu, then amalgamated
CuC electrodeposited on Pb Porous cell Sat’d K2S04 50 atm —_ 86.4
u
Zn (Hg) Pb Porous cell Sat’d KaSO4 50 atm 96.4 49
R%atmo% amalgamated Pb Porous diaphragm 10% Na:S0q Sat’d COa 1.8 as HCOONa 813 (12)
u I
Cation exchange From 190 to 200 80
membrane
Hg 93 to 100 (13)
Ga(s) 3 34
Ga(l) Pt Compartment 0.5M NaHCOs Sat’d COs 34.9
Cerrolow 136(s) Cell 24.3
Ferrolow 136(1) 36
n
Pb 1M MeNHCOs <80 (14)
%b 1M NaHCOs Sat’d COs Only Ha
Carbon 1M ET«NHCOs Sat’d COz Some H: glycolic acid
Pt results from oxida-
PrH = 8 in these tion of carbon elec-
solutions trode
wC 1MesNHCO: Sat’d COs Only Ha
Pb 1atm 80 (15)

rent efficiencies for formate production (~ 99%) were
obtained in short-term electrolysis experiments where
the diffusion of the formate anion was negligible.

After long-term contact of a solution of sodium bi-
carbonate with sodium amalgam, appreciable concen-
trations of formate ion were detected (6). This result
led some workers to believe that the bicarbonate and
carbonate anions were electroactive species and that
the reduction of carbon dioxide occurred on electrodes
having high hydrogen overpotentials (2, 3). Polaro-
graphic waves observed in solutions containing carbon
dioxide were interpreted as being due to the reduction
of carbon dioxide (7-9). Later studies (10, 11) con-
firmed the above interpretation and showed that car-
bon dioxide, and not the bicarbonate or carbonate
anion, is the electroactive species.

Intermediates are formed. during the reduction of
carbon dioxide. A number of studies have dealt with
the properties of a “reduced carbon dioxide” species,
(CO2),, formed when carbon dioxide is reduced to
formic acid in aqueous solution. The results of one
study (16) carried out in acid solution show that car-
bon dioxide reacts with chemisorbed hydrogen (elec-
trochemiecally formed) on bright platinum in the poten-
tial region 0 to 4250 mV vs. the RHE to form (COg)r.
The rate of reaction is slow at room temperature, but
increases rapidly with temperature. On platinized
platinum at 90°C, chemisorbed hydrogen reacts rapidly
with carbon dioxide. In another study (17), this reac-
tion intermediate was produced at a platinum electrode
and then oxidized at a constant current. The amount of
carbon dioxide formed was determined by gas liquid
chromatography. The results showed that two electrons
are transferred during oxidation of each (COs), species.
In comparison with the results of similar experiments
carried out using carbon monoxide, it was suggested
that (CO:), is carbon monoxide, chemisorbed in the
first layer on platinum.

Previous studies on the electrochemical reduction of
formic acid.—The reduction of formic acid is more dif-
ficult and thus fewer studies have appeared in the
literature. In one study, on the reduction of carboxylic
acid esters (18), an ester of formic acid was found to
be reduced with difficulty. In 1907, a patent was
granted for an electrochemical method of reducing
monobasic fatty acids to aldehydes and alcohols (19).
Specific mention is made of formic acid reduction. In
a 10% sulfuric acid electrolyte solution formic acid
was reduced preferentially to formaldehyde at low
current densities and to methanol at high current
densities. In general, low current densities were recom-

mended for carrying out the reduction. A number of
metals were suggested for use as cathodes (lead,
spongy nickel, iron, cobalt, and platinized platinum)
but the coulombic efficiency for methanol production
on the individual metals was not presented. In a recent
two-part study (20, 13) tin was found to be a good
electrocatalyst for formic acid reduction. In part I
(20) formic acid was reported to be reduced to meth-
anol with a 100% current efficiency at low current
densities. A selective oxidation and titration scheme of
the formic acid, formaldehyde, and methanol present
was the analytical method used in the product analysis.
However, in part II (13) of this work, significant ana-
Iytical results showed that the current efficiency is
quite low; polished tin (7%), electroplated tin (13%),
and Cerrolow 136 (solid phase ~7.4%, liquid phase
~13.7%). The best results (for longer run tests) were
obtained with the molten Cerrolow 136 (low melting
point alloy containing tin) where the maximum effec-
tive current density was only 140 xA/cm?2.

Previous studies on the electrochemical reduction of
formaldehyde.—The reduction of formaldehyde has
been studied extensively in classical polarography [see
Ref. (21) for a review of the earlier work]. The po-
larographic wave increases rapidly with the pH and
temperature of the solution. The low kinetic current is
attributed to the fact that formaldehyde is present pre-
dominantly in the electroinactive hydrated form,
methylene glycol. The limiting current for reduction is
governed by the reaction rate for methylene glycol de-
hydration to formaldehyde, which is the electroactive
species. This dehydration appears to be a base cata-
lyzed reaction. In solutions with a pH value greater
than 12, the limiting current decreases with increase in
the pH. This decrease probably results from the for-
mation of an anion of methylene glycol, Ho.C(OH)O—,
in high pH solutions which is the intermediate for
formaldehyde formation. In a recent study (21) the
presence of HyC(OH)O~ was observed through its u.v.
absorption peak at 215 nm. The following mechanism
(21, 22) has been proposed for formaldehyde formation
in solution at a pH between 12 and 13

k1
CH:(OH)2 + OH— & CHz(OH) ~ + H;0
-1

[1]

ko
CH,;(OH)O~ & HoC=0 4+ OH-
k-2

Measurement of these rate constants using pulse po-
larography (22) can explain the sharp decrease ob-

[2]
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served in the limiting current with an increase in pH
above a value of 13.2. With lower pH values the rate of
methylene glycol dehydration determines the available
amount of formaldehyde.

In a previous study (23) on formaldehyde reduction
evidence was found for a CECE mechanism in the pH
region of 9 and below while a CEEC mechanism was
suggested for the pH region of 13 and above. In cyclic
voltammetry experiments with 5 x 10—2M formalde-
hyde solutions an anodic peak (considered to be the
oxidation of the radical anion intermediate resulting
from the first electron transfer step) was obtained in
a borate buffer (pH of 9) at a sweep rate of 100 V/sec.
This peak was not observed in a solution of lower pH
(phosphate buffer, pH = 6.8) and it disappeared at
a pH above 9.5. These results, along with other evi-
dence, suggested that in a neutral solution the chemi-
cal reaction following the first electron transfer step is
fast enough so that no peak occurs. As the pH of the
solution increases, this reaction becomes slower and an
anodic peak occurs at fast sweep rates. In the absence
of any appreciable dimerization of the adsorbed radical
anion, the disappearance of this peak with a further
increase of pH (greater than 9.5) indicated that a
second electron transfer step, favored by the increase
in the negative potential at the electrode surface due
t? the higher solution pH, occurs prior to the chemical
step.

In addition to methylene glycol and a small amount
of formaldehyde [K ~ 10—4 for H2C(OH); &= H,CO
+ H0], there are small amounts of polyoxymethylene
glycols [HO(CH30),H where n = 2], the concentra-
tions of which depend on formaldehyde concentration
(24). The amount (mole percent) of methylene glycol
decreases while the amount of the polyoxymethylene
glycols increases with increasing formaldehyde concen-
tration. A number of equilibria can be written among
the different species present in solution (the equilibria
involving the anion of methylene glycol discussed
above are not included here)

H,C(OH); + HO(CH;0)H = HO(CH;0) H + H,0
n+1
0 i

HCO + H:0 HO(CH:0).H + H:CO
[31

Previous studies (25) indicate that with increase in
the pH of the solution, the amount of methylene glycol
increases. Any mechanism study of formaldehyde re-
duction is complicated by the presence of these species.

Experimental

Types of studies—Three types of experimental
studies (carried out at 25° = 3°C) were conducted: (i)
current-potential relations obtained from steady-state
potentiostatic experiments at a mercury electrode in
electrolyte solutions containing either carbon dioxide
or formaldehyde; (ii) current-potential relations ob-
tained from nonsteady-state (cyclic voltammetric) ex-
periments in electrolyte solutions at a hanging mer-
cury drop electrode containing formaldehyde; and (iii)
products formed in long-term electrolysis experiments
with formic acid (carried out at both lead and tin elec-
trodes) and formaldehyde (carried out at a mercury
pool) as reactants were identified quantitatively, using
gas chromatographic techniques.

Electrochemical instrumentation.—A PAR potentio-
stat (Model 173) and digital coulometer (Model 179)
were used for the long-term electrolysis experiments
on formic acid and formaldehyde. For the steady-state
potentiostatic experiments a PAR potentiostat (Model
173) and a Keithley 160B digital multimeter were em-
ployed. The electronic instrumentation for the cyclic
voltammetric studies consisted of the PAR potentiostat
(Model 173), PAR universal programmer (Model
175), and a Hewlett Packard X-Y recorder (7047A)
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or Tektronix storage scope (702BA). The cyclic volt-
ammograms obtained at a 10 mV/sec scan rate were
displayed on the X-Y recorder while those obtained at
faster sweep rates were recorded on the storage scope.
The IR corrections (for the steady-state polarization
curves) were made by the current interruptor method
using a mercury relay switch and the storage scope.

Electrochemical cells.—The long-term electrolysis
experiments with formaldehyde and the steady-state
polarization measurements on formaldehyde and car-
bon dioxide were carried out in a Pyrex cell having a
fine glass frit separating the working and counterelec-
trode compartments. The counterelectrode was plati-
nized platinum. In these experiments the reference
electrode (SCE) was placed 4-6 mm above (and in
the center of) the 1 in. diam (5.06 cm2) mercury pool.
The reduction of formic acid was carried out in an
enclosed glass cell in order to minimize the loss of any
volatile products formed during electrolysis. Tne tn.ee
anode compartments were symmetrically arranged and
separated from the large cathode compartment (con-
taining an electrode with geometric surface area of 50
cm?) by fine glass frits each of which is covered with a
layer of agar (containing either sodium or tetraethyl
ammonium perchlorate). The sealed cell containing a
nitrogen atmosphere above the oxygen-free electrolyte,
is further isolated in a desiccator, (also containing a ni-
trogen atmosphere) during the electrolysis which lasted
40 hr or more.

Solutions and materials—All solutions were made
from reagent grade chemicals and distilled water
which was redistilled in a Corning apparatus (Model
AG-2). The buffer solutions were made in the follow-
ing way: (i) pH 6.8, 0.06M KHyPO4 + 0.05M KzHPOy;
(i) pH 9.0, 0.1IM NaHCO; + NaOH; (iii) pH 11.1, 0.1M
NasCO3; 4+ NaOH; (iv) pH 13.0, 0.055M KCl1 + 0.145M
NaOH. The stock formaldehyde solutions were pre-
pared by bubbling the formaldehyde gas (obtained by
heating paraformaldehyde) through water. The con-
centration was determined by the sulfite method (24).
In the steady-state polarization experiments with
carbon dioxide, good results were obtained with a
commercial grade carbon dioxide gas. Reagent grade
lead and tin and triply distilled mercury were used
for the electrodes.

Gas chromatographic analysis of products—A Carle
analytical gas chromatograph with flame ionization de-
tection modified with a catalytic converter (for reduc-
ing small molecules to methane) was used for the
analysis of the products in the electrolyte solution.
Matheson zero gas grade helium and hydrogen and
ultra zero grade air were necessary for maximum sen-
sitivity. A glass column (to minimize adsorption of
formic acid) packed with Porapak QS was found to be
best for the separation of formaldehyde, methanol, and
formic acid in the presence of large amounts of water.
Typical chromatograms run on a formaldehyde solution
before and after electrolysis are shown in Fig. 1. The
initial small amounts of methanol observed in the
chromatograms are produced during preparation of
the formaldehyde solution. A calibration curve to
determine the quantity of methanol obtained during
electrolysis is shown in Fig. 2. A similar calibration
procedure was used to determine the quantity of
methanol produced during the reduction of formic acid
solutions.

Results and Discussion

Electrochemical reduction of carbon dioxide.—De-
tailed kinetic studies have been carried out on the re-
duction of carbon dioxide at a Hg-pool electrode by
Eyring and co-workers (26,27). Figure 3 shows the
polarization curve for the reduction of carbon dioxide
to the formate anion in a neutral solution where the
faradaic efficiency is 100% (in acid solution the effi-
ciency for formate production is much less because of a
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parallel electrode reaction leading to the formation
of molecular hydrogen). These results are in good
agreement with previously published data (26). The
galvanostatic charging curve experiments indicated
that the coverage by an adsorbed intermediate is large
(6 - 1) in region I (low overvoltage region with a
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Fig. 1. Chromatograms of 0.1M formaldehyde and 0.IM sodium
carbonate solution before and after electrolysis. The concentra-
tion of methanol in the solution is obtained from the area under
the methanol peak and the calibration curve (Fig. 2).
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Fig. 2. Calibration curve for methanol detection in the electrolysis
of formaldehyde solutions.
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Fig. 3. Polarization curve for the reduction of carbon dioxide
to the formate anion in a neutral solution. The overvoltage for
the reduction of carbon dioxide is obtained by subtracting out the
reversible potential which exists for the conditions of the experi-
ment (26). The curve has been corrected for IR effects.
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Tafel slope of ~91 mV) and is small (¢ - 0) in region
II (with a Tafel slope of ~240 mV). The adsorbed
intermediate was suggested to be the formate radical,
HCOs,4s. In addition the reaction order for the con-
centration of carbon dioxide was found to approach a
value of zero and one in region I and II, respectively.
The following mechanism best represents the experi-
mental results (27)

COz + e~ = COggqs~ [4]

fast
COgg4s~ + H20 —> HCOgy45 + OH- [5]
HCOg,45 + e~ = HCO3~ [61

In region I of the polarization curve, the step repre-
sented by Eq. [6] is considered to be rate determining
while in region II the first step (Eq. [4]) is the rds.
Water may be a reactant in the first step which then
leads to the formation of HCOgz,4s. The variation of the
reduction potential of carbon dioxide in DMSO with
water content supports this hypothesis (28). For this
case, the first step was proposed as the combination of
Eq. [4] and Eq. [5] into a single step (26). When a
more detailed analysis (which includes adsorption
characteristics of the intermediate) is made, it is found
that the experimental results (Tafel slope and reaction
orders of carbon dioxide) are best explained when the
intermediate is assumed to undergo activated adsorp-
tion according to the Temkin isotherm (26).

The intermediate may, however, not always be an
adsorbed species with a large coverage. In another
study (29) the intermediate (generated by a modulated
cathode potential at a lead electrode) was found to be
the carbon dioxide anion radical, COz~. The technique
of modulated specular reflectance spectroscopy was
used to detect the presence of this radical by its optical
absorption. The optical response of this radical indi-
cated that it undergoes a rapid chemical reaction and
that the amount calculated to be present would only
form 2% of a monolayer.

The energy efficiency, ¢ for the reduction of carbon
dioxide to formic acid can be expressed in the follow-
ing manner

AH X (percent faradaic efficiency)
NnF{Erev + Nc + Ma + MIr}

where AH = 64.4 kcal/mole and Erey is 1.43V for the
reaction CO2(g) + H20(l) - HCOOH(aq) + % O2(g).
In a neutral solution (100% faradaic efficiency for
formate production) a current density of 1 mA/cm2 on
mercury requires an overpotential, n., of 1.15V (see
Fig. 3). Using a value of 0.5V for the value of the over-
potential for oxygen evolution at the anode and ne-
glecting all IR losses a value of 45% is obtained for e.
In a practical cell (with IR losses), the value of e
would be much less. The efficiency has been found to
decrease with current density for a given electrode (12,
14, 30). In one series of experiments (12), a cell po-
tential of 3.5V gave the highest coulombic efficiency
(81.5%), at the lowest current density of 20 mA/cm2.
This yielded an energy efficiency of ~33%.

In order to improve the energy efficiency, it is neces-
sary to test other electrode materials. Recently a num-
ber of sp metals (Zn, Pb, Sn, In, and Cd) have been
tested as electrocatalysts for the reduction of carbon
dioxide (30). The highest faradaic efficiency (92%)
for formic acid production was obtained using an In
electrode at a current density of 2.9 mA/cm? in 0.1N
Li;CO; electrolyte. On In, the overpotential is 400 mV
lower than on a Hg electrode at the same current den-
sity.

Electrochemical reduction of formic acid.—The re-
duction of formic acid to methanol was carried out at
both lead and tin electrodes. Product analysis revealed
no detectable amounts of formaldehyde. Table II shows

(71
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Table Il. Foradaic efficiency for formic acid reduction to methanol on lead
(area of electrode, 50 cm2) in 0.IN HCIO4 at 25°C

Range of Range of
working current, mA
Experi- electrode (average cur- Number of moles, methanol Percent
ment potential, rent density, Time, Charge, faradaic
number mvV wA/cm?) hr (o} Maximum Expt. efficiency
1 —900 to —1000 20 to 5 (155) 68 1900 0.00492 0.00059 11.9
2 —900 to —1000 20 to 6 (185) 42 1403 00364 0.00001 0.28
3 —1320 to 1260 10 (200) 68 2440 0.00632 None 0
4 —900 to —1000 14-2 (151) 4 1245 0.00323 0.00007125 2.2
5 —900 to —1000 30-5 (346) 23 1435 0.00372 0.0000195 0.53

the results of the experiments at a lead electrode using
0.1M formic acid in 0.1M perchloric acid electrolyte.
The current efficiency varied from zero to a maximum
value of 12% for methanol production. In the potentio-
statically controlled experiments, a low current density
(for maximum efficiency) was maintained by making
periodic adjustments to the working potential (vs.
SCE) in the range —900 and —1000 mV. In a number
of galvanostatic experiments (experiment 3 is an ex-
ample) carried out at higher current densities, the
working potential was always below —1000 mV and
no methanol was produced during the electrolysis. The
results on lead are not very reproducible. This may be
due in part to variations in the chemical polishing pro-
cedure of the electrode surface prior to each experi-
ment. In some experiments, an anodic potential was
applied in a preelectrolysis step, but this procedure did
not appear to stabilize the electrode surface in a way
that would lead to consistent results.

Higher efficiencies and stable currents were obtained
when the lead electrode was replaced with an electro-
etched tin electrode (Table III). The electrolyte (0.25M
HCOOH 4 0.1M NaHCOj) is a formic acid/sodium
formate solution buffered to a pH of about 3.8. In this
case, good results (up to ~100% efficiency) are ob-
tained only in a narrow potential region (with a lower
limit of about —720 mV) where the average current
density is less than 4.0 xA/cm?2 (experiments 5, 6, 7,
and 9). In some of these potentiostatically controlled
experiments, it was necessary to lower the potential
occasionally in order to maintain a small electrolytic
current density. In galvanostatic experiments (experi-
ments 2, 3, and 4), where the working potential re-
mained below —720 mV throughout most of the elec-
trolysis (the initial potential is given in parentheses),
no methanol was produced. In previous work (20), the
100% efficiency reported initially was obtained at a
current density of 5 pA/cm?, corresponding to a po-~
tential of —990 mV vs. SCE. In the present experi-
ments, the lower end of the potential region for a high
efficiency is more positive by about 270 mV, This dis-
crepancy may be due in part to differences in the sur-
face preparation of the electrodes (higher surface area).

The energy efficiency in an electrolysis cell for
formic acid reduction to methanol will be low because
of the large overvoltage required at a low current den-

sity. The overvoltage has been estimated for the con-
ditions found in experiment 7 (Table III) assuming
that HCOOH,q + 4H* 4 4e~ &= CH3OH,aq + HoOl is
the half-cell reaction. The equilibrium potential (ws.
SCE) obtained for this half-cell reaction after 31.4C
has passed through a cell containing 20 ml of solution
(pH ~3.8) is ~ — 0.3V. This corresponds to an over-
voltage of ~420 mV at a current density of 3.6 uA/cm2,

The present results on both lead and tin electrodes,
along with previous results on tin, indicate that the re-
duction of formic acid occurs in a narrow potential
region. On the other hand, the reduction of carbon di-
oxide and formaldehyde (see following section) occurs
over wide potential regions (on a mercury electrode)
and are activation-controlled processes. It may be only
a coincidence that the reduction of formic acid occurs
near the pzc which for lead and tin (vs. NHE) are
—0.69 and —0.35V, respectively (31). Although these
values change somewhat with the electrolyte composi-
tion, the maximum efficiency for formic acid reduction
occurs at a potential slightly below the pzc (~ 0.1V)
on both lead and tin. In this case, the adsorption of
formic acid molecules (assuming these are the electro-
active species) would appear to be a necessary and po-
iential-dependent step in the reduction mechanism.
Further studies (measurement of pseudocapacitance
using impedance techniques, etc.) will be required be-
fore the role of adsorption in formic acid reduction can
be determined.

A numper of suggestions have been made (20) for
increasing the current density of formic acid reduction:
(i) increase in the real surface area; (ii) increase in
the temperature of the reaction; (iii) increase in the
reaction rate by using metals with lower pzc (a good
choice here is cadmium); and (iv) application of a
pulsed potential profile by which the molecules ad-
sorbed at a potential near the pzc are reduced much
faster at a more negative applied potential.

Electrochemical reduction of formaldehyde.—The
electrolytic reduction of formaldehyde to methanol oc-
curs, with a better than 90% faradaic efficiency, in a
basic solution (pH ~11). In each experiment, a 100 ml
sample containing 0.1M H,CO in 0.1M NayCO; was
electrolyzed (~1000C passed through the cell) in the
limiting current region (current density ~10 mA/cm?,
see Fig. 10). Product analysis showed that the efficiency

Table I1l. Faradaic efficiency for formic acid reduction to methanol on tin
(area of electrode, 50 ¢m2) in 0.IN NaHCO3

Range of Range of
working current, mA
Experi- electrode (average cur- Number of moles, CH:OH Percent
ment potential, rent density, Time, Charge, faradaic
number mV MA/cm?) hr (o} Maximum Expt. efficiency
! ~omto -8m0 s & 1% 00003062 0.0000 53
2 (600) —900 to —1000 (26) 23.6 85 ’ None [}
3 (600) —800 to —1730 (13‘) 17.9 56.6 None 0
4 (620) —860 to —920 (12'8 27 60.5 None 0
)
5 —~680 to —700 (2.96) 46 244 0.0000632 .0000608 96.2
6 — 70 (1.6) 45 13.5 0.0000349 0.0000314 90
1 —680 to —720 (3.6) 48.5 31.4 0.000081 0.0000808 99.6
8 —690 (3.0) 90 48.8 None 0
9 =700 (3.2) 30.5 174 0.0000451 0.0000416 92.2
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for methanol production was 103 = 10%. This value
includes a correction for the small amount of methanol
produced in the initial formaldehyde solution (Fig. 1).
No indication was found for the formation of a dimeri-
zation-type product such as ethylene glycol.

The energy efficiency in an electrolysis cell for for-
maldehyde reduction to methanol is low because of the
large overvoltage at a moderate current density. The
overvoltage was estimated for the conditions found in
one electrolysis experiment assuming that HyCOaq +
2H* + 2e~ & CH3OH,q is the half-cell reaction. The
equilibrium potential (vs. SCE) for this half-cell re-
action, after 965C were passed through a cell operated
in the limiting current region (Ew = —1.8V vs. SCE),
is ~ —0.6V. This gives an overvoltage at the cathode
of 1200 mV for a current density of ~10 mA/cm2,

Cyclic voltammetry experiments have been carried
out in 0.11M formaldehyde solutions buffered at differ-
ent pH values (6.8, 9.0, 11.1, and 13.0) at sweep rates
from 10 mV/sec to 1000 V/sec. The results of these
experiments are in basic agreement with those in a
previous study (23). A small anodic peak appears in
each solution at sweep rates higher than a threshold
value. In contrast to the previous results, however, this
anodic peak is found in a solution having a pH of 6.8.
In this solution it is more easily observed at lower
sweep rates where the double layer charging current is
less. In addition the anodic peak does not disappear in
a solution having a pH value greater than 9.5 for fast
sweep rates.

The pH dependence of this peak is shown in Fig. 4
for a sweep rate of 50 V/sec. It is observed in a solu-
tion with a pH of 6.8 and 9.0 but not in a solution with
a pH of 13.0. The threshold sweep rates (in volts/sec-
ond) are approximately 2, 10, 50, and 100 for solutions
having pH values of 6.8, 9.0, 11.1, and 13.0, respec-
tively. This peak, which has a longer lifetime in the
neutral solution, is most likely due to the oxidation of
the radical intermediate and/or its anion. Any meth-
anol formed during the cathodic sweep will not be
oxidized at the potential of the anodic peak. A log-log
plot of the anodic peak current, Ip,, vs. the sweep rate,
v (volts/second), (Fig. 5), shows that Ipy, o« »!/2 and
the reaction is, thus, diffusion controlled at a pH of 9
and below. For pH 11 and above, the slope is greater
than 0.5 and the amount of intermediate available for
oxidation appears to be no longer entirely diffusion
controlled. The cathodic peak current appears to be
diffusion controlled in a solution buffered at a pH of
6.8. The dehydration rate of methylene glycol is rela-
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Fig. 4. Cyclic volt grams at a mercury
drop electrode (area ~0.22 cm2) in 0.11M formaldehyde showing
the pH dependence of the anodic peak. (An impurity cathodic
peak appears in the solutions having @ pH value of 11.1 and
13.0 in the —1.2 to —1.3V region). In order to observe whether
an anodic peak is present in the high pH (13.0) solution, the cur-
rent sensitivity is the same as in two of the other buffer solu-
tions. At this amplification only the current trace in the —1.0
to —1.6V region is shown,
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Fig. 5. Log-log plot of cathodic peak current, Ipc, and anodic
peak current, Ipy, vs. sweep rate. The value of the slope is given
to the right of each anodic line, A, and cathodic line, C. Any
value of Ip, is one-tenth or less than the corresponding value of
Ipc and is much less than the double layer charging current at
higher sweep rates. As a result, there is more scatter in the data
used for the anodic plots. For a pH of 11.1 and 13 a line with
a slope of 0.96 is shown, whereas a lower value is probably more
realistic.

tively slow at this pH and the amount of formaldehyde
available for reduction can be considered to be fixed
during the time interval of an experiment carried out
at fast sweep rates (5-500 V/sec). The transfer of
formaldehyde molecules across the interphase region
to the electrode surface results in a diffusion-con-
trolled current. In a solution of higher pH, where the
reaction rate for the formation of formaldehyde (either
from methylene glycol or its anion) is increased, the
amount of formaldehyde available for reduction can
no longer be considered constant throughout the life-
time of the cyclic sweep. Instead, it appears that the
current is limited by the reaction kinetics of the re-
duction process at fast sweep rates (100-1000 V/sec).
This results in a decrease or the slope (for log Ipc vs.
log v) with increase in pH to a value approaching zero
in a solution with a pH of 13.

The Tafel slope is observed to decrease with an in-
crease in the pH of the solution (Fig. 6). In addition,
it can be seen that the limiting current is not a simple
function of the solution pH over the range of values
examined here. In one solution (pH 13.0) the limiting
current peaks and then it decreases somewhat at higher
potentials. This observation may be explained by the
mechanism (Eq. [1] and [2]) which accounts for the
high pH behavior of the limiting current. The rapid
generation of hydroxyl ions as the current density in-
creases would momentarily increase the pH value in
the double layer region. This causes a decrease in the
amount of formaldehyde available for reduction (Eq.
[2]).

The effect of pH on the Tafel slope, along with the
cyclic voltammetry results, may be explained in terms
of a mechanism change for formaldehyde reduction.
The observed Tafel slopes fall in the range of 66-36
mV. The first electron transfer step is therefore not
rate determining. A value of 60 mV is expected for the
Tafel slope (under conditions of Langmuir adsorption)
in the CECE mechanism (Fig. 7) if step 3 is rate de-
termining. A value of 66 mV was observed for the
Tafel slope in a neutral solution (pH = 6.8). However,
step 4 may be the rds. In this case, the radical inter-
mediate and its anion must be stabilized in order for
the quasi-equilibrium condition to hold for all except
the rds. A fast protonation reaction would produce an
intermediate that is more easily stabilized than the
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radical anion. Under these conditions, step 4 (with a
40 mV Tafel slope) would be the rds. Temkin adsorp-
tion could then account for the increase in Tafel slope
observed here. The oxidation of the radical intermedi-
ate and/or its anion is controlled by the rate of diffu-
sion of the radical species away from the electrode
surface in solutions with a pH of 6.8 and 9.0. With in-
crease in pH, a second charge transfer step, prior to
the chemical reaction is favored due to the decrease in
the hydrogen ion concentration and to an increase in
the negative electrode potential. A charge transfer to
the radical anion should occur at a slower rate since
the radical already has a negative charge. However, the
experimental results indicate that this electron transfer
occurs at a relatively fast reaction rate. The anodic
peak is more stable in a neutral solution, since it is
observed at a slower sweep rate. The absence of this
peak at the slow sweep rates (in the higher pH solu-
tions) indicate that a second electron transfer can com-
pete with the protonation reaction to produce a dianion
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Fig. 6. Effect of pH on the Tafel slope. These polarization
curves were obtained from the cyclic voltammetry experiments
carried out at a 10 mV/sec sweep rate at a hanging mercury
drop electrode where the hysteresis is small.
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Fig. 7. Proposed mechanism for formaldehyde reduction in the
pH region 6.8-9.
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of methanol. Although this species is not expected to
be adsorbed at the electrode surface, it may be par-
tially stabilized by one of the adsorbed species. This is
necessary if the quasi-equilibrium condition is to hold
for step 3 of the CEEC mechanism. In this case, the
following chemical reaction (step 4 of the CEEC
mechanism, Fig. 8) is the rds with a Tafel slope of
30 mV expected under conditions of Langmuir adsorp-
tion. A Tafel slope of 36 mV was observed in a solu-
tion with a pH of 13.0. The anodic peak current should
then result from a diffusion-controlled process. The
experimental results (Fig. 5) are not clear in the high
pH solutions. 1f the reduction current is limited at fast
sweep rates by the reaction kinetics, then a change in
the slope, from a value of 0.5 of the Ip, vs. v plot
would be expected. Interactions of the methanol di-
anion with adsorbed species and/or its repulsion from
the double layer region could also affect the slope. In
addition to the possibility that changes in the solution
pH modify the reaction kinetics causing a change in
mechanism, an indirect effect may result from a change
in the composition of adsorbed species with pH. This
can influence the Tafel slope through interactions with
the electroactive species. The observed values of the
Tafel slope are somewhat larger than the values ex-
pected under conditions of Langmuir adsorption. Evi-
dence for Temkin adsorption, which could account for
the larger values, was found in the steady-state mea-
surements as discussed below.

Steady-state polarization curves were obtained with
solutions containing different formaldehyde concentra-
tions (pH ~11.3). Some variation of the Tafel slope
was observed in different runs on a given sample (Fig.
9). In the first run, the current stabilized quickly above
—1.56V but at points below this potential, the current
increased slowly for some time before reaching a
steady value. Current readings obtained before steady-
state conditions gave a low value for the Tafel slope.
A 2-3 hr preelectrolysis, carried out prior to the first
run, may have conditioned the electrode surface with
various adsorbed species. Steady current values were
obtained over the entire potential range in the second
and third run. In these experiments, a 10% error can
be expected in measuring the value of the Tafel slope
under steady current conditions. The effect of concen-
tration on the Tafel slope is shown in Fig. 10. Good
agreement is obtained for the value of the Tafel slope
in the 0.11M solution (47 mV) with the previous result
(43 mV) near the same pH value at the mercury drop
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Fig. 8. Proposed mechanism for formaldehyde reduction in the
pH region 11.1-13.0.
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Fig. 9. $teady-state polarization curves for three runs made on
a 0.022M formaldehyde solution. The limiting current is almost the
same in each of the three runs. The curves have been corrected

for IR effects.

electrode (Fig. 6). The value of the Tafel slope was
found to decrease from 60 to 37 mV when the concen-
tration of formaldehyde was increased by a factor of
one hundred (0.011-1.09M). Adsorption effects may be
partly responsible for this large decrease. A similar
though smaller decrease in slope (9 mV) was ob-
served in the reduction of acetophenone (32) at a mer-
cury electrode in a methanol + sulfuric acid solution,
containing a small amount of water when the concen-
tration of acetophenone was increased by a factor of
10 (0.045-0.46M). The change in Tafel slope is attrib-
uted to adsorption effects.

The reaction order for formaldehyde reduction
(Fig. 11) over the above concentration range is close to
the expected value of one (0.92) in the limiting cur-
rent region, but it aproaches a value of one-half in
the Tafel region. A fractional reaction order indicates
that the coverage, 6, by formaldehyde or an intermedi-
ate species is controlled by Temkin adsorption. The
reaction order in the limiting current region should be
independent of the reaction mechanism. It might be
argued, however, that the decrease observed in the
Tafel slope indicates a change in the reaction mecha-
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Fig. 11. Reaction order for formaldehyde reduction in the Tafel
and limiting current regions obtained from steady-state polariza-

tion curves (Fig. 10).

nism or a change in the rds (of a given mechanism)
when the concentration is increased. Thus, it may not
be valid to determine the reaction order over the en-
tire concentration range. However the reaction order
remains fractional and constant for a given working
potential so that regardless of any mechanism change
that might occur with increase of concentration the
experimental results most likely indicate conditions
for Temkin adsorption over the entire concentration
range examined at a pH of 11.3. Temkin adsorption
should occur over a wide range of pH values. Some
evidence for this was given above.

Coverage by the adsorbed species, formaldehyde,
and/or an intermediate, increases with the logarithm
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of the concentration under conditions for Temkin ad-
sorption. In addition, coverage by the much smaller
amounts (mole percent) of the large species (poly-
oxymethylene glycols) present in solution may be in-
creased at higher formaldehyde concentrations by
preferential adsorption under Langmuir conditions,
where the coverage is proportional to the concentra-
tion. Coverage by the adsorbed species will increase
substantially as the formaldehyde concentration in-
creases by a factor of 100. Normally, the Tafel slope
would not be expected to change if this change in
coverage remains within the Temkin region. The Tafel
slope decreases almost linearly with the logarithm of
the concentration (Fig. 12). If the coverage by formal-
dehyde molecules is predominant, then the decrease in
the Tafel slope indicates an attraction between a for-
maldehyde molecule and nearby adsorbed species.
However, the fractional reaction order, the presence of
an anodic peak in cyclic voltammetry experiments, and
the relatively low Tafel slope values suggest that cov-~
erage in the Temkin region is primarily due to an
intermediate.

A change in coverage can affect the Tafel slope in a
number of ways: (i) The adsorption kinetics may
change with the increased coverage in such a way that
a different step in the reaction mechanism becomes
rate determining, and results in a lower value of the
Tafel slope. (ii) A change in the energy of adsorption
may accompany the increase in coverage. The standard
free energy (for a coverage equal to ) when an inter-
action occurs among the adsorbed species is given by

AG°g = G°g=¢ + ard 8]

where 7 is the interaction parameter and « < 1 for acti-
vated adsorption and « = 1 for nonactivated adsorption
(33). A decrease in Tafel slope, with an increase in
coverage, requires that a change from activated to
nonactivated adsorption occurs. (iii) A change in the
number of water molecules displaced during the ad-
sorption of the electroactive species will affect the
Tafel slope (34). A decrease in Tafel slope requires
that the number of water molecules displaced during
the adsorption process decreases with increase in con-
centration (coverage). Small amounts of polyoxy-
methylene glycols adsorbed on the electrode surface
could influence the adsorption process and hence the
Tafel slope through interactions with formaldehyde
and/or its intermediates. Measurement of double layer
and adsorption capacitance will help determine the
role of adsorption in the mechanism for formaldehyde
reduction,

TAFEL SLOPE (mV)

" "

-2 9 ) i
LOG CONC. IN mol/I

Fig. 12. Change in Tafel slope with formaldehyde concentration
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Conclusions

Some conclusions can be made baséd on the results
of this study: (i) It is difficult to find conditions for
the direct electrochemical reduction of carbon dioxide
to methanol. The reduction of carbon dioxide and for-
maldehyde occur readily in neutral and basic solutions,
respectively, while formic acid reduction (assuming
the molecule to be the electroactive species) requires
an acid or buffered acid solution. (ii) The reduction
of carbon dioxide to formic acid can be carried out’
quantitatively on sp-metals having high overpotential
for hydrogen evolution at an estimated maximum
energy efficiency of ~45% (on Hg). (iii) The reduc-
tion of formic acid to methanol is difficult to carry out
simultaneously at a high faradaic efficiency and high -
current densities due to the limited potential region
for formic acid reduction. (iv) The reduction of for-
maldehyde to methanol was carried out quantitatively
on Hg at a current density of ~10 mA/cm2. The Tafel
slope was observed to decrease with an increase in
concentration (at constant pH) and with an increase
in pH (at constant concentration). The adsorption of
polyoxymethylene glycols, which is both concentration
and pH dependent, may cause changes to occur in the
Tafel slope through interactions with formaldehyde
and/or intermediate species.
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ABSTRACT

This study describes the combined use of a-c impedance and fast flow
techniques to elucidate the mechanism of the fluoride solid-state electrode. By
describing fast flow data in the complex frequency Laplace plane and correlat-
ing it with a-c impedance data, it has been possible to separate interfacial
and mass transport contributions to over-all electrode behavior; and describe
the manner in which the electroactive species modifies individual reaction
steps. Using this, a preliminary mechanism for the fluoride solid-state elec-
trode involving heterogeneous F~ exchange reactions at two types of sites, one
involving electronic and the other ionic conduction, is presented.

Various experimental methods are described for
the study of electrode processes of ion-sensitive elec-
trodes. These methods may be classified according to
the type of input function applied to an electrochem-
ical cell built up from the electrode of interest and a
suitable nonpolarizable reference electrode immersed
in an appropriate test solution.

As shown in Table I, two types of experiments may
be used. One type of experiment deals with the study
of the response signal measured as a function of time
when a well-known electrical signal (the driving force
or excitation function) is applied to the cell. For ex-
ample, phase and impedance measurements using small
sinusoidal input voltages were employed in this study.
The system frequency response is usually represented
in a Cole-Cole diagram in the complex plane. From
experimental data in a frequency range from 10-3 up
to 105> Hz for various concentrations of the electroac-
tive species an equivalent circuit for the test electrode

* Electrochemical Society Active Member.

Key words: selective electrode, imp measur
ride.

ts, fluo-

is obtained. The transfer impedance for this equiva-
lent circuit can be calculated and so the behavior of
the system with regard to a specified input is charac-
terized. Physicochemical phenomena associated with
the electrode processes are then interpreted in terms
of diffusion, double layer, and space charge imped-
ances (1-6).

The second type of experiment deals with the mea-
surement of the transient signal caused by a rapid
concentration change of the electroactive species
around the sensor surface using fast flow techniques.
From these experiments a dynamic response equation
for the sensor is obtained. Based on experimental data,
rate-limiting processes, as for instance solvation-de-
solvation (7), adsorption (8), and diffusion (9), were
proposed. However, it should be pointed out that the
mathematical form of the semiempirical response
equation may lead to an erroneous interpretation of
the rate-limiting process (10).

As the electrochemical behavior of a sensor is char-
acterized by its transfer function, both types of experi-
ments must supply information about the rate-limiting
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Table I. Study of electrode processes: mechanistic studies
Method Driving force Example Result
1 Electrical signals of small ampli- Phase-imp t. Linearized electrical equivalent model

tude excursion
2 Concentration gradients of the
electroactive species

process. Nevertheless, fast flow experiments should
supply information only about the interfacial process.
Indeed, due to the high linear flow rates, the thickness
of the hydrodynamic layer is reduced to a minimum
(11). Therefore little or no data concerning a War-
burg-type process are available from kinetic measure-
ments under these conditions. Moreover, time constants
associated with macroscopic electrode kinetics are
large compared with those obtained from impedance
measurements in a higher frequency range and which
are related mainly to-space charge impedances. There-
fore, a comparison and/or correlation of the results of
both kinetic and impedance measurements is valid only
in the time constant range obtained in fast flow ex-
periments.

The present paper deals with the equivalent model
and rate-limiting processes of the ORION 94-09A
electrode. Fast flow studies (11) and impedance mea-
surements (12) were performed. By conversion of the
dynamic response equation from fast flow studies into
the Laplace domain, the transfer function for this
sensor will be calculated. As the transfer function aris-
ing from linear networks must be rational, a rational
approximation of the experimental and irrational
transfer function will be made so that a reasonable
comparison of fast flow and impedance data can be
made. Making then simple assumptions about the ex-
citation function applied in fast flow studies allows the
transfer impedance for the intermediate frequency
range to be calculated.

Both transfer impedances or equivalent circuits, one
obtained from impedance measurements, the other
from fast flow kinetics, contribute to the physicochemi-
cal interpretation of the interfacial sensor process.

Experimental Results from Fast Flow Kinetics
and Impedance Measurements

The results of kinetic fast flow experiments were re-
ported in a previous paper (11). They revealed that
the dynamic response of new fluoride electrodes with
an internal reference system of the wick type can be
represented by a hyperbol

—_— 1
a4 bt i

where a¢ and b are constants and ts0 = a/b (i.e., the

Im{w) KEQ

404

(10-2-105 Hz)
Dynamic response studies (fast
flow injection experiments)

and transfer impedance
Trgnsfer function and transfer impe-
ance

time required to reach 50% of the steady-state poten-
tial); Ey = potential as function of time; Ei=¢ = 0,
Ei=, = 1/b = S log as2/a1; S = slope of the indicator
electrode; and a; and a2 = initial and final concentra-
tion of the jump.

The striking discrepancy in rate of response be-
tween fast flow and continuous auto analyzer systems
(11) is attributed to a rate-limiting film diffusion
process in the hydrodynamic layer when the sensor is
mounted in a sample processor. In fast flow experi-
ments this layer is reduced to a minimum and hence
the response is fast.

From impedance measurements in a range 10—3 up
to 105 Hz, the locus for the same electrode was ob-
tained (12). It is shown in Fig. 1. Three parts can be
distinguished. The high frequency and perfect semi-
circle is due to space charge and to geometrical and
wiring impedances. The lowered semicircle is attrib-
uted to a slow interfacial charge transfer represented
by a time constant related to an apparent transfer
resistance and a double layer capacitance. The influence
of the concentration of the potential-determining ion
on this part of the complex plane plot is obvious.
Egorov and Novell’'skii (13) proved that a depressed
semicircle is also obtained for a series of two parallel
networks with R and C of the same order of magnitude.

The very low frequency part of the complex plane
plot is characteristic for a film diffusion process. If
the slope equals one, it can be interpreted as a War-
burg impedance. Deviations from unity slope are
attributed to adsorption of intermediate species or to a
nonlinear diffusion path at the interface. The latter is
related to the surface structure of the membrane,
which is far from ideal as was shown by microscopic
examination.

Mathematical Treatment of the Dynamic
Response Equation

Laplace transform of the dynamic response r(t) of
an electrical network to a known excitation function
x(t) yields

R(s) =G(s) - X(s) [2]

where R(s) = response in the s~-domain, s = Laplace
variable; G (s) = transfer function of the network; and
X (s) = excitation in the s-domain,

Fig. 1. Indication of the fluo-
ride electrode (Orion 94-09A),
influence of the concentration.

T
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With Eq. [1], one obtains
t
R(s) = _
=L { g }

1 as (as)
b — —— + gas/b . e
= {1 5 e Ey 5 } [3]

where E;(as/b) is the exponential integral.
As 1/bs represents a step input excitation with am-
plitude 1/b, one may put

1
e 4
X (s) = [4]
and
G(s):l—%s--eGS/b-El (?) [5]

As the transfer function must be rational, an ap-
propriate rational approximation of Eq. [5] must be
applied. According to Hastings (14) and with x = as/b

x? 4+ a1x 4 ag
x? 4 bix + be

where |e(x)| < 5+ 1075; a; = 2.334733; az = 0.250621;
by = 3.330657; and by = 1.681534.
Neglecting the correction term e(x) and introducing
the numerical values for a;, az, b, and by yields
o
G =K — T m
G+ G+
with K = b/a, « = 1.43 b/a, B = 0.63 b/a, and v =
2.71 b/a.

As g and v are positive, G(s) is the transfer function
of a stable network. G (s) is a function of a/b, the half-
time potential, i.e., the time required to reach 50% of
the steady-state potential 1/b, and which is an ex-
perimental datum. In Fig. 2 the relation between the
irrational transfer function and its rational approxima-
tion is represented. The agreement is excellent.

Equation [7] may be used either to evaluate an ex-
ponential form of the hyperbolic response (Eq. [1])
or to calculate the frequency response of the sensor.
The first is accomplished by multiplying Eq. [7] by
1/bs (for a step input excitation) and applying an in-
verse Laplace transform

x-er Ei(x) = + e(x) [6]

t 1 K «
SO RV 1T N g
a -+ bt bs s+ 8)(s+7)
=Ky — Kje— 8t — Koe—7t [9]

and Ko = 0851, K; = 0.226, Ky —
0.369 a/b, and 1/y = 1.613 a/b.

0.625, 1/p =

Fix)

Fig. 2. Rational approximation

0,44
of the transfer function.
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Fig. 3. Concentration jump 10—5 = 10—3M F— in 1/3 TISAB

In Fig. 3 the experimental hyperbolic dynamic re-
sponse and its calculated exponential approximation
for a concentration jump 10-5-10-3M NaF in 1/3
TISAB (total ionic strength adjustment buffer) is
shown. As the thickness of the hydrodynamic layer is
practically zero in the experimental conditions, the
existence of two time constants 1/8 and 1/y of the same
order of magnitude are most likely associated with in-
terfacial processes. The transfer function G(s) (Eq. [7])
suggests two parallel first-order processes as rate-
limiting phenomena. These could be, for instance, ex-
change reactions of F— anions at the interface at two
types of exchange sites. For LaF; crystals doped with
Eu (II), these might be

1. (EuF2)¢+ F~s—> (EuFj3). -+ e~ (electronic
conduction) [10]

2. (LaF3). 4 [1- (LaF;) t¢ 4 [F~] (ionic
conduction) [11]

X '1-erX.E1lx)
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(LaFg) *¢ + F~5> (LaF3), [12]
where ¢ = crystal, s = solution, and [] = lattice
vacancy.

The first can be interpreted as a semiconductor be-
havior with a deep donor level of Eu(II), i.e., 0.41 eV
energy gap between donor and conduction levels (12).
The second reaction involves a crystal F— anion to
jump into a lattice vacancy near the crystal surface
followed by the exchange of a ¥~ with the solution.
The fluoride initially trapped in the vacancy then con-
tributes to the ionic conduction of the crystal. To the
credit of this mechanism is the remarkable coincidence
that the hyperbolic response also holds for other elec-
trodes, i.e., the AgsS electrode (15), which exhibit
both ionic and electronic conduction (16). Resistance
measurements as a function of increasing temperature
show increasing conductance in both cases. Therefore
the contribution of both types of conduction can be
possibly evaluated by Hall effect measurements as a
function of frequency or by the square wave method
applied by Koebel et al. (16).

The calculation of the frequency response of the
electrode at lower frequencies can also be done by
means of the transfer function G(s) (Eq. [7]), ob-
tained from kinetic fast flow experiments.

Writing the excitation function 1/bs as

1 i
—=—'R 13
bs s (1]

i.e., the step input voltage excitation is formally treated
as the product of a step input current i/s multiplied
by a resistor R. Therefore
i K-R:(s+a)
R et s B [14]
s +BG+Y

and the transfer impedance Z(s) is given by
K-R:(s+a)

VA = 15
O = TPetw kel

which means that the response in the s-domain is
given by the product of a step input current i/s and
the transfer impedance Z(s). For low frequencies s =
je == 0. Therefore, neglecting the influence of the con-
centration change on the transfer resistance
K‘R:a
Z(0) =———— =Ry [16]
By

with R; the total transfer resistance. As Ka/g -y ~ 1,
R equals the total transfer resistance as obtained from
impedance measurements (see Fig. 1). As a lowered
semicirele is the result of two parallel RC networks in
series, the components of these networks can be evalu-
ated by identifying the corresponding terms in the ex-
pressions [15] and [17]

Ra+Rs
C C Ra - Rp (C C
Z(s) = 2+ Cs a - Rp (Ca + Cg)
Ca-Cs (S-|- 1 )(S-l— )
RaCa RgCs
[17]

For the given example, the result is represented in
Fig. 4. Moreover, the dynamic response to a current
step input is a hyperbola and in addition, the values of
Ry, K, «, 8, and v allow the complex plane response
to be calculated by means of the well-known formulas
for phase angle ¢(jw) and magnitude|Z (juw)|

#(jw) = tan—1 (—"’ ) = [tan“ (i) - tan—l(i)]
a B ¥

[18]
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Fig. 4. (a, top) Equivalent circuit. (b, center) (c, bottom).

\/,,,2 + o2

The result is a lowered semicircle which is known to be
the result of two perfect semicircles.

|Z(jw)| = R¢ - K [19]

Conclusion

From impedance measurements (12) in a frequency
range 10-3-105 Hz we concluded that the equivalent
circuit of the 94-09A fluoride electrode involves: (i) a
parallel RC network representing space charge and
geometrical impedances (R = 100 ko, C = 100 pf),
(ii) a diffusion impedance which is not a pure Warburg
impedance due to complex diffusion at the surface,
and (iii) a series of two parallel RC networks rep-
resenting-double layer capacitance and transfer resist-
ance at both sides of the membrane,

From the present discussion it is obvious that both
kinetic fast flow studies and a-c impedance measure-
ments do inform about the rate-limiting process at
the electrode-solution interface as evidenced by the
lowered semicircle of the complex plane response.
Mathematical treatment of kinetic fast flow data allows
the evaluation of double layer capacitance and charge
transfer resistors and hence allows the elucidation of
the electrode process to a greater extent.

Manuscript submitted Dec. 27, 1976; revised manu-
script received April 21, 1977,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
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An Electrochemical Study of Flavin Adenine Dinucleotide

Robert D. Braun*!
Department of Chemistry, Vassar College, Poughkeepsie, New York 12601

ABSTRACT

Flavin adenine dinucleotide (FAD) is examined using polarography, cyclic
voltammetry, and controlled potential coulometry. At pH less than 6.5 and at
pH greater than 10, the reaction proceeds in two single electron steps through
the semiquinone. At intermediate pH the reaction consists of a preceding hy-
drogen ion addition followed by a two-electron transfer which in turn is
followed by a second hydrogen ion addition.

The flavins are an important class of biochemical
compounds which are found in both plants and ani-
mals. Due to their importance, most of the flavins
have been the subject of many studies. In particular
isoalloxazine, lumichrome, lumiflavin, riboflavin, and
flavin mononucleotide (FMN) have been thoroughly
investigated and excellent reviews of these studies
are available (1, 2). Although flavin adenine dinu-
cleotide (FAD) occupies a key position in the respira-
tory transport chain (2), relatively few electrochem-
ical studies of this compound are available (3, 4).
These electrochemical studies consisted entirely of
polarographic examinations at the dropping mercury
electrode (DME). No successful attempt has been
made to unravel the electrochemical reaction mecha-
nism or to examine the kinetics of the reaction. In
the present study polarography, controlled potential
coulometry, cyclic voltammetry, and voltammetry at
a rotating platinum disk electrode have been used to
study the electrochemical reaction mechanism of FAD
throughout a broad pH range in aqueous solution.

Experimental

Chemicals.—FAD was obtained from the Sigma
Chemical Company and used without further purifica-
tion. The manufacturer's assay listed the purity of
the FAD as 95%. Spectrophotometric analysis at 450
nm assuming a molar absorptivity of 1.13 x 10t 1
mole~! em~! (5) resulted in a calculated purity of
92% (14 trials). Any impurity in the FAD was not
electroactive within the potential region used in this
study. All other chemicals were reagent grade.

Buffer solutions were prepared to be 0.1M in their
minor constituent except for the pH 2.1 HCI solution
and the pH 11 or greater sodium hydroxide solutions.
The ionic strength of each buffer solution was adjusted
to 0.5M with KCl except for the pH 7.5 Tris buffer
and the pH 10.0 and 10.2 carbonate buffers which had
ionic strengths of 0.8, 0.8, and 1.3M, respectively. The
buffer solution components were HCI at pH 2.1, acetic
acid and sodium acetate at pH 4-5.1, potassium hydro-
gen phthalate and sodium hydroxide at pH 5.9, potas-

* Electrochemical Society Active Member.

1Present address: Department of Chemistry, University of

Southwestern Louisiana, Lafayette, Louisiana 70504.
Key words: polarography, cyclic voltammetry, coulometry.

sium dihydrogen phosphate and dipotassium hydrogen
phosphate at pH 6-8, tris (hydroxymethyl) amino-
methane (Tris) and HCl between pH 7.5 and 9.2,
potassium hydrogen carbonate and potassium car-
bonate between pH 8 and 10.2, and NaOH at pH greater
than 11.

Apparatus—Experiments were performed using a
Beckman electroscan 30 in its controlled potential
mode equipped with an electroscan 30P integrator
which was used to integrate the area under con-
trolled potential coulometry current-time curves. The
output pulses from the integrator were counted with a
Heathkit IM-4100 counter.

Rotating platinum disk electrode (RPDE) studies
were performed at 1800 rpm (Sargent synchronous
rotator). Cyclic voltammetry experiments were carried
out at a hanging mercury drop electrode (HMDE).
Polarographic studies were carried out at a conven-
tional dropping mercury electrode (DME). The ref-
erence electrode was a saturated calomel electrode
(SCE). The auxiliary electrode was made of platinum
foil.

All experiments were carried out at 25° =+ 0.5° in
either a water-jacketed, three-compartment cell, or
in a commercially available water-jacketed cell with
accompanying cell top (Princeton Applied Research
9300 and 9350). In cither case separation between
the compartments was eflfected by medium porosity
glass frits and salt bridges containing saturated KCI
in agar gels.

Solutions were deaerated prior to examination with
Linde high purity dry grade nitrogen which was
passed through two wash towers containing acidic
ammonium metavanadate and amalgamated zinc., and
a final wash tower containing distilled water (6a).
All pH measurements were made with a Radiometer
PHM62 pH meter.

Results and Discussion
A cursory polarographic examination of FAD shows
a single cathodic wave throughout the pH range 2-
13. A plot of E;;» vs. pH yields three straight-line
portions corresponding to Eq. [1], [2], and [3] for
the acidic, neutral, and basic regions, respectively.
The two inflection points in the
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E;/3 = —0.010-0.0646 pH [1]
Ey/3 = —0.205-0.0342 pH [2]
Ey/2 = 0.056-0.0604 pH [3]

plot occurred at pH of 6.4 and 10.0 in fair agreement
with previously reported values (3, 4). The first in-
flection point in the E;/2-pH curve has been attributed
to the acid dissociation constant of the reduced form
of FAD and the second inflection point to the disso-
ciation constant of the oxidized form (1, 3). In the
acidic region the slope of the Ey/2-pH curve was found
to be —0.066 V/pH unit. Between the two inflection
points in the curve the slope was —0.034 V/pH unit,
and at pH greater than 10.1 the slope was —0.060.
These values compare to slopes of —0.06, —0.03, and
—0.06 reported earlier (3).

Controlled potential coulometry was carried out at
several pH’s and the results are shown in Table L
In each case the potential was adjusted to a position
on the plateau of the polarographic wave and the
electrolysis carried out to completion. Throughout the
entire pH range a coulometrically calculated value
of Mrean. of 2 was obtained. The resulting reduction
products were examined polarographically and in a
few instances the potential was adjusted on the plateau
of the reduced FAD anodic wave and exhaustive elec-
trolysis carried out. The coulometrically calculated
values of 7oxdn. Obtained in these oxidations are also
listed in Table 1. After each oxidation the products
were examined polarographically and found to have
exactly the same Ey/; and ig as did the original FAD
sample, i.e., the original FAD was regenerated with
no loss to other possible products.

The values of moxgn, obtained in basic solutions
varied from 0.7 at pH 9.25 to a high value of 1.7 at pH
8.18. These values are all less than the expected coulo-
metric value of 2.0, apparently as a result of air oxi-
dation of the FAD reduction products. Even with
nitrogen flowing through the cell it was found that
in basic solution the reduced FAD reverts to FAD
at a rate that is significant with respect to the rela-
tively long times (about 1 hr) used for the controlled
potential oxidations. The pseudo first-order rate con-
stant for the conversion of the reduction products
to FAD under the experimental conditions at pH 8.18
was estimated by measuring the increase in the diffu-
sion current of the FAD wave with time and found
to be 1.1 x 10-¢ sec~!. Consequently after 1 hr
about 40% of the reduced substance reverts to FAD.

Table 1. Controlled potential coulometry data obtained on FAD
and reduced FAD samples

ELECTROCHEMICAL STUDY OF FAD

Initial Work-  Reduc- Oxida-
FAD ing tion po- tion po-
conc, elec- tential, tential,
mmole pH trode -V TNredn. -V Toxdn,
1.20 4.1 Hg 0.60 1.82
0.46 4.1 Hg 0.40 2.3 0.20 2.04
0.57 4.1 Hg 0.40 1.74
0.52 8.2 Pt 0.60 1.98
0.84 8.2 Pt 0.60 1.92
111 8.2 Pt 0.60 1.98
0.40 8.2 Hg 0.60 2.16
0.66 8.2 Hg 1.00 2.04
117 8.2 Hg 1.00 2.02
0.45 8.2 Hg 1.00 1.99
0.55 8.2 Hg 0.80 2.03 0.20 1.0*
0.59 8.2 Hg 0.80 1.92 0.30 1.4°
1.54 8.2 Pt 0.80 1.96 0 1.7*
0.68 9.3 Hg 0.60 1.97
0.21 9.3 Hg 0.60 2.13
0.42 9.3 Hg 0.60 2.02 0.20 0.72¢
0.51 10.2 Hg 0.90 2.09
097 10.2 Hg 0.90 2.05
Average 2,01

* The low 7oxan. values reported here are apparently due to
{flatively rapid air oxidation of the reduced FAD in alkaline solu-
ons,
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Rapid air oxidation of reduced FAD was not observed
in solutions of pH 4.08. For convenience the remainder
of this report is divided into sections corresponding
to the pH range throughout which a particular reac-
tion mechanism takes place

pH 6.6-8.6—Careful polarographic examination
(DME) of the FAD wave in this pH range revealed
only a single cathodic wave. The “anomalous” wave
at a potential more negative than the main wave
observed by Ke (3) was not observed in this study.

A requirement of a reversible electrode reaction
is that the half-wave potential of the oxidized species
must be identical to that of the reduced species (6b).
Half-wave potentials were obtained for the FAD re-
duction waves from plots of E »s. log (i/iq — 1) at
the point where the log term was zero. Half-wave
potentials for the oxidation of reduced FAD were
similarly obtained from plots of E vs. log (ig — i/i).
Throughout the remainder of this paper these plots
are referred to as log plots. In each case in this pH
region the log plots were linear. The average differ-
ence between the half-wave potentials of FAD and
reduced FAD at the pH’s in this range was 0.012 =+
0.006V for five trials at differing pH. The uncertainty
is expressed as the standard deviation. A “t” test for
significance indicated that at the 90% probability level
the confidence limit was identical to the standard
deviation. Since the oxidized and reduced forms of
FAD do not have identical E;s’s, this system cannot
be classified as reversible in this pH range as has
been done previously (3). The cathodic FAD wave
does overlap with the anodic reduced FAD wave how-
ever and consequently this system is best described
as quasireversible. A typical FAD cathodic wave and
the corresponding reduced FAD anodic wave are
shown in Fig. 1.

Slopes of log plots for reversible systems at 25° are
given by Eq. [4]. The slopes of log plots obtained

slope = —0.059/n V/decade [4]1
with FAD solutions are listed in Table II. The average

CURRENT (uA)

0.2 0.6 1.0
POTENTIAL (-V)

Fig. 1. Polarograms obtained in pH 8.2 Tris buffer. A, 0.41 mmole
FAD; B, 0.41 mmole reduced FAD.
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Table Il. Slopes obtained from log plots* of various FAD
solutions at differing pH values

FAD conc, Slope,
mmole pH —V/decade

0.208 6.82 0.036
0.208 6.96 0.037
0.208 7.92 0.039
0.208 8.09 0.037
0.208 8.13 0.038
0.59 8.18 0.039
0.78 8.18 0.035
0.59 8.18 0.037
0.208 8.59 0.034
0.51 9.13 0.040
0.42 9.25 0.043
0.68 9.25 0.034
0.208 9.25 0.034
0.51 9.26 0.034
0.51 9.28 0.035

* Log plots are defined as plots of E vs. log (i/ia — i) on the
rising portion of the cathodic wave.

slope throughout this pH range was —0.037. This value
is closer to the value expected for a two-electron
reversible process (—0.030) than to the value for
a one-electron reversible process (—0.059). It should
be noted that the values of the log plot slopes ob-
tained in this study differ significantly from the value
of 0.06 obtained at pH 7.4 by Ke (3). A similar exam-
ination of the anodic wave of reduced FAD at pH 8.2
revealed the slope to be 0.030 =+ 0.003 (four trials)
where the uncertainty is expressed as the standard
deviation.

At pH 8.2, i increased linearly with increasing
h1/2.0rr, and ig/hl/2corr, decreased slightlly with increas-
ing hl/2.o. for solutions of FAD and reduced FAD
thereby apparently indicating diffusion control of both
the cathodic and anodic FAD reactions (6c). A plot
of iq as a function of FAD concentration was linear
and when extrapolated passed through the origin.
From the slope of the plot, the diffusion current
constant (I = i3/Cm2/3t1/6) was found to be 3.0. The
values of m and t used in this calculation were mea-
sured in the supporting electrolyte-buffer solution
on the plateau of the wave at —0.8V and the diffu-
sion current was measured as the maximum drop
current using no recorder damping. This same data
was used to calculate the FAD diffusion coefficient
from Eq. [5]. The terms in parentheses in Eq. [5]
were set equal

ig = (708nD1/2m2/3t1/6) C [5]

to the slope of the ig — C plot and the coulometric
value of n of 2.0 used to obtain a value of D of 4.5 X
10-6 cm2? sec—!. As expected this value is slightly
less than the average D of 6.5 X 10—6 which has been
calculated for the lighter riboflavin at pH 7.4 (7).
Between pH 6.8 and 13, the ratio of diffusion current
to concentration never varied by more than 5% (solu-
tions at 10 different pH’s examined) and consequently
the value of D given above may be assumed to be
approximately constant throughout this entire pH
range. There was no noticeable variation in E/; with
FAD concentration at the pH’s examined.

Similar behavior was observed at the RPDE. A
single wave was observed throughout the pH range
from 2 to 10. The E;/» of the wave varied with pH
in a manner similar to that observed at the DME.
The RPDE wave occurred about 0.11V negative of
the corresponding DME wave. At pH 8.2 the limiting
current increased linearly with increasing FAD con-
centration. Since the RPDE wave was not as well
formed as the DME wave, accurate potential mea-
surements at the RPDE were impossible. Consequently
the RPDE offered no particular advantage in study-
ing the FAD system and its use was abandoned after
the pH study and an examination of the variation
of limiting current with concentration,
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Cyclic voltammetry studies were carried out at
both the HMDE and at a platinum disk. In order to
remove the platinum oxide coating on the platinum
disk it was necessary to pretreat the electrode by
dipping it in concentrated nitric acid, rinsing with
distilled water, and reducing the oxide coating by
controlled potential electrolysis at a potential on the
platinum oxide peak. Even this procedure was not
always adequate at the relatively high current sensi-
tivities used in this study, however, and as a result,
after the studies in this pH region, the use of the
platinum disk was abandoned.

Between pH 6.8 and 8.6, a single cathodic-anodic
peak couple was observed at both the platinum disk
and the HMDE (Fig. 2). Application of the diagnostic
criteria of Nicholson and Shain (8) to the cathodic
peaks resulted in plotted curves (Tig. 3) with shapes
characteristic of an electrochemical mechanism con-
sisting of a reversible first-order or pseudo first-order
preceding reaction followed by a reversible electron
transfer. Since the equilibrium constant for the pre-
ceding reaction is not known, it is not possible to use
the method of Nicholson and Shain to obtain the rate
constant for the preceding chemical reaction.

Reduced FAD in the pH 6.8-8.6 region had a single
cyclic voltammetry anodic-cathodic peak pair. Applica-
tion of the diagnostic criteria to the anodic peak re-
sulted in curves similar in shape to those shown in
Fig. 3 for the cathodic peak. This appears to indicate
that the oxidation of reduced FAD also follows an
electrochemical mechanism consisting of a first-order
reaction followed by a reversible electron transfer.

All of the studied flavin compounds have been shown
to undergo an over-all reduction to the dihydroflavin
compounds (1, 2) as shown in Eq. [6]. As has been
previously suggested by Ke (3)

F 4 2H* + 2¢ = FH, (6]

this apparently is also the case for FAD. Between pH
6.8 and 8.6 the cyclic voltammetry data indicate a
chemical reaction prior to the electron transfer. IFor
a fast acid-base reaction prior to the electron transfer
(Eq. [7] and [8]), if the unprotonated species, O,
predominates in this pH range, then the slope of the

O 4+ pH* = H,Ort [7]
H,0r+ + ne = RH, (81
polarographic E;/; — pH curve is given by —0.059p/n
(6d). Since n has been shown by both controlled-

potential coulometry and by the slope of the log plots
to be 2 in this region, and the slope of the E;/; — pH

T T il T | T

CURRENT(umA)
L O ~ N W

N

1
Q2 0.6 1.0
POTENTIAL (V)
Fig. 2. Cyclic voltammograms obtained at a HMDE. A, 0.53

mmole FAD in pH 4.08 acetate buffer ot 0.2 V sec—1; B, 0.72
mmole FAD in pH 8.2 Tris buffer at 0.10 V sec—1.
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Fig. 3. Application of the diag ic criteria of Nicholson and

Shain (8) to cyclic voltammograms of FAD in pH 8.2 Tris buffer.
A, 0.55 mmole at the HMDE; B, 0.87 mmole at the Pt disk; C,
0.87 mmole at the HMDE.

curve was —0.034, then p must be equal to 1. Cyclic
voltammetry data also indicates a chemical step prior
to oxidation of reduced FAD. The electrochemical
mechanism which appears to best explain all of these
observations is the three-step mechanism shown in
Eq. [9], [10] and [11] where Eq. [9] is the rate-
determining step for FAD reduction and Eq. [11] is
the rate-determining step for FADH oxidation. In
this pH range the present study contains no evidence
for semiquinone formation. Semiquinone formation is
clearly indicated, however

FAD + Ht = FADH+ [91
FADH* + 2e = FADH- [10]
FADH- + H+* = FADH; [11]

in other pH ranges (see the following discussion). It
should be noted that Eq. [9], [10], and [11] are not
meant to imply a specific acidity state of FAD. The K,
values of various flavin compounds are listed else-
where (1, 9).

Although the reaction apparently does not proceed
in the single step indicated by Eq. [6], it is informa-
tive to calculate the rate constant for this over-all
reaction. The rate constant can be calculated from
cyclic voltammery data at the HMDE (10) by assum-
ing n is the coulometrically determined value of 2
and D of FAD is the polarographically calculated value
of 45 X 10-¢ cm?2 sec—l. Several calculated values
of the rate constant (ks) for a 0.21 mmole FAD solu-
tion are listed in Table III. The rate of the reaction
decreases with increasing pH as would be expected
if Eq. [9] were the rate-determining step for FAD
reduction,

pH 2.1-6.5.—Polarographic examination at the DME
of FAD in this pH region revealed a single cathodic
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Table I11. Calculated values of the pseudo first-order rate
constant (ks) for the over-all electrochemical reduction
of 0.21 mmole FAD

Scan rate, AEp*zn, ks, cm
pH V sect mV sec-t x 10-3
6.96 0.020 84 4.7
6.96 0.040 100 3.8
8.09 0.040 104 3.4
8.13 0.020 100 2.7
8.59 0.040 110 3.0

* AEp = Epianodte — Epicathodtc.

wave at pH above about 6 which split into two over-
lapping waves of equal height (Fig. 4) at lower pH’s.
If a slow scan rate is not employed while recording
the polarogram, the split into two waves can be easily
overlooked, as was apparently done in the earlier
study (3). In this instance a scan rate of 0.5 mV sec—!
was used. At pH 2.2 the proximity of the adsorption
prewave (11) to the main FAD wave made it im-
possible to determine whether one or two waves
were present,

Log plots at pH 4.08 yielded straight lines from
which the half-wave potentials of the two waves
could be determined. In drawing the lines through
the log plot points it was necessary to neglect those
points at potentials on wave I which were more than
one-fourth of the way up the wave and those points
on wave II, which were less than three-fourths of
the way up the wave. The overlapping of the waves
in the intermediate region caused the log plots to
curve away from the straight line. Using this method
the E1/2 of wave I, was found to be 8 mV less nega-
tive than the E;/; of wave II. The average slopes
(three trials) of the log plots were —0.055 V/decade
for wave I, and —0.052 V/decade for wave II.. Both
of these values are only slightly less than the —0.059
V/decade expected for a reversible one-electron proc-
ess.

At pH’s of 6.43, 6.20, and 6.04 the single cathodic
FAD waves yielded log plots which were linear but
which had two segments of slightly differing slope
(Fig. 5). This can be interpreted to mean that two
cathodic waves were present which overlapped to an
extent which made separate wave identification im-
possible.

FAD which had been reduced by electrolysis showed
only a single anodic wave in the acidic pH region un-
like the behavior of FAD prior to reduction. Appar-
ently two waves were not observed since the Ei/y’s of
the waves were too close to each other to allow dif-
ferentiation. Log plots of reduced FAD at pH 4.08
were linear with a slope of —0.041 V/decade. The

m

L |
0.3

Ic

CURRENTCuA)
T

e}

0./ 0.2
POTENTIAL(-\)

Fig. 4. A polarogram of 0.53 mmole FAD in pH 4.08 acetate
buffer. I, the first cathodic wave; 1., the second cathodic wave.
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Fig. 5. A log plot of 0.19 mmole FAD in pH 6.04 phosphate buffer

average Ei/2 of the anodic wave (three trials) was
—0.232V. In each case the diffusion current of the
reduced FAD anodic wave equaled the total diffusion
current of the two cathodic waves of the FAD start-
ing material.

At pH 4.08 the total diffusion current (igtot.) for
the two FAD waves increased linearly with increasing
h1/2.orr. and iq,tot./h1/2corr. decreased slightly with in-
creasing h!/2.r, apparently indicating diffusion con-
trol of the electrode process. The diffusion current for
the reduced FAD anodic wave behaved similarly.

A plot of igto. as a function of FAD concentration
at pH 4.08 was linear with a slope of 3.78 A mmole~1.
The single reduced FAD wave behaved identically.
From the slope of these straight lines and the mea-
sured values of m and t on the plateaus of the cath-
odic and anodic waves, the diffusion current constants
(maximum drop currents used throughout) for FAD
and reduced FAD at pH 4.08 were found to be 2.35
and 2.32, respectively. The diffusion coefficients were
calculated from Eq. [5] using the coulometrically de-
termined n of 2 and found to be 2.75 X 10—6 cm?2 sec™!
and 2.68 X 10—6 cm? sec—1, respectively.

Cyclic voltammetry experiments were performed at
the HMDE. At slower scan rates in the acidic pH
range two overlapping cathodic peaks and two over-
lapping anodic peaks were observed (Fig. 2). At scan
rates above about 0.25 V sec—! the two cathodic and
the two anodic peaks merged into a single cathodic-
anodic peak pair. Cyclic voltammograms of reduced
FAD showed two overlapping anodic peaks which
did not completely merge even at 0.50 V sec—1, Scan
reversal at potentials cathodic of the anodic peak
revealed two overlapping cathodic peaks at scan rates
up to 0.05 V sec—! and a single cathodic peak at higher
scan rates. Since the cathodic peaks (and the anodic
peaks) overlap each other it is impossible to apply
the diagnostic criteria used earlier in the neutral pH
range.

Controlled potential coulometry data has shown the
total n for the over-all reduction of FAD to be 2.
Since the polarograms of FAD in acidic solutions ex-
hibit two waves of equal height, FAD must be re-
duced in two, one-electron steps. The slope of the
E1/2-pH curve in this pH range has been shown to
be —0.065. For a fast acid-base reaction prior to the
electron transfer (if the unprotonated FAD species
predominates) or for a simultaneous addition of hy-
drogen ion and an electron, the slope of the polaro-
graphic Ej/-pH curve is given by —0.059p/n (see
earlier discussion). Since n for each individual step
is 1, then for each cathodic FAD wave the number of
hydrogen ions added (p) is also 1. The electrochemical
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reaction mechanism which appears to best explain
these results as well as the two cathodic cyclic voltam-
metry peaks is the stepwise reduction of FAD first
to the semiquinone and finally to FADH, (Eq. [12]
and [13]). It is not possible from the present data to
determine when the hydrogen ions

FAD + H* 4+ e = FADH* [12]
FADH* + H* + e = FADH, [13]

are added. The data may be interpreted to indicate
either H+ addition prior to or simultaneous with the
addition of each electron.

pH 9-13.—Between pH 9.13 and 9.28 a single FAD
cathodic wave was observed at the DME which yielded
a linear log plot with an average slope of —0.037
V/decade (Table II). Between pH 9.34 and 9.89 the
single polarographic wave resulted in a log plot with
two linear portions of slightly differing slopes (sim-
ilar to Fig. 5). Both portions had slopes of about
—0.035 V/decade. The more cathodic portion always
had the slightly greater negative slope. At pH’s of
10.0 or greater two close polarographic waves were
observed. By using the log plot method discussed
earlier the separation between the Ei/o’'s of the two
waves at pH 10.2 (0.97 mmole solution) was found
to be 24 mV,

At pH 10.2, 0.51 mmole FAD which had been ex-
haustively reduced by electrolysis showed two over-
lapping anodic waves of equal height. The difference
in Ei/2 of the waves was 26 mV. The E,/» of the more
positive anodic wave was 6 mV more positive than
the Ei/o of the more positive cathodic wave of the
original FAD. Likewise the E;/» of the more negative
anodic wave was 5 mV more positive than the Eis
of the more negative cathodic wave of the FAD start-
ing material. This appears to indicate the presence
of two quasireversible electrode reactions. The total
diffusion current of the two anodic reduced FAD
waves equaled the total diffusion current of the two
cathodic waves of the original FAD,

At pH 9.25 ig increased linearly with increasing
h1/2.r. and ig/h1/2.o., decreased slightly with increas-
ing h!/2.4,. for solutions of FAD and reduced FAD.
This is normally considered to be evidence of diffu-
sion control of the electrode process.

At pH 12.3 the polarogram of FAD revealed two
small waves at —1.1 and —1.4V and two small maxima
at about —1.6 and —1.7V in addition to the main FAD
wave (Fig. 6). With time the main FAD wave was
observed to decrease in height while the wave at about
—1.1V grew. The waves at —1.4 and —1.7V also be-
came slightly more prominent (Fig. 6). Apparently
the small waves observed in the original FAD polaro-
gram in basic solution were due to FAD decomposition
products. The identity of the decomposition products
is presently unknown. The “anomalous” postwave ob-
served by Ke (3) may have been due to one of these
decomposition products.

Throughout the entire pH 9-13 range, cyclic vol-
tammograms of FAD obtained at the HMDE revealed
two overlapping cathodic peaks (i.e, a major peak
with a shoulder) and, upon scan reversal, two over-
lapping anodic peaks (similar to Fig. 2, curve A).
In some cases the two cathodic peaks and the two
anodic peaks merged to give a single cathodic-anodic
reak pair at a scan rate of 0.5 V sec—!. At scan rates
of 0.02 and 0.04 V sec—! the cyclic voltammetry traces
were erratic making meaningful observations at these
scan rates impossible. The overlapping of the peaks
made it impossible to apply the diagnostic criteria of
Nicholson and Shain to either of the cathedic peaks.
Cyclic voltammograms obtained on solutions of re-
duced FAD showed two overlapping anodic peaks
and, after scan reversal, two overlapping cathodic
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Fig. 6. Polarograms of 0.92 mmole FAD at pH 12.3. A, Immedi-

ately after solution preparation; B, 43 hr after solution prepara-
tion.

peaks. As with FAD, these peaks often merged into a
single anodic-cathodic pair at a scan rate of 0.5 V sec—1.

In the pH 10-13 range, reasoning completely ana-
logous to that used in the acidic pH region leads to
the conclusion that FAD is reduced in two single-
electron steps first to the semiquinone and finally to
FADH,; (Eq. [12] and [13]). Information concerning
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the order in which the hydrogen ions are added is not
available. In the pH region between 9 and 10, the
two cyclic voltammetry cathodic peaks indicate two
single-electron transfers, however, the single polaro-
graphic wave and the slope of the log plots indicate
a single two-electron transfer. It appears likely that
in the pH 9-10 region the actual electrochemical reac-
tion mechanism is a combination of that given by
Eq. [9], [10], and [11] and that given by Eq. [12]
and [13], i.e, in this pH region the reaction mecha-
nism is switching from the mechanism observed at
neutral pH to the one observed in basic solution.
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The Rate of the Photoelectrochemical Generation of
Hydrogen at p-Type Semiconductors

J. O'M. Bockris* and K. Uosaki!
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ABSTRACT

The current-potential relations with and without illumination, quantum
efficiency-wavelength relations at several potentials, the flatband potentials,
the transient behavior, and the stability of seven p-type semiconductors, i.e.,
ZnTe, CdTe, GaAs, InP, GaP, SiC, and Si, have been measured in 1N NaOH
and 1N H,SO,. The position of the photocurrent-potential relations are related
to the flatband potential and the energy gap of the semiconductor. The exis-
tence of the maximum in quantum efnciency-wavelength relation is analyzed
by considering surface recombination. The stability and the transient be-

havior are analyzed.

Photoelectrochemical production of hydrogen was en-
visaged by Fujishima and Honda in 1972 (1). To ob-
tain hydrogen, either a pH gradient or an external
power source in the cell was required (2-4). However,
homogenization of the solution would inevitably occur
on prolonged functioning in such an arrangement.

The lack of need for single crystals in the photoelec-
trochemical approach to energy conversion (5, 6) gives
the prospect of favorable economics in purely photo-
electrochemical hydrogen production from water. The
primary aim is the development of a suitable cathode,
so that light may be directed both onto the cathode
and anode, with the objective of obtaining stable
photoelectrolysis in a cell with a uniform pH. A pre-
viously reported photocathode is unstable (7). We re-
port investigations concerning the stability and effi-
ciency of certain new photocathodes.

Experimental

Apparatus.—The photoelectrochemical cell is shown
in Fig. 1. Stopcocks and taps were Teflon. To avoid
contact of the metal used to form an ohmic contact
with the solution, the back face and side of the elec-
trode were covered with epoxy resin. To minimize con-
tact of this with the solution, a Teflon electrode holder
was used. The absence of a leak was verified by the
small magnitude of the dark current. All photoelec-
trode areas were 0.125 cm2.

A PAR Model 173 potentiostat/galvanostat, with a
Model 176 current-potential converter, was used to
control the potential. The electrode potential was
swept by a Wenking SMP 69 potential stepping motor
control. The current-potential relationship was re-
corded by a Hewlett-Packard Model 7004B X-Y re-
corder. The time dependence of the photocurrent was
recorded by means of a Hitachi QD25 recorder.

A 900W xenon lamp (Canrad-Hanovia 538C1) was
used as a light source and a Jarrell-Ash quarter-meter
grating monochrometer (Cat. no. 82-410) was employed
to obtain monochromatic light. An IR absorbing filter
(Oriel G-776-7100) was placed between the cell and
the light house, when current-potential measurements
were carried out without the monochrometer. How-
ever, a quartz lens (d = 5 ecm, £ = 5 cm) was employed
to concentrate the light on the electrode surface when
the photocurrent was measured under monochromatic
light. In this case, two long pass filters (Oriel G-772-
3900 and Oriel G-772-5400) were used with an IR ab-
sorbing filter to eliminate second-order diffraction. The
conditions used in this respect were: 3000 ~ 50004, IR

* Electrochemical Society Active Member.

1 Present address: Mitsubishi Petrochemical Company, Limited,
Ami, Ibaraki, Japan.

Key words: hydrogen production, photoelectrochemical reac-
tion, p-type semiconductors, photocathcdes

absorbing filter only; 5000 ~ 70004, IR absorbing filter
4- G-T72-3900 filter; 7000 ~ 75004, IR absorbing filter
+ G-T772-5400 filter; 75004, G-772-5400 filter only.

The intensity of light was measured by means of a
Hewlett-Packard Model 8334 radiant flux meter with
either a 8334A radian flux detector or a Carl Zeiss
vacuum thermocouple (VT Q3/A) with a Keithley 149
millimicrovoltmeter. The error in relative intensity
measurement was < 5%. However, absolute intensity
measurements had an uncertainty of = 20% error.

The electrochemical cell and the optical system were
set up on an optical bench.

Impedance measurement.—The cell for impedance
measurements had a working electrode surrounded by
a cylindrical platinized platinum counterelectrode, ap-
parent area 60 cm?2. Hydrogen gas was passed into the
solution before and during measurement.

The direct method was employed (8, 9). The circuit
contained a dry cell (6V) as a d-c source and the po-
tential was controlled by a ten-turn variable resistor

~

7 14
Fig. The photoelectrochemical cell (front view). 1, Working
electrode compartment (d = 50 mm); I, counterelectrode com-
partment (d = 25 mm); Ill, reference electrode compartment (d

= 20 mm). 1, Working (semiconductor) electrode; 2, Teflon
electrode holder; 3, Luggin capillary; 4, quartz optical flat; 5,
gas collector; 6, 11, frits (gas inlets); 7, 12, 14, drains; 8, 9,
Teflon stopzocks; 10, Pt counterelectrode; 13, reference electrode
(SCE); 15, 16, gas bubbler.
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while being monitored by means of a Keithley 616
digital electrometer. The a-c source was a Mini-Lab
Model 603A (B.W.D. Electronics). A capacitor (10 uf)
and a choke coil (35 H) were in the circuit. The resis-
tor, the value of which was several hundred times
larger than the cell impedance, Z..;, was connected in
series to the cell so that the alternating current, I, be-
came constant, and independent of the cell voltage. The
impedance of the choke was at least one hundred times
larger than that of the cell.

Signals taken from two points in the circuit and ap-
plied to the X and Y inputs of a cathode ray oscillo-
scope (Tetronix 5103N with 5A20N and 5A2IN differ-
ential amplifiers) displayed Lissajou's figures. Since
the X and Y inputs showed I (Zceuw + R) and IZcen,
respectively, and R >> Z.q, the absolute value of the
cell impedance, and phase difference due to the cell,
could be ascertained. Assuming a series equivalent cir-
cuit (measurements were carried out under nearly
ideally polarized conditions), the cell capacitance,
which is effectively the space charge capacitance of the
semiconductor electrode, can be obtained.

The accuracy of the direct method is low compared
with that of the bridge method (8, 9). At metal elec-
trodes the phase difference is small, and hence deter-
mination of C is inaccurate by this method.

However, at semiconductor electrodes, capacitance is
low so that the phase difference can be measured ac-
curately.

Semiconductors chosen.—Cathodes were selected on

the basis of sufficiently low values of energy gap (2.574
Eg < 1.3 eV) and electron affinity (E, < 4.0 eV) (28).
Zinc telluride (ZnTe).—A ZnTe single crystal (Ag
doped), grown by the Bridgeman method, was cut
parallel to the cleaved face (100). After being etched
in K3Cr207;-HNO; aqueous solution, the specimen was
dipped in HAuCly solution to make an ohmic contact
(10). It was masked with paraffin, later removed in
trichloroethylene. The contact was ohmic and the spe-
cific resistance was 0.2 @ - cm. The face of the specimen
was polished by means of emery paper to 600 grade.
The electrode was etched in HF-HNO3 (11) solution.
Cadmium telluride (CdTe).—A CdTe single crystal
(undoped) grown by the Bridgeman method was cut
parallel to the cleaved face (100). The specimen was
heated in Te vapor at 500°C for 8 hr to increase non-
stoichiometry. Thereafter, the crystal was etched in
KyCry07-HNO; (12), dipped into AgNO; solution, and
heated at 200°C for 30 min. Finally, a gold film was
grown on the crystal by dipping it into aqueous HAuCl,
(13). During the processes of etching and dipping into
AgNO; and HAuCI; solutions, the crystal was covered
with paraffin except for the spots where it was intended
to make a contact. The specific resistance was 103
Q- cm and the ohmic character of the contact good.
The face to be used was polished by emery paper, 400
to 600 grade, and the surface etched in HF-HNO; so-
lution.
Gallium arsenide (GaAs)—The GaAs was a single
crystal in wafer form, (100) face; Zn doged; carrier
density = 2 X 10'9 cm—3; 0.5 mm thick. It was etched
(12) by dipping into CH3OH-Brs (5%) solution, for 1
min before an ohmic contact was made by soldering
with indium (14). The I-V relation was ohmic. The
specific resistance was 0.2 Q - cm.

Indium phosphide (InP).—The InP was a single crystal
wafer (100) face, Zn doped; carrier density 5.6 x 1018
cm~3; 0.8 mm thick. Treatment was as for GaAs except
that the ohmic contact was by means of an In-Zn alloy
(15). The specific resistance was 0.21 0 - cm.

Gallium phosphide (GaP).—The GaP was a single
crystal wafer, Zn doped; carrier density 6.7 x 1017
em~3; (111) face; 0.4 mm thick. A HNO3-HCI mixture
was used for etching (12). An ohmic contact was ob-
tained by the use of an In-Zn alloy (7). The specific
resistance was 2.0 Q * cm.
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Silicon carbide (SiC).—The silicon carbide was a single
crystal; (0001) face; Al doped; carrier density 4 X 1018
ecm~—#; 0.2 mm thick. “Acme” conductive adhesive gave
an ohmic contact if heated in hydrogen at 300°C for
2 hr. The specific resistance was 0.31 Q - cm. The elec-
trode was dipped in HF for 1 min before each experi-
ment.

Silicon (Si).—The silicon was a single crystal wafer,
(100) face; B doped; 0.2 mm thick. An In-Zn alloy was
used to obtain an ohmic contact. The specific resistance
was 1.2 Q - cm. The crystal was etched in HF solution
before each experiment.

Results

The current-potential relations.—The current-poten-
tial relations with and without illumination by means
of a 900W Xe lamp were measured in 1IN NaOH and
in 1IN H,SO,. The relations found can be divided into
two groups. Results typical of the first group (ZnTe,
CdTe, GaP.2 SiC, and Si) are exemplified in Fig. 2
(ZnTe). Dark curents are low. Typical results of the
second group (GaAs and InP) are in Fig. 3 (GaAs).?
The degree of displacement of the current-potential

*In the measurements of Gerischer et al. (16), GaAs showed
saturation photocurrents at —1.0V, but such saturation was not
observed in our work, probably due to a lower intensity of illu-
mination. The current-potential curves observed for GaP were
similar to those reported earlier by other workers (17-19).
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Fig. 2. The current-potential relations of ZnTe in IN NaOH and
IN H.SO; with and without illumination by a 900W Xe lamp.
Sweep rate: 1.5 V/min, Intensity of light 0.08 W/cm2. Arrows show
the direction of the polarization. 1, Ist sweep in dark; 2, 2nd
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curves in HySO4 and NaOH respectively is shown in
Table T,

At CdTe in NaOH no photocurrent was observed at
a potential more positive than —0.75V, when the oxy-
gen concentration in the solution had been sufficiently
diminished.

A white film was observed on the InP electrode after
measurements in 1N HySO4. Mayumi et al. (20) ob-
served such white films: Irreproducibility due to them
may account for the fact that the critical potential ob-
served by Mayumi was 0.5V more negative than that
reported here. No films were observed in 1N NaOH.

Photocurrents at SiC electrodes were < 10 wA cin—2.

Quantum efficiency-wavelength relations at several
potentials.—Photocurrents were measured under mono-
chromatic light at several potentials. Quantum effi-
ciencies were calculated by using measured values of
the photocurrents and the light intensity. Typical re-
sults are shown in Fig. 4 (GaP).3 The spectral response
of the quantum efficiency in 1IN NaOH of the semicon-
ductors examined in this work except for GaP and SiC
are shown in Fig. 5. Those in 1N HsSOy4 are as in 1N
NaOH. Quantum efficiencies at SiC in 1N NaOH (Fig.
6) are low.

The flatband potential.—The flatband potentials were
determined by using Mott-Schottky plots. A typical
plot is shown in Fig. 7 (SiC). Table II shows the flat-
band potential of the semiconductors in 1N NaOH and
1IN H,SO4 and the slopes of the corresponding Mott-
Schottky plot. The flatband potentials of InP in 1N
H2S04 and Si in 1N NaOH and 1N HySOy4 could not be
measured due to the instability of these materials in
solution.

Gleria and Memming reported (22) difficulties in
respect to the Mott-Schottky plot on SiC but none were
noted here.

Transient measurement.—Current-time relations at
fixed potentials following illumination and interrup-
tion of light were measured in 1N NaOH and 1N H,SO4.
Typical results are in Fig. 8. When the potential is
relatively negative, the current becomes stable just
after the light was on or off, but when the electrode
potential became relatively positive, it took time to
attain a steady state (Fig. 8d).

Stability.—The photocurrents at fixed potentials
were measured as a function of time (1-20 hr) at all
semiconductors mentioned above in 1N NaOH and 1N
HySO4. Results are listed in Table III in terms of
(1/i) (di/dt), which is a measure of the instability.

Discussion

By analogy to well-known behavior at the metal-
vacuum interface, the electrode potential corresponding
to the commencement of electron emission (‘the criti-
cal potential”) would have been expected to vary with
change of the frequency of the exciting source. That
the critical potential is not thus dependent for the
semiconductor-solution interface is demonstrated in
Fig. 9 (ZnTe). An interpretation is that electron-
phonon collisions in the semiconductor cause the elec-
trons photogenerated within the semiconductors at
various energies (depending on the wavelength of the

3 Reasonable agreement was observed with the results of Yone-
yama et al. (21), but the maximum in the quantum efficiency-
wavelength relation was at 4500A in their measurement and at

3500A in ours. In the Yoneyama work, published data on xenon
lamps (instead of calibration) was used.

Table 1. The difference in the range of potentials (volts) for
photocurrent-voltage relations in NaOH and H2SO4

ZnTe 0.6
CdTe 0.5
GaAs 0.8
InP 0.5
GaP 0.6
SiC Not applicable
Si 0.5
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incident light) to fall to the bottom of the conduction
band before they have reached the electrode surface.

The iphoto-V relations are Tafel-like (Table IV),
whereas, at metals, i94 is linear with V. Thus, in
metals, nearly all the photoactivated electrons decay
before the surface is reached. The small fraction (<
10-2%) of photoactivated electrons which reach the
surface and emit have an energy distribution which is
a function of the energy of the exciting source. In the
semiconductor, a greater fraction (~ 1%) of the
photogenerated electrons reaches the surface but the
energy of nearly all of them is that of the conduction
band, Fig. 10. (See above). The variation of the elec-
trochemical photocurrent with potential then becomes
subject to the reasoning [e.g., Ref. (23)] which relates
the thermal current to potential at metals.

The saturation part of the photocurrent-potential
relation can be understood from Fig. 11. When the
electrode potential is such that the energy of the
emitting electrons is equal to that of the ground state
of the acceptor levels in HsO*, no further increase in
the availability of acceptor levels in solution occurs as
the potential is made more negative (24).
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The “critical potential”.—AH’(e) (Fig. 12) at the
flatband potential is given by (23)
AH'(C) = — Lo +E.—J + A+ R -+ (S'CAS¢)fbp [1]

where Lo, Eq, J, A, R, and (5-CASg) , are the hydration
energy of the proton, electron-affinity of the semicon-
ductor, ionization energy of hydrogen, adsorption en-
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Table 1. The flatband potential and slope of Mott-Schottky
plots of semiconductors

1IN NaOH 1N H:S04
Flatband Slope Flatband Slope
Semicon- potential, (uf/ potential, (uf/
ductors V, NHE cm?)-2/V V, NHE cm?)-2/V
ZnTe -0.79 28 0.04 150
CdTe 0.21 6000 -0.35 2200
GaAs —0.04 0.12 0.43 0.22
InP -0.07 0.48 — -
GaP 0.18 6.0 1.13 4.6
Sic 138 0.86 1.68 0.7

ergy of hydrogen, H-H,0O repulsive force, and the po-
tential drop in the electric double layer at the flatband
potential.

(5:CAS¢) g can be estimated as follows.

The flatband potential, Vy,p, with respect to normal
hydrogen electrode (NHE) is given by

Vibp = PEASCo + (SCAS¢) giop + (sApc,,,)sz 11 21
Cyt=

where PtAS-Cy is the potential difference between the

semiconductor and the Pt wire, (SAP"¢)pHZ_1 is the po-

H'=
tential drop in the electric double layer of the semi-
conductor at the flatband potential and (SA"%/»)EH2 1
ar=1
is the potential drop in the electric double layer at
the Pt electrode in the presence of 1 atm of hydrogen
gas and with Cg+ = 1. (See Fig. 12).

Since
= pe~SC [3]

where pe~Pt and p.~SC are the electrochemical poten-
tials of electrons in Pt and the semiconductor, respec-
tively. Hence

me~Ft

PLAS.C¢ = (#sPt — 'ueS.C)/F [4]

where ucPt and p.SC are the chemical potentials of Pt
and the semiconductor, respectively. Therefore

Vibp = {(5:CAS¢) tby — ueSC/F}
—I (PtAS¢)mg—1 — uePY/F]  [5]
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Fig. 8. The transient behavior of the current of ZnTe after il-
lumination and interruption of light in IN NaOH at several po-
tentials. The current before illumination is token as zero. In-
tensity of light: 0.08 W/cm2.
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Table Il1. The stability of photocathodes, as measured by their
change with time at various potentials (given)

1 di
Value of — — (sec!)
i dt

ductor 1N NaOH 1N H>S04

ZnTe 6 x 10-¢ (—1.26V) 5 x 10-5 (—0.56V)
CdTe 2.5 x 10-% (—1.16V) 1 x 10-¢ (—0.76V)
GaAs 2 x 10~ (—1.36V) 3 x 10-% (—0.76V)
InP 2 x 10-5 (—1.36V) 2 x 10~ (—046V)
GaP 5 x 10-5 (—0.76V) 5 x 10-5 (—0.26V)
SiC 0* (—1.16V) 0* (—0.76V)

Si 5 x 10-¢** (—1.06V) 1.7 x 10-*** (—0.41V)

* Current is very small 9 yA/cm? in 1IN NaOH and 3 pA/cm?
in 1N H:SOu.
** After 10 hr in dark, almost no photocurrent was observed.

Thus, the potential drop in the electric double layer
of the semiconductor at the flatband potential is given

by
(5CAS¢) thp = Vinp + [ (P°As¢)%ﬂz=11——#ept/F] + #eSC/F
po

= Viop + [ (PtAS¢) pyy=1 — uel*/F]
Cr=1

— (8/F — x5C) [6]
where & is the work function of the semiconductor and
x5:€ is potential drop in the semiconductor.

[(PtAS¢) ppy=1 — pePY/F]
Cyr=1
was calculated by Trasatti (25) using a method sug-
gested by Bockris and Argade (26), as 4.3V. Therefore
(5CASg) ppp = 4.3/F + Vipp — (#/F — x5:€) [71

A schematic of the energy levels of a semiconductor
which has surface states in a vacuum is shown in Fig.
13. From this figure, x5:€ is given by

FX5~C:<I>+AE—E3—-E3 [8]
where AE is the energy difference between the Fermi

level and the top of the valence band in the bulk.
Hence, Eq. [7] becomes

(5:CAS¢) pp = 4.3/F + Vipy — (Ea + Eg — AE) /F [9]
As a first approximation, AE is assumed to be zero for
all p-type semiconductors concerned.

The values of (5CAS¢)g,, were calculated from Eq.
[9] for semiconductors listed in Table V. (5-CaS¢) gy, is
negative in all cases, 5-CAS¢ in NaOH is more negative
than that in HoSO4 for most electrodes except CdTe.

From Eq. [1] and [9]

AH(e) = —Lo,+E,—J+ A+ R + 43/F
+ Viop — (Ea 4 Eg — AE) /F
~—~L,—J+ A+ R+ 43/F
+E,p — E¢/F + AE/F  [10]
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Table 1V. Slope of log iy-V relations

1IN NaOH 1N H:S04
ZnTe 0.165 0.13
GaAs 0.3 0.25
GaP 0.1 0.18
CdTt Not available because of
high resistance
Si 0.17 0.21

where L,, J, and R do not depend on semiconductor
and the dependence of A on the semiconductor is less
than 0.1 eV (27), Therefore, AH (e) is given by

AH(e) ~ const. 4+ Vippy — Eg/F [11]

The probability of the existence of acceptors at en-
ergy E, G(E), is given by

G(E) = exp (H(e) — Ey)/kT [12]

where E is the energy of the electrons at the surface
at a potential V.
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Y
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e \
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v- Vibp = Wsc* ANy,

AABy = 5D°0), - (P
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Fig. 10. The schematic diagram of energy levels of the valence
band and conduction band of a semiconductor and of an acceptor.
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Fig. 11. Schematic illustration of the model proposed to describe
the observed photocurrent behavior of semiconductor electrodes.
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Fig. 13. Schematic diagram of the energy levels of a semicon-
ductor with surface states in @ vacuum.

E, is given by
Ey= —F(V — Vp) [13]

where each of these potentials is on (e.g.) the N.H.
scale. Therefore, E, at the critical potential Ecy is
given by

Ecrit = "‘F(Vcrlt = Vfbp)

At the critical potential, it can be assumed that G(E)
corresponds to an energy value of 0.1-0.2 eV from the
ground state of HzO+.

Therefore
[14]

From Eq. [12] and [14], a linear relation between
(Ving — Eg/F) and (Verie — Vinp) is expected. Figure
14 shows this relation. The relation shows the impor-

AH(e) = —F (Verit — Vinp)

Table V. Calcu'ated values of the potential drop (volts) in the
electric double layer at the flatband potentigl (see Eq. [10])

1IN NaOH 1IN H.SO:
Semiconductor §.CASg, V SCA%G, V
ZnTe -2.25 —-1.42
CdTe -127 —1.83
GaAs -1.20 -0.77
InP —1.42 —_—
GaP ~2.07 -1.12
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tance of any energy gap in respect to the critical po-
tential. Although a small energy gap is required from
the point of solar energy absorption, the smaller the
energy gap, the more negative the critical potential
(with respect to the flatband potential) and, therefore,
the smaller the efficiency of the hydrogen production.

The quantum efficiency-wavelength relation.—Quan-
tum efficiency-wavelength relation shown in Fig. 4-6
exhibit two features. (i) The quantum efficiency wave-
length relation passes through a maximum. (ii) The
height of the maximum decreases as the potential
becomes more positive and therefore nearer to the flat-
band potential.

The position of the maximum can be interpreted by
considering the photocurrent (ip) as a function of the
surface recombination.

Thus, ip is given by

ip = f(lelectron arriving at surface) — £ (Vsurface recombination)

As the wavelength decreases, the photon absorption
increases and the number of electrons created per
average photon increases and therefore the quantum
efficiency. At sufficiently small wavelengths, the posi-
tion of the average absorption of photons gets nearer
to the surface. Hence, the effect of surface recombi-
nation will become more .mportant and decrease the
net current or quantum efficiency.

Stability.—The most outstanding differences in sta-
bility (Table III) are for ZnTe and CdTe.

Figures 15 and 16 (drawn for us by Dr. T. Ohashi)
show the equilibrium potentials for several reac-
tions relevant to ZnTe and CdTe. For CdTe, the
equilibrium potential of hydrogen evolution at pH =
14 is more negative than that of the decomposition of
CdTe. Hence, CdTe will not decompose in the poten-
tial range of hydrogen evolution. For ZnTe, the equi-
librium potential of hydrogen evolution is close to that
of ZnTe decomposition.
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Transient behavior.—Surface recombination.—The
transient behavior may be due to either a process in the
semiconductor or a process in the surface of the elec-
trode, or a process in solution.

In the former case, the behavior would be due to
time dependence of the electron concentration at the
surface. The time constant is 102 sec and could arise
from the recombination process. Then, the number
of excess electrons t sec after illumination, N(t), is

N(t) = N(1 —e~t/r) [16]

where N represents excess electrons at the steady state
and t is the lifetime of the excited electron. The num-
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ber of electrons t sec after illumination is turned off,
N'(t), is

N'(t) = Ne~t/7 [17]

The time constant of diffusion is less than that of re-
combination process, so that

No(t) = No(1 — et/T) [18]
when the light is on and
N'o(t) = Noe~t/7 [19]

when the light is off, where N, is the steady-state
concentration of excess electrons at the surface.
Since the photocurrent, i,(t) is

ip(t) alNo () [20]
the time dependence of the photocurrent is
ip(t) = ist.(1 — e~ t/T) [21]

with illumination on, where is;. is the steady-state
photocurrent. Also
ip(t) = iste™t/7

when the light is off.

The photocurrent according to Eq. [21] and [22] is
shown in Fig. 17. The result of the behavior found in
the present work was quite different from these predic-
tions, especially when the electrode potential was near
to the flatband potential (Fig. 17).

Hence, since the lifetime of excited electrons is
<103 sec, the transient behavior observed is due to
surface electrochemical processes, such as the reduc-
tion of oxygen. Thus

[22]

ip = ip.Hz = ip.red
= kHZCH30+ + kredcred [23]

where ky, and kreq are the rate constant for hydrogen
evolution reaction and for some other reduction reac-
tion, respectively.

Using Faraday’s laws

M
ip(t) = ip,HpCH3z0+ + kredCo,red €XP ( - —F_‘ Kreat ) [24]

where Coreq is the concentration of the species to be
reduced at time zero.
i(t) —i(e0)

From Eq. [24], log s should be propor-
i(o

tional to time, as shown in Fig. 18 [see also Ref. (28)].
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Chemical Action of Glow Discharge Electrolysis on
Ethanol in Aqueous Solution

M. A. Almubarak and A. Wood
Chemistry Department, Liverpool Polytechnic, Liverpool L3 3AF, United Kingdom

ABSTRACT

The action of anodic glow discharge electrolysis (gde) on ethanol in neu-
tral aqueous phosphate buffer gave acetaldehyde, butan-2,3-diol, hydrogen
peroxide, and acid. The yields of these products were found to vary sub-
stantially with the presence or absence of oxygen and in particular with oxy-
gen flow rate and substrate concentration. A mechanism has been proposed for
the reaction of substrate in both the presence and absence of oxygen.

Ethanol vapor and water vapor, over aqueous eth-
anol solutions, were subjected to glow discharge elec-
trolysis (gde) by Klemenc (1), who examined the
gaseous products only. Gde has been performed also
on pure methanol (2), with a variety of supporting
electrolytes; products were a complex mixture of
simple breakdown species. Scholes and co-workers
(3) studied the effects of x-rays (200 kV) on ethanol
in aqueous solution and found that in the presence
of oxygen the products were hydrogen peroxide and
acetaldehyde alone. Using deaerated solutions they
found acetaldehyde and butan-2, 3-diol, with traces
of hydrogen peroxide (under acid conditions). Seddon
and Allen (4) studied the hydrogen yields arising
from the y-radiolysis of neutral aqueous solutions of
ethanol both in the presence and in the absence of
oxygen. Recently Schultze and Schulte-Frohlinde (5)
studied the effects of the y-irradiation of dilute aqueous
ethanol under a gaseous mixture of oxygen and nitrous
oxide. The products were acetaldehyde, acetic acid,
glycolaldehyde, ethylene glycol, and hydrogen per-
oxide.

A careful study was made of the total yields in
the present work to determine the ultimate fates of
all the radicals generated by gde: As will be seen,
we have accounted for G(OH) in terms of our prod-
ucts. We also studied carefully the proportion of
acetaldehyde and hydrogen peroxide since this gives
valuable evidence about the reaction possibilities, and
we were able to show that in gde under oxygen flow
rates high enough to scavenge all the 1-hydroxyethyl
radicals (CH;CHOH) and at ethanol concentrations
high enough to scavenge all the hydroxyl radicals,
there is a particularly straightforward interaction be-
tween the 1-hydroxyethylperoxyl radicals (CHs CHOH)

|
O2
yielding acetaldehyde and hydrogen peroxide in 2:1
proportions.
Experimental

The ethanol solutions were prepared by dissolving
the correct amounts of pure absolute ethanol in
neutral phosphate buffer solution, except for runs on
acid determination under oxygen where very dilute
alkali was used. The solutions after gde were ana-
lyzed for hydrogen peroxide (6), acetaldehyde (7),
butan-2, 3-diol, and acid. since these compounds were
the products of x-irradiation of phosphate buffer/
ethanol solutions (3). Other species sought by the
workers who used x-irradiation were acetic acid,
ethylene glycol, glycolaldehyde, ethyl hydroperoxide,
diethyl peroxide, peracetic acid, and ethyl acetate, but
no evidence was found for any of these. The acetalde-
hyde determination is essentially colorimetric: the
absorbance, which declined rapidly, was recorded as

Key words: glow discharge electrolysis, ethanol, mechanism.

a function of time and extrapolated backward to the
point of preparation of the final solution. Butanediol
was determined by reaction with potassium periodate
at about pH 9 (bicarbonate); the unreacted periodate
was determined, as I3~, by addition of excess potas-
sium iodide.

The acid produced in gde was measured in separate
experiments using very dilute alkali to carry the cur-
rent and also to measure the acid formed as a fall
in the pH of the solution during the gde.

The equipment required for rectification and control
at the high currents and high voltages required was
constructed specially and has been described else-
where (8). The gde cell and vacuum line were of con-
ventional design (9). The quantity of electricity was
obtained by using a sampling digital voltmeter to-
gether with the electric clock. Typical run conditions
used a current of 30 mA, a vacuum main pressure
of 10 em Hg, a stirring rate of “9” (ideally about
1500 rpm), and an oxygen flow rate of 900 cm3 min—1
Run times varied from 30 to 300 sec, typically, the
quantities of electricity passed being of the order of
10-100 uf. Substrate solutions were degassed with
argon or saturated with oxygen, as required. When
using argon it was usual to close the system so as to
have no gas flow, since the argon flow did not affect
the processes (argon not being involved chemically)
except at very high flow rates where some arc in-
stability occurred. Manostat gas flow regulation (9)
was not always satisfactory and in later runs manual
control was used.

Results

Gde on ethanol in neutral aqueous solution pro-
duces acetaldehyde, hydrogen peroxide, butan-2, 3-diol,
and acid. The yields (in moles per faraday) of these
products were found to vary substantially with the
presence or absence of oxygen and with its flow rate
and with ethanol concentration. Other factors which
would affect the yields of the above products are the
stirring rate, the gas pressure, the current, and the
quantity of electricity.

The original work on the oxygen flow rate effect
was reported by Almubarak (10). It was found from
preliminary results here that the hydrogen peroxide
yield increased with increasing oxygen flow rate. Hence
oxygen is involved in the reaction and in the forma-
tion of hydrogen peroxide, and the hydrogen peroxide
yield was used, therefore. as a convenient measure
of the degree of mass transfer of oxygen from gas
phase to liquid phase and as an indication of solution-
oxygen content. (It was later shown that the hvdrogen
reroxide comes from two sources: ethanol, involving
reactions, and preliminary processes, the first of these
being the maior source at sufficiently high ethanol
concentrations.) This measure of oxygen availability
in the solution was confirmed by measurements of
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the butanediol yield which decreased to zero at very
high oxygen flow rates (indicating total scavenging
by oxygen of reaction intermediate CHsCHOH).

Flow rate experiments were repeated, using argon,
but no change in hydrogen peroxide yield was ob-
served except at high flow rate values where some
discharge instability may be expected.

Increasing the current at a ‘given oxygen flow rate
caused the hydrogen peroxide yield to fall (suggest-
ing that the oxygen flow rate was not sufficient to
scavenge all the 1-hydroxyethyl radicals): However,
the yield could be restored to its original value by
increasing the oxygen flow rate. In gde, increases in
the discharge current cause increases in the glow
spot area; the current density and the radical con-
centration tend to remain constant. Hence an increase
in current at constant hydrogen peroxide yield in-
creases the demand for oxygen. There was a limit,
however, to the extent to which the hydrogen perox-
ide yield could be maintained at its high value by
increases in oxygen flow rate; this limit arose from
the instability of the discharge at very high gas flow
rates. In practice, therefore, a low current (30 mA)
was used, together with an oxygen flow rate which
was high enough to scavenge most of the 1-hydroxy-
ethyl radicals but not high enough to introduce dis-
charge instability.

Hydrogen peroxide yields varied a little with stir-
ring rate, a fairly rapid rate appearing to be the most
suitable. Pressure changes did not affect the peroxide
yield significantly at high oxygen flow rates, though
it is possible that sufficiently high pressures would
improve the mass transfer of oxygen from the gaseous
to the solution phases at low oxygen flow rates.

Gde on aqueous ethanol in neutral phosphate buffer
at the oxygen flow rate selected produced hydrogen
peroxide, acetaldehyde, some diol (none at the high-
est oxygen flow rates where, however, some arc in-
stability occurs), and acid. The yields of hydrogen
peroxide related linearly to the quantity of elec-
tricity, showing that there were no peroxide-destruc-
tion reactions under the conditions used in this work.
Linearity of butanediol yield with quantity of elec-
tricity was assumed, when required, since this product
is nonvolatile. Acid appeared only in the combined
presence of oxygen and substrate.

Under argon, low or zero flow rates were used
and the products were acetaldehyde, hydrogen per-
oxide, and butan-2, 3-diol. It was verified that the
yields of the nonvolatiles were linear functions of
the quantity of electricity.

The graphs of yield vs. quantity of electricity and
the results of the acetaldehyde work, whether under
oxygen or argon, showed a tendency of the acetalde-
hyde yield to show a possible stationary state. The
effect may arise from chemical decomposition of the
acetaldehyde (e.g., reaction with the aqueous electron)
but it seems more likely to arise from vaporization
because of the high temperature of the arc and the
low boiling point of the acetaldehyde. A mathematical
analysis, in essence, obtained the initial slopes of
the plots of number of moles of acetaldehyde ws.
quantity of electricity.
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Fig. 1. G vs. ethanol concentration: O, G(CH3CHO, 02); X,
G(CH3CHO, Ar); [, G(H202, 02); A, G(C4H1002, Ar); V,
G(H20z, Ar).

Discussion

Plots of G-values ws. substrate concentration for
each of the products are given in Fig. 1 and Table L

Taking the argon runs first, G(Hz0.) falls as the
ethanol concentration increases, becoming very small.
It is possible that at least some of this residual hydro-
gen peroxide corresponds to the generation of hy-
droxyl radicals at a rate (represented by 30 mA)
slightly too high to permit total scavenging by ethanol
within the concentration range used here. G(CH3;CHO)
increases sharply, eventually leveling off. G (C4H10032)
increases in a like manner, the plateau value being
about 1.16 mole F—1,

In general gde of aqueous solutions may be regarded
as producing the following species from the primary
reaction zone (9, 11, 12)

H0-~/~> eaq—, H, OH, H+, OH—, H209, Hp, HoO [1]

In the absence of oxygen and in the presence of suf-
ficient ethanol, the initial main reaction was OH 4+
CyH;0H. Other radicals, H and eaq~, undergo slower
reactions, under our conditions. The reactions of hy-
drogen and hydroxyl radicals with ethanol are well
known. The hydroxyl radicals abstract hydrogen atoms
from ethanol to form CH3;CH3;O (2.5%), CH,CHOH
(84.3%), and CH;CH0OH (13.2%) (13). The hydrogen
radical abstracts a hydrogen atom primarily from the
CH, group (14). The rate of reaction of the hydrogen
radicals is about 1% of the rate of reaction of the
hydroxyl radicals and may be neglected. In the same
way reactions between hydrogen radicals and other
substrates here are likely to be much slower than
reactions between hydroxyl radicals and the same
substrates. The CH3CH,O radicals pick up hydrogen
atoms from ethanol molecules. The CH,CH>OH radicals
may undergo a similar reaction, so improving the con-
version of the hydroxyl radicals to 1-hydroxyethyl
radicals, since separate measurements of G(OH, fer-
rocyanide) agree well with a G(OH) calculated from

Table 1. Variation of G-values for acetaldehyde, butan-2,3-diol, and hydrogen peroxide with
ethanol concentration and gas

G (H20:2) /mole F-1

G (CH;CHO)mole F-* G (CiH1002) /mole F-1

[C:H;0H1/

mole dm-® Oxygen Argon Oxygen Argon Argon
0 1.24 =0.08 0.89 =003 0 0
0.01 1.25 £ 0.08 0.79 = 0.04 0.18 = 0.02 0.25 =001 0.05 == 0.09
0.1 2.11 = 0.17 0.21 = 0.05 2.39 =029 1.83 =008 0.90 =0.19
0.3 3.12+=008 0.17 = 0.02 6.47 = 0.60 4.67 =0.11 1.14 = 0.07
0.6 3.38 = 0.26 — — —_ —_
0.9 3.39 = 0.16 0.10 = 0.01 644 £0.13 4.56 = 0.04 1.20 =£0.05
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the product yields discussed here, under both argon
and oxygen. Thus the main species formed from ethanol
in the secondary reaction zone are 1-hydroxyethyl
radicals. We assumed that the reactions of hydroxyl
radicals with butan-2, 3-diol [k = 8.1 X 108 dm3
mole~! sec—! (15)] and acetaldehyde (possibly of
similar rate constant) do not affect the yields of these
two products significantly: The ethanol concentration
was much higher than the concentration of these two
products, there was no deviation from linearity in
the plots of yields of nonvolatile products vs. quantity
of electricity (suggesting therefore insignificant de-
struction reactions) and G(OH), ferrocyanide (see
below) agrees well with G(OH) calculated from prod-
uct yields. The reaction of hydrogen atoms with eth-
anol constitutes the fastest process involving these
radicals, but it is still much slower than the rate of
reaction of hydroxyl radicals with ethanol.

The products of the gde of aqueous ethanol in
neutral phosphate buffer, under argon, are hydrogen
peroxide, butanediol, and acetaldehyde. formed ac-
cording to the following proposed reactions.

OH + OH - Hy0, [2]
ZCH;;CHOH =¥ C4H1002 [3]
2CH3CHOH - CH3CHO + CH,OH [4]

Formation of acetaldehyde by additional radical/1-hy-
droxyethyl radical reactions seems unlikely. However,
we do know that two 1-hydroxyethyl radicals interact
to form butan-2, 3-diol, so we propose that under
argon this interaction can yield acetaldehyde also,
by disproportionation (reaction [4]).

Of the possible reactions of the aqueous electrons,
those with peroxide and acetaldehyde (16) are the
most probable

€aq~ + CH3;CHO - CH;CHO- (5]
CH;CHO- + H,0 = CH;CHOH + OH- [6]
€aq— + Hy02— OH + OH- (71

Under oxygen, G(H;0;) and G(CH3CHO) increase
with increasing ethanol concentration and level off.
G (CH3CHO, O2) was always greater than G (CH3CHO,
Ar). No butanediol is detectable at sufficiently high
oxygen flow rates. These two facts point to a change
of mechanism. Under oxygen G(CH3;CHO) is almost
exactly double G (H:02). The actual peroxide:ace-
taldehyde ratio under oxygen is 3.39:6.46. In the ab-
sence of oxygen, and persisting even at the highest
ethanol concentrations, there is a small residue of
hydrogen peroxide; if we assume that this residue also
occurs in the runs under oxygen we can subtract it
from G(H:0,, O2), leaving 3.25 mole F—1. The hydro-
gen peroxide:acetaldehyde ratio is then 3.25:6.46,
which is very close to 1:2. Reactions of the 1-hydroxy-
ethyl radicals other than those giving acetaldehyde
and hydrogen peroxide in the correct proportions can
be neglected. We assume that the 1-hydroxyethyl
radicals are scavenged completely by oxygen, under
the high gas flow rate

CH3;CHOH 4 O, —» CH3CHOH [8]
|
O

and this accounts for the disappearance of the butane-
diol. The 1:2 hydrogen peroxide:acetaldehyde ratio
can be accounted for by

2CH3CHOH —» 2CH3CHO +- H30; + O [91
[
O2

Because of the 1:2 hydrogen peroxide:acetaldehyde
ratio we can assume also that the aqueous electron
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does not react significantly with products (reactions
[5]-[7]). However, it could be argued that reactions
[5] and [6] regenerate the l-hydroxyethyl radical
and hence, regenerate acetaldehyde. Nevertheless any
cyclic process involves losses and the total hydroxyl
radical yield, as estimated from the reaction products,
would be less than G(OH, ferrocyanide). Reaction
[7]1 would constitute clear loss of hydrogen peroxide
also, since the hydrogen peroxide/hydroxyl radical
scheme would mean loss of at least half a molecule
of hydrogen peroxide at each cycle.
The peroxyl radical, HO,, is of importance in radia-
tion chemistry
H 4 O;-> HO, [10]

€ag~ + 02> Oz~ [11]

0;~ is in equilibrium with HO,. The peroxyl radical
could take part in the main acetaldehyde-hydrogen
peroxide-generating processes by reactions such as
the following

2HO2 - Oy + H30. [12]

HO; + CH3;CHOH - CH;CHO + H20 4 Op [13]
I

Oz

Both these reactions would upset the 1:2 hydrogen
peroxide: acetaldehyde ratio and therefore are not im-
portant here.

An alternative reaction scheme for the 1-hydroxy-
ethylperoxyl radicals is as follows and involves forma-
tion of ethanol hydroperoxide (1-hydroxyethyl hydro-
peroxide) (15)

OH

I
2CH;CHOH - CH;COOH + CH;CHO + Oy [14]
|

02

Ethanol hydroperoxide undergoes various possible re-
actions, in particular a rapid base-catalyzed decompo-
sition to acetaldehyde and hydrogen peroxide (17)

CH3
| OH-
CH3;COOH —— CH3CHO + H0, [15]
| Heat
H

This reaction requires an elevated temperature, as is
found under the glow spot (18). Reactions [14] and
[15], therefore, are alternatives to reaction [9].

Ethanol hydroperoxide also tends to convert to the
di-peroxide in aqueous systems (19). No evidence
could be found (3) for this di-peroxide in x-irradia-
tion studies.

The exactness of the hydrogen peroxide:acetalde-
hyde ratio shows that little, if any, of the product is
locked up in the form of organic peroxides. It is pos-
sible, on the other hand, that the organic peroxides
reacted as mixtures of hydrogen peroxide and acet-
aldehyde, since time was always allowed for the ana-
lIytical processes to reach completeness, but the bal-
ance of the evidence is against significant organic
peroxide formation.

A further possibility is the elimination of the hydro-
peroxyl radical from the 1-hydroxyethylperoxyl radi-
cal, followed by disproportionation of the former
species

CH3CHOH - CH3CHO + HO, [16]
|
Oz
2HO; - O3 + H204 [12]

This gives the correct product ratio but the possibility
of side reactions of peroxyl radicals makes the above
scheme less probable. Reaction [12] was investigated
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in the absence of ethanol and using dilute aqueous
alkali: No change in pH was observed after gde, so no
hydrogen peroxide formation was inferred.

Reactions such as

CHsCHOH + HOz; - CH3;CHO + Hz0. [17]

or
?H
CH3CHOH -+ HO; » CH;COOH [18]
|
H
followed by
OH
| OH
CH3;COOH —— CH3CHO 4 H20, [15]
| Heat
H

can be discounted, since they give an unambiguously
incorrect product ratio.

If the oxygen flow rate is not high enough the 1-
hydroxyethyl radicals are incompletely scavenged and
some butanediol appears, possibly with some dispro-
portionation also. The ethanol scavenges most, but not
all, of the OH radicals as deduced from our G(OH,
ferrocyanide) work and from the small residual per-
oxide in the argon runs. It was found that the total
nonacid yield corresponded very closely to G(OH,
ferrocyanide): see Table II. The gde work on neutral
and also on alkaline ferrocyanide gave closely similar
ferricyanide yields, and no hydrogen peroxide, indi-
cating total scavenging of the hydroxyl radicals by
ferrocyanide.

Schultze and Schulte-Frohlinde (5) also postulated
the decomposition of ethanol hydroperoxide to acetic
acid and water

OH
H+

|
CH; — |COOH ——5 CH,COOH + H:0  [19]
H

The reaction is acid-catalyzed. Our G-values for acid
were very high (of the order of 9 mole F~1). Acid
formation as proposed above must involve a chain
process, starting from ethanol, since G(acid) is so
large: Such a process might involve acetaldehyde,
as an intermediate or by-product, and this would up-
set the 1:2 hydrogen peroxide:acetaldehyde ratio and
also the correlation between G (OH, ferrocyanide) and
total yields. If acetaldehyde were the source of the
acid, then, in order to preserve the acetaldehyde yield,
another chain process would be required, consuming
ethanol. The gain in acid does not correlate with the
loss in acetaldehyde. Further, the acid yield vs. quan-
tity of electricity curve flattens off with increasing
run time, suggesting some kind of saturation. Acid was
found also in gde studies on aqueous isopropanol, in-
volving either a combustion process (yielding carbon
dioxide) or C-C bond fission. Acid formation, involves
the simultaneous presence of oxygen and substrate.
The observed hydrogen peroxide:acetaldehyde ratio
is consistent with the mechanism proposed above but
does not account for the acid. If other reactions occur

Table 1. Total yields under oxygen

GLOW DISCHARGE ELECTROLYSIS ON ETHANOL

G/mole F-!
G (OH, ferrocyanide) 7.19 *= 0.66
G (CH3CHO, 03) 6.44+0.13
2G (CsH1002, O2) (trace) 0.45 = 0.05
2G (Hz202, Ar) (trace) 0.19 = 0.02
7.08 =0.14
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they must somehow produce acid and the proper prod-
uct ratio. It is concluded tentatively that the acid arises
from combustion processes.

The total yield calculation was repeated for the argon
runs, G(OH) being estimated to be 7.145 =+ 0.149 mole
F-1, It seems we have accounted for all the hydroxyl
radicals. Other species may compete, but at a much
lower level. We did not find any need to assume loss
of products (except for acetaldehyde): Decomposition
of products is a main feature of Seddon and Allen’s
radiolysis work (4).

In the absence of ethanol and in the absence of oxy-
gen, under established conditions, the product-destroy-
ing reactions

H + Hy02— OH 4 Hy0 [20]
and
OH 4 H20: - HO; + H0 [21]

might occur, but the extent is not clear. The main
product under argon and in the absence of ethanol is
hydrogen peroxide and possible reactions are

H4+H- Hy [22]
H + OH - H,0 [23]
OH + OH - H;0, [2]

In the presence of oxygen and in the absence of
ethanol oxygen/radical or oxygen/aqueous electron
reactions compete with radical/radical processes. Per-
hydroxyl radical formation may be possible, giving
scme additional peroxide by self-reaction.

It is possible that some or all of the aqueous elec-
trons which may be generated in gde may react with
hydrogen ions also generated or with those from water.
There seems to be no need to include this species in
the yield analyses: For example, under oxygen the
aqueous electron has an opportunity to partake via
reaction [11] but there is no evidence for this.

The radiation and gde chemistry of aqueous ferro-
cyanide has been reviewed by Denaro and Owens (20)
and further work carried out by others, especially
Almubarak and Wood (21). It was found (21) that
G (ferricyanide) was independent of pH (from pH 7
upward). In alkali, inorganic peroxide is expected to
reduce ferricyanide, i.e., reducing G (ferricyanide); it
was concluded that at sufficiently high ferrocyanide
concentrations no peroxide occurs and all the hydroxyl
radicals are scavenged by the substrate. The absence
of any oxygen flow rate effect suggests that reactions
involving the hydroperoxyl radical or its anion can be
neglected here also. For similar reasons contributions
by hydrogen radicals and by aqueous electrons to the
reaction system were discounted also. It was concluded
that G (ferricyanide) represented G (OH). It is hoped
to publish details of this work shortly.

Further work on the gde of aqueous ethanol in se-
lected buffers is proposed in order to investigate the
mechanism at various pH values and also to examine
the possibility that ethanol itself is decomposed di-
rectly by the bombardment processes. This latter may
be achieved by analysis for other products, such as
ethylene glycol and 1,3-propanediol, arising from C-C
fission. The ultimate fate of the hydrogen radicals and
the aqueous electrons requires further study also, and
substrates likely to show improved reactivities toward
these species have been selected.

Manuscript submitted Jan. 20, 1977; revised manu-
script received April 23, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.
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X-Ray Photoelectron Spectroscopic Studies of
Tin Electrodes after Polarization in Sodium
Hydroxide Solution

R. O. Ansell, T. Dickinson,* A. F. Povey,' and P. M. A. Sherwood
School of Chemistry, The University, Newcastle upon Tyne, NE1 7RU, United Kingdom

ABSTRACT

The surface of tin electrodes after potentiostatic polarization in 0.50 mole
dm—3 sodium hydroxide solution has been examined by x-ray photoelectron
spectroscopy. Stannous oxide and hydroxide are shown to be present in the
prepassive region. At higher potentials stannic oxide and hydroxide are
formed. The thickness of the layer is evaluated over the potential range
—0.95 to 40.40V using various models and is in the range 30-86A.

X-ray photoelectron spectroscopy (XPS) has been
shown to be a valuable tool in the study of electrode
surfaces (1-6). Information on the species present and
quantitative information on thickness of layers and
their distribution may be established. These may lead
to proposed mechanisms being disproved or substan-
tiated (7).

In this study tin electrodes have been examined after
potentiostatic polarization in 0.5 mole dm~3 sodium
hydroxide solution. Much of the previous electrochemi-
cal work on this system involved galvanostatic meth-
ods (8-13) but some workers have adopted a poten-
tiostatic approach (14-18). The anodic polarization
curve shows two peaks in the active-passive region.
The occurrence of the first passivation has been at-
tributed to the formation of a layer of SnO or Sn(OH):
by a dissolution precipitation mechanism (13, 15). The
second region of passivity has been attributed to the
presence of SnO, (13, 15).

In this study we have investigated the effect of po-
tentiostatic polarization over a wide potential range.
The existence of Sn II and Sn VI species is confirmed.

Experimental

All the spectra were run on an AEI ES200B spec-
trometer using Mg Kajas radiation. Both the analyzer
entrance and exit slits were set at their minimum
values to give maximum resolution conditions. The
electron gun was operated at 120W power for all the
studies to give a relatively low x-ray flux [and thus

* Electrochemical Society Active Member.

' Present address: Central Electricity Research Laboratories,

Leatherhead, Surrey, KT22 7SE, United Kingdom.
Key words: photoelectron, tin, oxide, passivation.

minimize any x-ray reduction (19)] and to enable the
intensities of the photoeleétron peaks to be compared.
No time dependence of the spectra was observed. The
spectrometer was operated in the fixed retardation
ratio mode for the recording of all the photoelectron
reaks. The scan speed used was either 0.05 or 0.02V
sec~! depending on the absolute intensity of the
peaks. The binding energies are calibrated with re-
spect to the Cls electron peak at 284.6 eV due to resid-
ual pump oil on the sample surface. This gave a value
of 484.1 eV for the Sn(metal) 3d5/2 electron peak.
This was subsequently used to calibrate the spectra
where such a peak was clearly observed. The pressure
in the sample chamber was, typically, 10—8 Torr. This
was achieved rapidly after the insertion of the sample
probe with the aid of a titanium sublimation pump.
The temperature of the samples was maintained at
10°C.

Curve resolution was carried out on a du Pont Model
310 curve resolver using a 50:50 Gaussian-Lorentzian
shape fit. For both the tin and oxygen spectra curves
were fitted to be within +0.3 eV of the binding energy
quoted and =+0.2 eV of the separation from the tin
metal 3d5/2 electron peak where this is observed. In
the case of the tin spectra the separation of the 3d5/2
electron peaks due to Sn II and Sn IV from that due
to tin metal (when this was observed) was within
+0.2 eV of the difference between their quoted bind-
ing energies.

A current-voltage curve was recorded (Fig. la),
using a triangular voltage sweep at a sweep rate of 10
mV sec—! before any other measurements were made
to ensure the system was behaving satisfactorily.
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Fig. 1. (a) A current-voltage curve for the tin electrode in 0.50
mole dm—3 sodium hydroxide solution at a sweep rate of 10 mV
sec L. Ordinate: Current density mA cm~2. Abscisca: Potential/V
(Hg/HgO). (b) The steady-state current-voltage curve for tin elec-
trodes polarized in 0.50 mole dm—3 sodium hydroxide colution
and subsequently examined by XPS. Ordinate: Anodic current
density mA c¢cm—2. Abscissa: Potential/V (Hg/HgO).

Fresh electrodes were used for each measurement to
eliminate the possibility of inadequate removal of the
electrochemically formed oxide. Ventron (Alpha Prod-
ucts) tin foil (m5N) was used for the electrode
studies. The electrodes were degreased in acetone and
rinsed copiously before introduction into the cell. They
were prepolarized initially for 10 min at —2.00V, the
potential was slowly turned to —1.50V, and allowed to
rest there for 1 min to allow the hydrogen gas bubbles
to disperse. The potential was then either pulsed to the
required value or adjusted to the required potential
over a few seconds. The electrodes were polarized for
10 min at each potential studied; the current having
become steady within this time. These steady-state cur-
rents are shown in Fig. 1b.

The electrochemical cell has been described before
(7). In this case the electrode was carefully positioned
next to the Luggin capillary tip to minimize effects of

XPS STUDIES
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Table |

Binding energy (eV)*

Sn 3d5/2 Ols Na2s

Sno 485.8 529.8 _
SnO2 486.3 530.4 =
Sn (foil) (21) 485.8 531.2 —

“as received”
Sn(m) (metal) 484.1 -

(21)
NaOH _— 531.5 63.7
Na:SnOs 487.0 531.3 63.9

* With respect to Cls = 284.6 eV.
— Not present.

iR drop in the solution. The cell was housed in a nitro-
gen-filled glove box to enable anaerobic transfer of
the electrode to the spectrometer as described pre-
viously (5).

All potentials in these experiments were measured
and are quoted with respect to the mercury-mercuric
oxide electrode in 0.5 mole dm—3 sodium hydroxide
solution.

Results

The tin 3d5/2, oxygen ls and sodium 2s electron
peaks were studied for the treated electrodes, and were
compared with spectra obtained from tin compounds
(Table I). The tin 3d5/2 electron peak observed with
treated electrodes could be resolved in all cases into
two or three peaks at binding energies of 484.1, 485.8,
and 486.3 eV corresponding to tin metal, stannous
oxide and/or hydroxide, and stannic oxide and/or hy-
droxide, respectively (Table II). Representative spec-
tra are shown in Fig. 2.

The oxygen ls electron peak could be resolved into
two or three peaks at binding energies of 532.3, 531.4,
and 529.9 eV (Table II, Fig. 3). The peak at 532.3 eV is
present on all samples introduced into the spectrom-
eter and may be shown to be due to a surface species
by angular variation experiments (21). This peak is
therefore assigned to adsorbed oxygen or water. In
those cases in which the proportion of the total peak
area assignable to these species is <5% this peak has
not been shown in Fig. 3. The peak at 529.9 eV may be
assigned to oxide oxygen by comparison with the tin
oxides studied (Table I). A hydroxyl oxygen species
would, on a simple basis of charge, be expected to have
a higher binding energy and this has been the case for
many hydroxide species studied [Table I and previous
work (3-7)]; thus the peak at 531.4 eV is assigned to
hydroxyl oxygen.

Table 1

Proportions of photoelectron peaks assigned to each species

Absolute inten-
sity of sodium
2s electron peak

Potential Tin 3d5/2 electron region Oxygen 1s electron region
Sn0:/ Sn0/ 02 ads/
vs. Hg/HgO0 Sn(OH)4 Sn(OH)2 Sn(metal) H:0 OH- 02~ Na2s
—0.95 _— 65 35 25 59 16 0.15
—0.90 — 60 40 21 52 29 —_
—0.85 = 57 43 19 63 19 —
-0.80 — 67 33 = >95 — _—
—0.75 ~10 58 32 — 76 24 0.09
=0.70 16 50 34 _ 61 39 0.46
—0.60 21 44 35 — 64 36 —
—-0.55 30 38 32 — 62 38 —
—0.50 75 ~10 15 — 64 37 =
-0.20 80 —_ 20 —_ 58 42 0.18
—0.10 83 —_ 17 — 57 43 0.05
0.00 84 — 16 — 66 34 0.28
+0.20 92 — 8 —_ 45 55 0.08
+0.40 ~95 = ~5 —= 48 52 —_
+0.60 >95 — — = 47 53 0.13
+1.00 >95 — — = 35 65 —
+1.50 >95 = = — 30 70 0.10
+2.40 >95 — — — 28 72 =

— Not detectable.
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Fig. 2. Representative spectra of the tin 3d5/2 electron region
of the tin electrodes after polarization at a potential of (a) —0.90V,
(b) —0.10V, (c) +1.50Y. Ordinate: Electron emission. Abscissa:
Binding energy/eV.
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Fig. 3. Representative spectra of the oxygen 1s electron region
of the tin electrodes after polarization at a potential of (a)
—0.90V, (b) —0.10V, (c) 41.50V. Ordinate: Electron emission.
Abscissa: Binding energy/eV.
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A single peak at 63.5 eV could be detected at many
potentials due to sodium incorporation in the layer.
The absolute intensity of this peak in the spectrum of
the treated electrodes is given in Table IL

In spite of the precaution taken in transferring the
electrode to the spectrometer, even after pretreatment
at —2.00V for 10 min the presence of some stannous
hydroxide could be detected. Since similar results
were obtained after polarizing in the active region no
useful information could be deduced from them. At
more positive potentials, however, significant differ-
ences were observed in the spectra.

Characterization of the layer.—It has been demon-
strated previously how the relative intensities of the
photoelectron peaks from the surface oxide and sub-
strate metal may be used to derive the thickness of the
layer (3-5,7). When two oxides/hydroxides possibly
of different valence states are present a more compre-
hensive study may reveal how the species are dis-
tributed over the surface and thus explain more fully
the nature of the passivation process (20).

In this case in order to analyze the intensity data it
is convenient to divide the potential range into four
sections. The region from —0.95 to 0.80V in which Sn
II species are present, from —0.75 to —0.50V in which
both Sn II and Sn IV species are present, and —0.20
to +0.40V in which Sn IV species are present. In
these three regions the metal substrate is also detect-
able. In the fourth region, +0.60 to +2.40V the sub-
strate is no longer detectable; this implies the layer is
greater than ca. 90A thick (see Table III).

The first and third regions have been analyzed as-
suming the electrode is completely covered by an
oxide/hydroxide layer. The relevant equation is then

Iox - K (1 exp (—xoox)) (1]
Im exp (—xoox)
where the symbols have the same meaning as before
(4,5,7). Taking values of 1.81 and 27.7TA for K and
1/00x, respectively, arising from our previous angular
variation study (21) the thickness of the layer can be
evaluated (Table III).

In the second region where two different valency
states of tin are present in the surface layer the data
may be analyzed in various ways. The results are
given in Table IV and discussed below.

Discussion

Assignment of the photoelectron peaks.—The spectra
show that oxide/hydroxide species are present on the
electrode over the total potential range studied. As-
signment of the tin species is based partly on a com-
parison with the spectra of stannous oxide and stannic
oxide. The total Sn 3d5/2 election peak envelogpe can
be satisfactorily resolved into peaks due to these two
species and tin metal. There is no evidence for a chemi-
cal shift between stannous oxide and hydroxide in the
Sn 3d5/2 electron peak. Thus for the tin foil as re-
ceived the tin 3d5/2 electron peak is at the same bind-

Table 11
Potential Thick-
vs. Hg/HgO ness,* A
—0.95 35
—0.90 32
—0.85 30
—0.80 37
—0.20 51
—0.10 56

0.00 57
+0.20 75
+0.40 86

The thickness of the layer in the regions where only one oxide
is present.

* Assuming Aswo = Aswo, = 27.7A, and Dswo and Dsno, are the
atom densities of the bulk species.
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Table IV

A patchy layer, Substrate
covered but detectable

Homogeneous mixture.
Substrate covered

Two distinct layers. Substrate

Model under both oxides but detectable covered but detectable
At = Az, D1 = Dsno, D2 = Dsno,
Thickness of patches
Assumptions is same A1 = A2 At = A2, D1 = Dsno, Sn IV on top Sn II on top
made* D1 = Dsno, D2 = Dsro, D2 = Dsno, of Sn II of Sn IV
Thickness, A Thickness, A
Coverage Fraction
Potential Thick- of surface Thick- of atoms Sn IV Sn II Sn 1V Sn Il
vs. Hg/HgO ness, A by Sn I1 ness, A as Sn II layer layer layer layer
—0.75 38 .85 38 0.85 3.1 35 11 27
—0.70 36 0.75 36 0.75 5.2 31 15 21
—0.60 36 0.68 36 0.67 7.1 29 18 18
—0.55 38 0.55 38 0.55 11 28 24 14
—0.50 59 .11 59 0.11 40 19 56 2.6

* Subscript 1 refers to Sn II species. Subscript 2 refers to Sn IV species.

ing energy as that for SnO although the oxygen peaks
are shifted. Similarly the spectra of the electrode after
polarization at —0.80V show only hydroxide oxygen
species and the Sn 3d5/2 peak can be readily resolved
into peaks at 485.8 and 484.1 eV. Neither is there any
evidence for a chemical shift of the Sn 3d5/2 electron
peak between stannic oxide and hydroxide. At very
high potentials where there is a high proportion of
oxide the tin 3d5/2 electron peak is virtually identical
to that at lower potentials where a considerably higher
proportion of hydroxide is present.

The assignment of the oxygen ls electron peak at
5314 eV to hydroxyl species is based on previous
work (5,7). There is no doubt that there are at least
two different oxygen-containing species present in the
layer and it seems reasonable to assign one to oxide
and one to hydroxide.

The amount of sodium present shows no correlation
with potential or with any of the other species present.
This is probably due to a small amount of sodium
incorporation in the layer and/or some residual NaOH
being left on the surface after washing.

Characterization of the layer—The analysis of the
positions and intensities of the photoelectron peaks sug-
gest that in the prepassive region only Sn II species
are present.

Both oxide and hydroxide are present in this region
and the total thickness is in the range 20-26A. We have
found, previously, that metal dissolution may proceed
at a high rate even when the electrode surface is cov-
ered by thick layers of oxide/hydroxide (5).

Both Sn II and Sn IV species are present in the re-
gion —0.25 to —0.50V. The oxygen 1s electron spectra
show only hydroxide is present at —0.80V but at all
higher potentials both oxide and hydroxide are pres-
ent. The total layer thickness is in the range 38-59A
for each of the models chosen for the analysis (Table
V).

In the region —0.20 to +0.40V there is a steady in-
crease in the thickness of the layer which is composed
solely of Sn IV species. The oxide/hydroxide ratio also
shows an increasing trend with increasing potential
(Tables II and III). This trend continues at higher po-
tentials where the substrate is no longer detectable.
The film becomes visible at very high potentials sug-
gesting the thickness has increased further.

Correlation with the electrochemical data.—It is im-
portant to see if the species identified, the layer thick-
ness, and the distribution of the species can be corre-
lated with the electrochemical data; in particular the
current-potential curve (Fig. 1b). In the prepassive
region only stannous oxide and hydroxide are present.
The current is = 15 mA cm~2 throughout this region
indicating that this layer is not strongly passivating.

The fall in current between —0.95 and —0.90V is
probably due to the increased proportion of oxide in

the surface layer (Table II). The subsequent increase
in current may be tentatively correlated with the de-
crease in proportion of stannous oxide and of course
the more positive potentials.

The true passivation correlates with an increasing
proportion of the tin 3d5/2 electron envelope being
due to Sn IV species. The intensities have been ana-
lyzed using four different models (Table IV). A satis-
factory model must explain a slowly decreasing cur-
rent from —0.75 to —0.55V, followed by a very abrupt
decrease at —0.50V to a value of 0.05 mA cm~2 The
model must also give a total thickness of about 35A
from —0.75 to —0.55V, since the proportion of the tin
3d5/2 electron envelope due to the metal is approxi-
mately constant from —0.80 to —0.55V. A considerably
thicker layer (ca. 50A) must be present at —0.50V be-
cause, at this potential, the proportion of the tin peak
due to the metal falls to a value similar to that ob-
served in the potential range —0.20 to 0.00V.

All models give values for the total thickness which
satisfy the requirements described above. This is, in-
deed, to be expected since, lacking the appropriate
data, it has been necessary to assume that 2y = %2. The
slow decrease in current could be explained, by the
patchy layer model, as due to an increasing coverage
by Sn IV species; as discussed above the Sn II species
are not strongly passivating. A fivefold increase in the
coverage by Sn IV species (from —0.55 to —0.50V)
does not, however, seem a sufficient change to account
for the very large fall in the current.

It is difficult to decide whether a homogeneous layer
is physically realistic, what properties it would have,
and how changes in its composition would affect the
degree to which it passivated the electrode.

Both the models involving two distinct layers pre-
dict an increase in the thickness of the Sn IV layer
with potential, as seems to be necessary to account for
the decreasing current. If the lower layer is composed
of Sn IV species, it appears that this would have a
thickness corresponding to that of at least two unit
cells, even at —0.75V (SnO; has a tetragonal structure
with unit cell dimensions of a = 4.74A and ¢ = 3.194).
Since the electrode undergoes rapid dissolution at this
potential, whereas Sn IV species appear to be strongly
passivating, it seems unlikely that such a relatively
thick film would be present. If the upper layer con-
sists of Sn IV species, the thicknesses involved are
more acceptable and the fourfold increase in the thick-
ness of this layer between —0.55 and —0.50V would
account for the dramatic fall in the current which ac-
companies this change in potential.

So far as it is possible to analyze this situation,
therefore, the balance of evidence suggests that, in the
potential range between —0.75 and —0.50V, two dis-
tinct layers are present on the electrode surface. It also
appears, as is to be expected on thermodynamic
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grounds, that the layer nearest the electrode is that of
lowest oxidation state.

When the electrode is fully passivated, there is very
little dependence of the current on potential (between
—0.5 to 40.60V). This can be explained in terms of
both the increasing thickness of the layer (22) (Table
III) and its progressive dehydration; the oxide/ hy-
droxide ratio shows a generally increasing trend as the
potential is made more positive (Table II). At still
more positive potentials the thickness continues to in-
crease but the current rises somewhat. This may be
due to the onset of oxygen evolution or to imperfec-
tions in the layer.
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Diffusion and Charge Transfer Parameters for
the Ag/AgCl Electrode
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ABSTRACT

Galvanostatic formation and potentiostatic reduction of silver chloride on
silver have been studied. Experiments were conducted in 0.5, 1.0, 1.5, 2.0, and
3.0N KCl solutions. The eftective mass transfer coefficient, kn° for the trans-
port of complex silver ions from AgCl crystals to reaction sites on the silver
surface was found to depend on KCI concentrations in the form

km® = 1.808 X 103 [exp (—1.519 X 103 c¢) ] cm/sec

with ce in mole per cubic centimeter. The apparent cathodic charge transfer
coefficient, o, was determined to be 0.30, and the exchange current density

io = 0.15 (crsat/10.1 X 10-8)0.70 A/cm?
with crsat (mole per cubic centimeter) being the saturated concentration of

complexed silver ions in the KCl solution.

In addition to being used as reference electrodes,
silver/silver chloride electrodes have found use as por-
ous electrode plates in batteries such as the seawater
battery. Previous studies on porous Ag/AgCl electrodes
(1, 2) have indicated that the electrode may be used
successfully in secondary storage batteries.

The silver/silver chloride electrode is an electrode
with a sparingly soluble reactant, AgCl. Numerous
studies have been conducted on the thermodynamics of
Ag/AgCl electrodes (3) and the mechanism of AgCl
formation and reduction at silver electrodes (4-11).
The studies of Kurtz (4) and Lal et al. (5) suggested

* Electrochemical Society Active Member.
Key words: porous electrodes, batteries, exchange current.

that electrolytically formed AgCl films are porous in
nature. Briggs and Thirsk (6) studied the galvanostatic
reduction of silver chloride films on silver at different
current densities and KCI concentrations. They found
that an increase in the initial AgCl layer thickness re~
duces the number of reduction centers visible at a
given percentage reduction. Jaenicke et al. (7) found
that if a pore-free AgCl layer is reduced by a cathodic
current, pores soon appear. Fleishmann and Thirsk
(8) studied the growth of AgCl on Ag and concluded
that the growth of AgCl is two dimensional. Giles (9),
however, believed that the formation of AgCl is by
progressive nucleation and growth of three-dimen-
sional centers and that the diffusion of AgCl,+:~" may
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be rate determining. The value of n for the complex
may be 0, 1, 2, or 3. Katan et al. (10) studied the re-
duction of silver ions from potassium chloride solutions
saturated with AgCl. A rotating disk silver electrode
was used. Their results also indicate that the formation
and reduction of silver chloride involves the solution
diffusion of AgCl,+1—" Aleskovskii et al. (11) studied
the structure of silver deposits with respect to elec-
trode potentials at which the reduction of AgCl takes
place. They also suggested that the reduction is via a
solution diffusion path.

No information regarding the charge transfer over-
voltage of Ag/AgCl electrodes was found in the litera-
ture. The absence of charge transfer studies on Ag/
AgCl electrodes is probably due to two reasons. First,
the overvoltage in the case of solid silver electrodes
consists mainly of crystallization and diffusion over-
voltage with large exchange current density according
to Gerischer and Tischer (12, 13) and Bockris et al.
(14, 15). Second, the coverage of silver surface by
silver chloride adds complexity to the analysis of ex-
perimental data.

The present study was conducted with the intention
of determining apparent diffusion and charge transfer
parameters for the Ag/AgCl system. These parameters
are to be used in the mathematical modeling of
Ag/AgCl porous electrodes.

The potentiostatic reduction of porous silver chloride
films on silver was analyzed. As the silver chloride is
being converted to silver, the silver area available for
charge transfer increases. The cathodic current in-
creases to a maximum and decreases as the silver
chloride is being depleted. The maximum current den-
sity reached during potentiostatic reduction was used
to construct the current-overpotential curves. From
the i-n curves, values of four parameters were deduced.
They are: the cathodic charge transfer coefficient, ac;
the mass transfer coefficient of complexed silver ions,
km®, for solution phase transport between Ag surface
and AgCl surface; the exchange current density, io;
and the order of dependence of i, on silver ion con-
centration, v.

Qualitative results observed on the galvanostatic
formation of AgCl are also presented.

Experimental

The experimental arrangement is shown in Fig. 1.
The electrode studied was a circular silver disk 1/8 in.
in diameter embedded in Lucite. Another Lucite piece
that consisted of the counterelectrode compartment, a
1/8 in. diam tunnel, and a small branch tunnel ap-
proximately 1/32 in. diam was spring pressed against
the working electrode piece. The 1/8 in. tunnel was
aligned with the silver disk allowing uniform primary
current distribution on the electrode surface. A thin
film of electrolytic solution approximately 10 um thick
existed between the two Lucite pieces which provided
a solution connection between the main cell and the

|
| Constant
| tomperoture

both

Counter
ag/8qCt

slectrods

Working
slectrode

Reference
Ag/AqCI electrode

Fig. 1. Experimental arrangement
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reference electrode compartment. The reference elec-
trode was a Ag/AgCl electrode. The same KCI con-
centration as the main cell was used in the reference
electrode compartment. A tube pump was used to cir-
culate the electrolyte so as to maintain a constant elec-
trolyte concentration near the electrode surface. The
electrolyte flow rate used during experimental runs
was 3.5 cm3/sec.

The KCI1 solutions used were prepared from doubly
distilled water and reagent grade KCl. The initial sil-
ver surface was mechanically finished with 4/0 emery
polishing paper purchased from Buehler Limited.

The experiments were conducted at 25° == 1°C in 0.5,
1.0, 1.5, 2.0, and 3.0N KCI solutions. The electrode was
galvanostatically charged at 5 mA/cm2 and subse-
quently reduced potentiostatically. A PAR Model 173
potentiostat/galvanostat was used to impose the ex-
perimental current or voltage.

The overpotential, n, reported in this communication
is the potential measured or imposed between the
working electrode and the Ag/AgCl reference elec-
trode.

Results

Galvanostatic formation of AgCl.—Typical n-t (over-
potential-time) curves for the galvanostatic charging
(passage of constant anodic current) of silver elec-
trodes in KCl solutions are shown in Fig. 2. Curve a
was obtained when silver chloride was formed on an
electrode with a freshly polished silver surface. The
curve shows a close to linear rise in potential with
time. After the electrolytically formed silver chloride
was totally reduced back to silver (either galvano-
statically or potentiostatically), galvanostatic recharg-
ing of the electrode exhibited a different n-t curve
(curve b). The n-t curve has a rather flat portion at
the beginning followed by a rapid rise. Additional
cycling (charged and discharged) did not seem to have
further effect on the n-t curves for galvanostatic charg-
ing nor was there any observable dependence (based
on scanning electron microscope observation) of the
electrode surface roughness on the number of cycles.
However, it was observed that the flat portion of the
n-t curve was usually lower and the rapid rise in po-
tential was usually earlier (shorter t, as defined in
Fig. 2) when higher concentrations of KCl solutions
were used. Figure 3 shows the equivalent amount of
charge, @* (equal to it,), at t, with respect to KCl
concentrations. The time t, is time at which rapid rise
in potential begins as defined in Fig. 2. Galvanostatic
charging in 1N KCl with current densities from 2.5 to
100 mA/cm? indicated that the value of @* is inde-
pendent of the charging current in the range studied.

Scanning electron microscope pictures of the elec-
trode surfaces at positions 1, 2, and 3 as indicated in
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Fig. 2. Overpotential vs. time curves for the galvanostatic forma-
tion of silver chloride ot 5 mA/cm2 in 1.5N KCI solution. Curve a,
initial freshly polished silver surface; curve b, cycled silver surface.
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Fig. 3. Dependence of Q* on KCI concentrations. Anodic charg-
ing current was 5 mA/cm2,

Fig. 2 are shown in Fig. 4. Figures 4a and 4b give com-
parison of the surfaces (fresh and cycled) at the same
state of charge while Fig. 4b and 4c give comparison of
the surfaces at the same electrode potential. The small
particles between the AgCl crystallites in Fig. 4c are
silver.

Potentiostatic reduction of AgCl.—The current flow
during the reduction of AgCl depends on the rate of
diffusion of complexed silver ions from the silver
chloride surface to the silver surface. As an approxi-
mation, one can say that the silver area is A and the
silver chloride area is (1 — 8)A. Here A is the total
electrode area and ¢ is the fraction of silver area ex-
posed. By assuming a linear concentration profile be-
tween the AgCl area and Ag area, the reaction rate,
based on the area A, can ve written as (16)

i = nFkn°(8) % (1 — 6) %2 (crS — Ccrs2t) [1]

where cg® is the concentration of complexed silver ions
at the silver surface where charge transfer reaction
takes place and cgrs?t is the saturation concentration of
complexed silver ions which prevails at the AgCl sur-
face. F is the Faraday constant and n is the number of
electrons involved in the charge transfer reaction. The
mass transfer coefficient, kn°, is equal to D/6 where D
is the complexed ions diffusion coefficient and 0 is the
average diffusion length. One can also define an over-
all mass transfer coefficient, kn, such that

km = km®(6) % (1 — 6) % [2]

The over-all mass transfer coefficient thus varies with
the amount of surface coverage by AgCl.

The maximum current density reached during po-
tentiostatic reduction was found to depend on the ini-
tial coverage of silver surface by AgCl. If the initial
coverage, 1 — 6, was above 0.5 and below about 0.8
(state of charge in the flat portion of curve b in Fig.
2), the maximum current remained the same over a

Fig. 4. Scanning electron mi-
croscope pictures of the elec-
trode surface during galvano-
static formation of AgCl. Pic-
tures a, b, and ¢ correspond to
positions 2, 1, and 3 in Fig. 2,
respectively.
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Fig. 5. Current-time curves for the potentiostatic reduction of
AgCl at —100 mV in IN KCI solution. Curve g, initial porous
coverage of AgCl; curve b, heavy initial coverage of AgCl; and
curve ¢, nonporous initial coverage of AgCl with few reduction
centers.

wide range of initial charge. However, if the electrode
was initially heavily covered by AgCl (state of charge
corresponding to rising portion of curve b in Fig. 2),
lower maximum currents were obtained. Typical i-t
curves are shown in Fig. 5. Curve a was obtained with
an initially porous silver chlorice film. Curves b and ¢
were obtained from initially heavily charged elec-
trodes. Curve ¢ had a more dense coverage of AgCl
compared to curve b.

Surface morphology of the electrode at the cathodic
current maximum for the cases corresponding to
curves a and c in Fig. 5 are shown in Fig. 6. For the
case with initial heavy coverage, there were few re-
duction centers, and the boundaries of the centers ex-
panded in a circular manner as AgCl was being re-
duced (Fig. 6 d and e). For the case where the initial
AgCl film was quite porous, there were many more
reduction centers dispersed among the silver chloride
crystallites (Fig. 6 a, b, and c¢). Figure 6¢c shows the
structure of reduced silver after the remaining silver
chloride had been removed by sodium thiosulfate.
Similar surface morphology was also reported by
Briggs and Thirsk (6).

Cathodic i-n curves obtained for KCI concentrations
of 0.5, 1.0, 1.5, 2.0, and 3.0N are shown in Fig. 7. Ex-
periments were performed on a cycled electrode with
the surface undisturbed between runs. Before each
potentiostatic reduction run, the electrode was charged
galvanostatically at 5 mA/cm? to approximately 85%
of t, (see Fig. 2). This assured that the AgCl film was
porous and the surface coverage was approximately
the same for each run. Data points in Fig. 7 correspond
to maximum currents reached during potentiostatic re-
ductions. At the maximum current, the fraction of ex-
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posed silver area, ¢, was 0.5 as determined from micro-
scope pictures.

No limiting current plateau was observed in the 0.5N
KCl solution. From the limiting current plateaus in
1.0, 1.5, 2.0, and 3.0N KCl solutions, the over-all mass
transfer coefficients for the transport of AgCl,+1~" (at
6 = 0.5) were calculated using the following equation

—im
it FcRsat [3]
Values of crsat were obtained from experimental re-
sults (17). The mass transfer coefficient, km° was then
calculated from Eq. [2] where kn° is 2k, at 6 = 0.5.

The mass transfer coefficient was found to depend on
KCl concentrations (Fig. 8). Examination of Fig. 8
shows that the dependence follows the relationship

CURRENT DENSITY (A/cm2)

s " i L L '
[} -0l -0.2 -03 -04 -05 -06 -07 -08 -09
OVERPOTENTIAL , 7 (VOLT)

Fig. 7. Current-overpotential curves for the reduction of silver
chloride. The current is the maximum current from the i-t curves.
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Fig. 6. Pictures showing elec-
trode morphology at the maxi-
mum cathodic current. a, b, and
c correspond to curve a in Fig.
5. a, Optical microscope picture
of the surface; b, SEM picture
of the surface; ¢, SEM picture
of the surface after the remain-
ing AgCl has been removed by
sodium thiosulfate; d, e, corre-
spond to curve c in Fig. 5 with
d, optical microscope picture
showing large reduction centers,
and e, SEM picture showing cir-
cular growth of the reduction
center.

km® = B exp (Ece) [4]

with B = 1.808 x 103 cm/sec and E = —1519 X 108
cm?/maole.

The kinetic rate expression applied to the present
system can be written as

X X CR® )7—'!‘ (l’laFﬂ )
1= 8l [ (-?Rs—at. €xp RT

CRS |7 % ( —ack )] 5
= (CRSM ) exp \—r— [5]

where ~ is the order of dependence of i, on the com-
plexed silver ion concentration; aa and «, are the
anodic and cathodic charge transfer coefficients, re-
spectively; R is the gas constant; and T is the absolute
temperature. The exchange current density i, can be
written as

10.0,
8o 1
60F 1
(X
£ 40 L
20+ 1
0! 1 1 A
o 10 20 30 40

KC! CONCENTRATION , Cq » 10 (moles/cm®)

Fig. 8. Dependence of the mass transfer coefficient on KCl
concentrations.
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. X cRsat Y
ip = i® [6]

CR*

where i,° is the exchange current density correspond-
ing to the concentration of complexed silver ions, cr*.
In the present investigation, cg* was selected as the
saturated concentration of AgCl,+1~" in 1N KCI solu-
tion, i.e., cr* = cgrsat in 1N KCl

It is believed that the silver dissolution and deposi-
tion involves a one-electron transfer elementary step.
Therefore, Eq. [5] can be rearranged, with y = «, and
aa + ac = 1.0, to read

i CRS
N
cRsac Fn CR*
exp| — ) —1
CRS RT

F"'l CRsat
= 1n 6i° — [-— In ( ) ] 7
0 ¢ RT + P [7]

Using the results from Fig. 7 and 8, values of cgs were
first calculated from Eq. [1]. The left-hand side of
Eq. [7] was then plotted against the terms in the
bracket on the right-hand side as shown in Fig. 9. The
slope of the plot allowed the detemination of «. and
the intercept gives the value of #i,° with 6 = 0.5 (since
the peak current was used). The values of a. and i,°
were determined to be 0.3 and 0.15 A/cm?, respectively.

The current density, i, can be calculated with respect
to 6 at a fixed n by solving Eq. [1] and [7] simultane-
ously. Calculations of i vs. ¢ for several different n in-
dicate that the maximum currents occur at ¢ around
0.75 instead of 0.5 as was experimentally observed. The
solubility of AgCl is quite low and thus the distance
from silver chloride sites where AgCl,+1~™ ions are
reduced is probably quite small. It is possible that the
effective charge transfer silver area for the reduction
of AgCl,+1~" was actually less than the total exposed
silver area when the electrode surface was less than
50% covered by AgCL

A model was developed to calculate the effective
silver reacting area. The model assumes that the effec-
tive silver area per silver chloride center is a ring ex-
tending a fixed distance from the perimeter of the
silver chloride-silver interface. The effective width of
the ring is calculated by assuming that all the exposed
Ag is effective at ¢ equals 0.5. At ¢ = 0.5

Botf = 6 [8a]

and at 4 = 0.5
ferr = (1 —1/0.5)[20/(1 — 8) + (L —~/0.5)1 [8b]

An effective silver chloride area was also assumed for
the supply of complexed silver ions at 6 < 0.5. Similar
to the treatment in obtaining effective silver area at
9 < 0.5, the effective silver chloride area per center at
4 < 0.5 was also assumed to be a ring extending a
fixed distance from the silver chloride-silver interface;

Fig. 9. Plot corresponding to Eq. [7]

J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY

September 1977

the distance being calculated by assuming that all the
silver chloride area is effective at 6 = 0.5. Therefore,
at9=0.5

(1 — 0)ere = 20/1 — /0.5 — 05
and at 6 = 0.5

[9a]

[9b]

According to the model, ¢ and (1 — 6) in Eq. [1], [2],
[5], and [7] should now be replaced by 6, and
(1 — 6)erp, respectively. The km in Eq. [2] is thus in
the form, at § = 0.5

km = km® [20/1 — 6/0.5 — 0.5]%[6] %
and at 0 = 0.5
km = km® [1 — 61%[2y/1 — 6 (1 — \/0.5)
+ (1 —~/05)21% [10b]

Applying this revised form of the model, a maxi-
mum in current was obtained mathematically at ¢ =
0.5.

To obtain the variation of ¢ with respect to @ (ac-
cumulated charge) for application in porous battery
electrode modeling, the i-¢ profiles were first calcu-
lated at various m using revised Eq. [1] and [5] for
KCl concentration of 1.0N. From the experimental
potentiostatic i-t curves at the corresponding m, a set
of i-Q curves were then obtained approximately by
graphical integration. Comparison of the calculated i-8
curves with the corresponding i-Q curves gave the
variation of # with respect to @. It was found that the
best fitted relationship is of the form

0 = (0.25)@/9

(1—8)er=1—19

[10a]

(11]

Discussion

The two differently shaped n-t curves obtained on
two different silver surfaces have also been observed
separately by previous investigators. Briggs and Thirsk
(6) obtained curves similar to curve a in Fig. 2 on their
freshly polished silver surface while Katan et al (10)
obtained curves similar to curve b on their cycled
cilver surface. The exchange current densities on a
{reshly polished silver surface and a cycled silver sur-
face are probably different. The growth of AgCl on the
two different surfaces is also different as can be seen
from Fig. 4. On a freshly polished silver surface, there
are a large number of AgCl nucleation centers formed
at the beginning. As more charge is passed, the porous
AgCl film thickens with a slow decrease in porosity.
On a cycled surface, there are less nucleation centers
and more crystal growth of silver chloride (Fig. 4 b
and c¢). In addition, the true silver surface area of a
cycled electrode is larger, as has been reported by Giles
(9), and can be seen from Fig. 4 b and c. As a result,
there is more silver surface available for charge trans-
fer to occur for a longer duration and the overpoten-
tial is smaller. Finally, as anodic charging continues
on the cycled Ag electrode, the AgCl crystallites begin
to grow together, blocking off the silver surfaces, and
the rapid rise in overpotential results. These observa-
tions support the fact that the formation of AgCl is
mainly via solution phase diffusion of AgCl,+1~" fol-
lowed by crystal growth from a supersaturated solu-
tion.

For cycled surfaces, higher KCl concentrations pro-
duced lower overpotentials. This is attributed to higher
AgCl,+1~" solubility and resulting smaller concentra-
tion overpotentials. The shorter time to surface cover-
age, t,, at higher KCl concentrations seems to indicate
earlier coverage of the silver surface by AgCl in solu-
tions of higher Cl— content. The earlier coverage can
be due to the increase in nucleation sites. Briggs and
Thirsk (6) have also observed the earlier surface
coverage in higher KC! concentrations. From their
13-t curves (which are similar to curve a of Fig. 2), one
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can see that the slopes of the curves are steeper in
higher KCI concentrations.

The initial higher overpotential of the galvanostatic
n-t curves of Fig. 2 are probably due to slow nuclea-
tion leading to a “nucleation overpotential” (18).

An electrolyte flow rate of 3.5 cm2/sec was used to
keep the KCI concentration near the electrode surface
constant. No dependence of current densities on the
flow rate was observed during potentiostatic reduction
within the flow rate range of 2.0-7.4 cm3/sec. With no
circulation of the electrolyte, the measured current
densities were higher as a result of the increase in
KCl concentrations near the electrode surface as the
AgCl was being converted to silver, the increase in
KCl concentrations increases the solubility of the silver
chloride.

The fact that no limiting current was observed dur-
ing potentiostatic reduction in 0.5N KCl solution can be
explained by nonuniform secondary current distribu-
tions and nonuniform concentration distributions of
complexed silver ions at the silver surface. The ex-
perimental arrangement was designed for uniform
macroscopic primary current distribution. However,
due to the roughness of the electrode surface and be-
cause the reactants are supplied from the silver chlo-
ride crystallites, the secondary current distribution and
the reactant concentration on a micro scale on the
order of 1 um at the silver surface are not uniform with
respect to distance from AgCl crystals. This is espe-
cially true in 0.5N KCl, where the solubility of AgCl is
lower and the microscale nonuniformity becomes more
pronounced. As a result, the diffusion limiting cur-
rent of silver deposition was not separable from the
onset of another reaction (possibly hydrogen evolu-
tion) for the 0.5N KCl run.

An increase in silver chloride coverage reduces the
number of reduction centers. The lesser number of
reduction centers resulted in larger area per reduction
center at = 0.5 during discharging. For the case with
heavy initial coverage of silver chloride, i-n curves
similar to those reported by Katan et al. [Fig. 7 of
Ref. (10)] were obtained. As can be expected, no
limiting currents were observed due to the large area
per reduction center at § = 0.5 (see Fig. 6 d and e),
which resulted in very nonuniform microscale dis-
tribution of complexed silver ions and secondary re-
action current across the exposed silver surface. The
total effective silver area (boundaries of reduction
centers) for the reduction of complexed silver ions
was very small as compared to the total exposed
silver area. Again, the limiting diffusion current was
obscured by the onset of another reaction. The total
effective area for the case with a large area per
reduction center is also smaller than that for the case
with a large number of reduction centers, and resulted
in lower currents at ¢ = 0.5 during potentiostatic re-
duction (Fig. 5, curve c).

The almost order of magnitude difference in maxi-
mum currents between curve a and curve c in Fig. 5
supports the solution diffusion mechanism in the elec-
trochemical formation and reduction of silver chloride.
If significant solid phase transport had occurred, there
should have been less differences in the magnitude of
the maximum currents.

The decrease in kn° at higher concentrations of KC1
is due to the increased portion of AgCly—3 present as
can be shown from calculations using stability con-
stants (19). The complexed AgCl,—3 has a larger ionic
radius and thus a smaller diffusion coefficient than the
other complexes. The measured kn° which includes all
AgCly+17 ", is therfore smaller at higher concentra-
tions of KCl. Katan et al. (10), from their rotating
disk experiments, also obtained a smaller eflective
diffusion coefficient for complexed silver ions in 4N
KCl compared to that obtained in the 2N KCIl solution.

The overpotential n, as measured, includes concen-
tration overpotential, n, as well as the charge transfer
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overpotential, ns. At high overpotentials, n. becomes
important. The terms involving crs/crsat were intro-
duced in Eq. [5] to correct for the concentration over-
potential. At low overpotentials (less than —60 mV),
surface diffusion of adions may become rate determin-
ing as was indicated by Bockris et al. (14, 15) in their
studies of the dissolution and deposition of silver
from solutions of silver perchlorate in aqueous per-
chloride acid. The effect of adion surface diffusion was
not included in Eq. [5]. Therefore, in obtaining the
slopes and intercepts according to Eq. [7], only data
points above cathodic overpotential of 100 mV were
used. In addition, since kinetic parameters were to be
determined, data in the range where reaction rates
might be predominantly solution phase mass transfer
limiting were also excluded when constructing Fig. 9.
The data excluded were |n| > 0.4V in 0.5, 1.0, and 1.5N
KC], |n| > 0.3V in 20N KCI, and |n| > 0.25V in 3.0N
KClL

It might be emphasized that the data in Fig. 7 and 9
are the same with the exceptions noted. The combina-
tion of Eq. [1] and [5] correlate the data as shown in
Fig. 9. Since Fig. 7 presents the same data, it follows
that these same equations yield approximately the
curves shown in Fig. 7. The curves in Fig. 7 can be
seen to be S shaped, the lower portions being near the
inflection point of the S. The data at low n are in the
region of exponential dependence of i on n shown in
Eq. [5]. However, at larger n the curve in Fig. 7 bends
downward due to a decrease in cgrs as described by
Eq. [1].

The overpotential as measured by the reference elec-
trode also contained a small IR or ohmic resistance
contribution which was considered negligible. The KCl
solutions served as supporting electrolytes with high
conductivity. Calculations showed, for example, at a
current density of 2.0 A/cm?, in 1N KCl, the maximum
IR drop was about 20 mV, approximately 3% of the
total observed overpotential, 1.

Current densities as reported in this communication
are based on the apparent electrode area. As mentioned
earlier, the true surface area increases after the elec-
trode has been cycled in KCl solutions. To account
for the surface roughness based only on scanning elec-
tron microscope observations would not be very ac-
curate. It was decided, therefore, that the results should
be reported based on the apparent electrode area,
keeping in mind that the experiment was performed on
cycled electrode surfaces.

The true surface area also varied slightly between
runs. Random checks showed that the current densities
reported are reproducible to within +10%.

It must also be pointed out that the variation of 6
with accumulated charge shown in Eq. [11] is quite
approximate. The variation of ¢ is actually potential
dependent. This is because the growth of silver deposits
is potential dependent as has been indicated by Ales-
kovskii et al. (11). The result also varied somewhat
with the KCI concentration. However, the results
shown in Eq. [11] appear to be suitable for purposes of
mathematical modeling of porous Ag/AgCl battery
electrodes.

Conclusions

The electrochemical behavior of a Ag/AgCl electrode
is highly dependent on the surface coverage by AgCl
during galvanostatic charging. The n-t (overpotential-
time) curves differ widely in shape depending on
whether the silver surface is freshly polished or pre-
viously cycled.

The number of silver chloride nucleation centers
increases with increasing KCl concentrations during
galvanostatic charging.

Experimental observations support previous conclu-
sions that the formation and dissolution of AgCl on
silver is via solution diffusion of complexed silver
ions, AgCl,+1~" withn = 0, 1, 2, or 3.
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The maximum current density during potentiostatic
discharge depends highly on the number of reduction
centers. The number of reduction centers in turn
depends on the degree of initial coverage by silver
chloride. A heavier initial coverage gives lesser number
of reduction centers during discharge. A larger number
of small reaction sites leads to lower overpotentials
at comparable current densities.

The mass transfer coefficient, kn°, for the diffusion
of AgCl,+1~™ was found to depend on KCl concentra-
tions in the form

km® = B exp (Ece)

with B = 1.808 x 103 cm/sec and E = —1.519 x 103
cm?/mole.
The exchange current density was determined to be
cRsat

io = 0.15 (—————
* 10.1 x 10-8

The units of crs?t are mole per cubic centimeter.
The cathodic charge transfer coefficient, a. was de-
termined to be 0.30.

0.70
) A/cm?
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LIST OF SYMBOLS

A electrode surface area, cm?

Ce electrolyte concentration, mole/cm3

CRS complexed silver ions concentration at the silver

surface mole/ cm3

saturated concentration of complexed silver ions

in the KCl solution mole/cm3

cr* saturated concentration of complexed ions in 1N
KCIl solution, mole/cm3

D effective diffusion coefficient of complexed silver
ions, cm2/sec

cprsat

F Faraday constant, 96,487 C/equiv.

i current density, A/cm2

o exchange current density, A/cm?2

16 exchange current density based on saturated

concentrations of complexed ions in 1N KCl
solution, A/cm?2

Km surface coverage dependent mass transfer coeffi-
cient, cm/sec
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km®

n

Q

*

RT

Qq, Q¢

September 1977

effective mass transfer coefficient of complexed
silver ions (equal to 2km at 4 = 0.5), cm/sec
number of electrons transferred in electrode
reaction; or number of charge on complexed
silver ions

charge, C/cm?

charge parameter, equal to it,, C/cm?2

gas constant multiplied by absolute tempera-
ture, J/mole

anodic and cathodic charge transfer coefficients
exponent in composition dependence of the ex-
change current density

effective diffusion path, cm

overpotential, n = ne + ns, V

concentration overpotential, V

charge transfer overpotential, V

fraction of silver surface not covered by silver
chloride
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Statistical Analysis of Electrode Kinetics

Measurements-Copper Deposition from
CuSO.-H.SO. Solutions

Reinaldo Cabdn! and Thomas W. Chapman*

Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706

ABSTRACT

The kinetics of electrochemical copper deposition from copper sulfate-sul-
furic acid solutions have been studied by measuring polarization curves with
a rotating-disk electrode. Kinetics models are evaluated and their param-
eters determined by nonlinear regression analysis of 87 data points. The data
are fit within experimental error by a five-parameter model which includes
the effects of both copper sulfate and sulfuric acid concentrations. The sta-
tistical analysis is made feasible by the rapid simulation of the experimental
system by orthogonal collocation. The simulation involves computation of cur-
rent distribution below limiting current at a specified applied potential for a

given kinetics model.

The determination of quantitative electrode kinetics
expressions is difficult because of the large number of
variables and parameters involved and because of the
complicated nonlinear form of the electrochemical ki-
netics relationships. As a result most kinetic studies
focus on only a subset of parameters such as the ex-
change current density or a reaction order, and do not
attempt often to cover a wide range of experimental
conditions. For engineering calculations, however, it is
necessary to have a fairly complete kinetics expression
which can predict local current density over a range
of composition and potential.

It is risky to construct a kinetics expression for a
given reaction by taking an exchange current density
from one experiment and a Tafel slope from another
experiment, etc., because there is no guarantee that
such parameters are truly independent and that the
composite expression will represent properly the be-
havior of a particular experimental system. For ex-
ample, the metal surface formed in copper electrowin-
ning probably has quite different catalytic properties
from one prepared in the laboratory for a basic mecha-
nistic study. It would be preferable for engineering
purposes to determine a complete, empirical kinetics
expression with all of its parameters estimated simul-
taneously from a set of experimental data which cover
the ranges of variables to be encountered in a system
of practical interest.

Statistical Treatment of Complex Systems

The problem of estimating multiple parameters of
nonlinear models from data has been studied in some
detail by statisticians (1-3), and methods have been
developed for treating many complex phenomena, for
example, heterogeneous catalysis (4). The appropriate
statistical procedures are indicated in Fig. 1. The form
of a kinetics model is postulated and incorporated in a
simulation of the experimental system behavior. The
parameters of the model are adjusted to make the sim-
ulation match the experimental data within experi-
mental accuracy. Figure 1 indicates that least squares
fitting of the data yields not only a set of parameters
for a given kinetics model but also quantitative mea-
sures of goodness of fit and a parameter-estimate cor-
relation matrix. The former may be compared with
experimental error as determined by experimental
replication to inspect whether or not a postulated

* Electrochemical Society Active Member.

1 Present address: Department of Chemical Engineering, Uni-
versity of Puerto Rico, Mayaguez, Puerto Rico 00708.

Key words: copper sulfate, sulfuric acid, rotating disk, current
distribution, orthogonal collocation.
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kinetics model is adequate to fit the data. The latter
indicates whether various parameters characterize
independent effects or whether some are superfluous.
In most electrochemical experiments the data are
some sort of current-potential relationship, and the
simulation of the system behavior requires considera-
tion of mass transfer and potential distribution effects
in addition to the specific kinetics model. The major
difficulty in applying nonlinear least squares regres-
sion analysis to fitting such electrochemical polariza-
tion data with a set of parameters is that the data anal-
ysis is an iterative procedure in which trial values of
the parameters are repeatedly revised until the vari-
ance between the observed and predicted data is mini-
mized. At each iteration one must generate not only a
simulation or prediction of the experimental system
output for each data point but also derivatives of the
predicted output with respect to each parameter value,
which are used in revising the parameter estimates.
Because electrochemical systems are so complicated
these requirements imply a large and expensive com-
putational effort. Recently we have described an ap-
proximate procedure for simulating electrochemical
cell polarization which is significantly faster in com-
putation time than alternative methods (5). The method
known as orthogonal collocation is well suited to the
repetitive calculations of nonlinear least squares anal-
ysis of electrochemical kinetics data. In this paper
we demonstrate the combination of system simulation
by collocation with nonlinear least squares estimation
of electrochemical kinetics parameters by analyzing

CELL ELECTRODE
POLARIZATION o KINETICS

DATA (I-V) PARAMETERS
‘COMPARISON OF REVISION OF
SIMULATION PARAMETER
WITH DATA ESTIMATES

MODEL OF
EXPERIMENTAL
SYSTEM

GOODNESS OF
FIT BY MODEL
WITH “BEST"
PARAMETER
VALUES

PARAMETER
ESTIMATE
CORRELATIONS

POTENTIAL
DISTRIBUTION

MASS
TRANSPORT
THEORY

POSTULATED
KINETICS
MODEL

Fig. 1. Schematic representation of information flow in the global
least squares fitting of an electrode kinetics model to cell
polarization data.
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steady-state polarization measurements on a rotating-
disk electrode. Measurements have been made with
copper sulfate in sulfuric acid, and the kinetics param-
eters determined here are compared with earlier re-
sults.

Simulation of the Rotating-Disk Electrode

The problem of current distribution on a rotating-
disk electrode below limiting current was first solved
by Newman (6) in one of the earliest analyses of
moderately complicated electrochemical transport
problems. The problem was made tractable by a thin
diffusion-layer approximation so that potential distri-
bution and mass transfer effects could be treated sepa-
rately (7). Since the solution to Laplace’s equation
for the potential in this geometry can be expressed as
a series of Legendre functions, a summation of Le-
gendre polynomials was used to describe the current
distribution on the electrode. A second series was
postulated for the concentration, and the two were
matched by relating the current density to the flux of
reactant at the surface. It was not recognized at the
time that a formal solution for the concentration can
be obtained as a superposition integral over the cur-
rent density, but a later communication clarifies the
point (8). Ten approximating functions were required
to describe a metal deposition reaction, and a solution
to the system of algebraic equations was obtained by
repetitive substitution. Numerous convergence and
precision difficulties were reported.

It is our purpose to show here how the incorporation
of orthogonal collocation concepts in the solution of
this problem can result in a faster and more stable
computational algorithm. It is important to recognize
that we are more interested in computing total current
rather than computing detailed current distributions.
Since the method of orthogonal collocation renders the
solution at Gaussian guadrature points, estimates of the
average current density can be obtained with consider-
ably more accuracy than the detailed current distribu-
tion at any given order of approximation. Conse-
quently, fewer approximating functions are required,
and precision difficulties are minimized. Furthermore,
it will be seen that the numerous integrals needed in
the nonlinear regression calculations can be evaluated
easily by Gaussian quadrature.

Mathematical formulation of the problem.—Newman
(7) has presented the mathematical formulation for
the current distribution problem for a disk electrode of
radius 7, embedded on an infinite rotating disk with a
counterelectrode placed at infinity. According to the
usual boundary layer arguments, concentration gradi-
ents can be neglected in the bulk of the solution such
that Laplace’s equation for the potential holds. A solu-
tion to the Laplace equation in rotational elliptical co-
ordinates is (7, 9)

RT i
#(6p) =—— DyPak (p) Mai (£) [1]
[n|F k=0

where ¥y = 7ofp, 1 = 10 \/(1 + £)(1 — 42), y is the
normal distance from the electrode, r is the radial dis-
tance, Py is a Legendre polynomial [—1, 1] of degree
2k, and Mgy is a Legendre function of imaginary argu-
ment, zeroeth order, and degree 2k (10). The latter is

subject to the condition M3x(0) = 1 and can be ex-
pressed formally as
(—DkEDA (1 (1 —1t2)
Mok (¢) = J‘ [2]

(2k) !n -1 (i —t)2k+1

The multiplicative constant in Eq. [1] is included for
convenience. For large ¢ far from the disk, the first
term in a series solution of Eq. [2] provides a useful

approximation
k!)2 T(2k 4+ 1)T(1/2
Ma(e) = (kY (2k 4+ 1)1(1/2) 3]
n(2k) g2k +1 T (2k + 3/2)
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The potential in the solution extrapolated to the
surface of the electrode is given by

RT i
#0(p) = ¢(0,p) = —— 4y DxPak(p) [4]
InF k=0

Thus, the normal current density at the electrode is
given by

i d¢ _ —1 99
Ko oy y=0— Top 8¢ | e=o0
—RT ¥
=— 2 DyP2x (p) M2x’ (0)  [5]
’I‘op}’an k=0
where
o 2 {2kkI} -
=TT @y

We restrict our discussion to systems with an excess
of supporting electrolyte so that the effect of ionic
migration may be neglected. The equation of convec-
tive diffusion for every minor species in solution reads

aci ac; d%cy
iy

or oy

in cylindrical coordinates, where 9; is the pseudobin-
ary diffusion coefficient. An analytical solution to Eq.
[7] may be obtained for the thin diffusion layer case
where the first terms in the small y expansions of Von
Karman’s velocity profiles may be used (11, 12). The
appropriate approximations for the radial and axial
velocity components are

vr = aryYQN/Q/v }

vy = —ayzn\/m

with a = 0.51023 (13). The solution to Eq. [7] corre-
sponding to the limiting current (cr(0,7)=0) is

. nFDre, av \173 [ Q\1/2
Um = ————— | —— — [91
sgT'(4/3) \3Dr v
Below limiting current we find it convenient to ex-
press the surface concentration as a superposition in-

tegral over the prevailing current density which is to
be determined. For each reacting species

nFD;
sil'(2/3)
39, \1/8 12 d
( Di ) (_) RGN
ay Q 0 [13 — (8]2/3
which can be obtained as shown in Section 58 of Levich
(11) or, more easily, by applying Eq. [40] in a paper
by Stewart (13).
Equations [5] and [10] relate the potential and con-
centration distributions on the electrode to the current
distribution function. Another relationship among these

quantities is needed, specifically a kinetics expression.
Let us consider an electrode reaction

M

Vr

and

[8]

¢i(0,7) =cio(r) = ciu +

2 siM# = ne— [11]
i

which follows kinetics of, say, the Butler-Volmer type.
Many reactions have been shown to follow such a rate
expression, which in general can be written as

Fna(r) Fna ()
-Qe

[ “Rr RT ]
i(r) =% [Mcvpi(r)]Lle —e
i

[12]
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where %, is the standard exchange current density
(cio = 1M, all i), s is the surface overpotential, and
aq and e are the anodic and cathodic transfer coeffi-
cients, respectively. According to the simplified acti-
vated complex analysis from which Eq. [12] follows,
one should have for a single step redox reaction (0 +
e~ = R) following first-order kinetics, ¢y = a¢c = v =
yr = 1/2.

The surface overpotential in Eq. [12] is related to
other contributions to the cell potential by

V =Ul(c,) + ¢o(r) + ms(r) + me(r) [13]

where V is the potential applied to the working elec-
trode, U(c,) is the equilibrium cell potential for the
conditions prevailing in the bulk of the solution, and
ne is the concentration overpotential given by
—RT Cio
siln — [14]
i Cix

Ne = ———

In order to reduce the number of independent pa-
rameters we define the following dimensionless vari-
ables

B =" B VineneUe)  [15]
RT .
s [16]
[t1imm|

ci* = cio/C1, [17]

x =r/r0 [18]

o = ad/|n| [19]

8 = ac/|n| [20]

and |izimn |ToF

=—RT [21]

Consequently, the basic equations [4], [5], [10], and
[12-14] become

do* (x) = E DyPax(p) [22]
k=0
1 L]
it(@x) = —— 2 DyP2x (p) M'2x (0) [23]
Tp k=0

2/3 3\/3 J‘z i* () ¢dg
2

0 [23 — 3123

(%)
[24]

i* = 0 [T(ci* () /e *) VW] [ @ — e=fn @] [25]

V*=U,* 4+ ¢o* () + ne*(x) + ns* (x) [26]

D1
et (2)
¢ Di

and

c*
e D o
i

-
Cip

where p2 = 1 — z2 Simulation of polarization of a
rotating-disk electrode requires solution of these equa-
tions for the current distribution for given values of
V* and system parameters.

Solution by orthogonal collocation.—We implement
the orthogonal collocation procedure by postulating a
trial solution as a finite summation of orthogonal poly-
nomials Q(x); that is

N-1
(N)
i*(x) = 2 AxQzx () [28]
k=0
for the Nth approximation. The polynomials Q¢ are
orthogonal over [—1,1]; since i*(x) is an even func-
tion only even polynomials of order 0, 2, . . ., 2N-2 are
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included. At this stage the selection of particular poly-
nomials need not be specified. If Eq. [22] and [23] are
truncated to the first N terms, and Eq. [28] is substi-
tuted into Eq. [24], yielding a finite series of integrals
which can be evaluated, the problem is reduced to solv-
ing a set of algebraic equations with N unknown co-
efficients Ay. We obtain a solution by requiring Eq.
[22-27] to be satisfied exactly at N discrete points x;
which are selected as the roots of Q2n. The rationale for
this choice is that the error contributed by the first
neglected term in the truncated series [28] is made
identically zero. Also, because such a choice of col-
location points corresponds to Gaussian quadrature
abscissas, the average error in the approximation is
minimized, and the evaluation of integrals involving
any of the functions arising in the basic equations
can be made with considerable accuracy by quadra-
ture, even with small N. For example, it will be neces-
sary to compute the total current, which is given by an
integral. In this problem we take Qg to be a Legendre
polynomial, Py, defined as (14)

k
Py = 2 Apmac2k—2m

m=0

where [29]
(=1)m ( 2k )( 4k — 2m )
22k 2m 2k
This choice is natural because these functions have

already arisen in solving the Laplace equation. The
total current can now be computed by

Agm =

N-1
1
I = 2arg? fo i(x)xdx = 2nre? 2 wixid () [30]
k=0

where x; and w; are the points and the weights, re-
spectively, of Gaussian Legendre quadrature (14). The
quadrature in Eq. [30] will be exact for current dis-
tributions which can be represented by polynomials
of degree 4N-2 or less. The choice of a different
quadrature formula may result in a more accurate ap-
proximation. For example, Tchebychev quadrature
would be more accurate for highly nonuniform cur-
rent distributions because it would give more weight
to the function values near the edge of the disk than
does the Legendre quadrature. Depending on the choice
of quadrature formula, the polynomials Qx(x), the
points x;, and the weights w; are chosen accordingly.

If we consider the reaction O + e = R and take O as
the reference species, substitution of Eq. [28] into [24]
gives

_N-1
3V3
co*(x) =1+ T\:/c- 2 ArEx (%)
k=0

and [31]
- N-1
33 ( Dr )2/3

cr* () = Cr,* — =r ALE
R* () = cr = Do ,E) kEk(x)
where

P d
B = |, 2k () $d§

(o8 — (3]2/3

- . ( 2k — 2m + 2

3

=T(4/3 f Qkm k—2m  [32
(/)ank r(zzc_zm+3) = (32]

3

The coefficients in the potential distribution can be
related to those in the trial function in the manner sug-
gested by Newman (7), that is, by requiring Eq. [28]
and [23] to be equal, multiplying both sides of the
equality by pPss(p), and integrating with respect to p
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N-1

1
2 Akj; pPai () P2s(p)dp
k=0

N-1
-1 1
= — 2 DyM’2(0) fo Pas(p) Per(p)dp [33]

k=0

By virtue of the orthogonality condition Eq. [33] be-

comes .
-1
—T(4k + 1) 2
Dy = —m8m8m — AG [34]
. M9k (0) 1=0 e
where

1
G = G = fo pPor () Pai(p)dp

l—m
I-m (—1)a ( .

l k
= 2 Qim 2 Qkp 2 —_——— [35]
m=0 p=0

o= l2a+2k—2p+2

These coefficients need be calculated only once for a
given order of approximation.

Computational procedure and results.—The unknown
coefficients A can be obtained by requiring the trial
current distribution function to match the current den-
sity as given by the kinetic rate expression. That is

co* (x1) ]71

co."*

N-1
f(x) = 2 AyPax (x:) — %* [
k=0

*

.
[ M ]W - {emni* @) — e—Bn*z} =0 [36]

CRo

at all ; (i = 1, 2,...,N) which are the positive roots
of Poy(x). The values of A may be obtained by a
Newton-Raphson iteration about an appropriate initial
guess. The following order of computation is con-
venient:

1. Given T, V* and all kinetic parameters adopt an
initial guess for A. For example, obtain the leading co-
efficient Ao from the zeroeth order solution (constant
current distribution) and set the remaining coefficients
to some small number.

2. Calculate co* (x) and cr*(x) from Eq. [31], where
x represents the set of N points x;.

3. Calculate n.* (x) from Eq. [27].

4. Calculate ¢o* (x) from Eq. [22].

5. Calculate ns* (x) from Eq. [26].

6. Calculate the residuals f(x) from Eq. [36] and the
Jacobian matrix of elements df(xi)/dAx. New coeffi-
cient values are obtained as

A+ — Ay _ [J)]—1 fn) [39]

where the superscript is an iteration index.

7. Return to step two with the A +1 jf the rms of
the normalized residuals is not less than some specified
tolerance, that is, if

N
1 f(xi) 2 1/2 _
{(N—n Zl:(mxo) } -

is not satisfied. We have used e = 10~3.

In principle, the procedure outlined above must be
repeated for increasing values of N until a characteris-
tic quantity, say <i*> = I*/ar¢?, converges to a sta-
tionary value. A value of N = 6 has been found to be
sufficient here to achieve not only a stationary <i*>
but also a satisfactory distribution i*(x). This small
number of terms alleviates the numerical precision
problems encountered by Newman (7) in dealing with
Legendre polynomials of degree 20. The results of our
calculations appear to be comparable to those presented
by Newman (7). The principle difference in the two
computational procedures is that our method exploits
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the accuracy of Gaussian quadrature in evaluating the
integrals involved and allows us to work with fewer
unknown coefficients and a small number of discrete
points x; on the electrode.

The complete solution of the current distribution
problem for a given set of parameters at N = 6 re-
quired from 3 to 7 iterations and less than 0.25 sec of
computing time on a Univac 1110 computer. Complete
polarization curves could be generated economically,
and extensive simulations made to study the sensitivity
of the polarization curve to the kinetic parameters in
the Butler-Volmer kinetics, Eq. [12]. As an example,
Fig. 2 shows cathodic polarization curves computed for
a redox reaction at various values of io* and . It is
apparent that the experimental discrimination of %,
and o, from experimental polarization curves of this
sort requires analysis of data at values of <i*> where
variations in the surface concentrations become sig-
nificant and must be accounted for in the data treat-
ment. With the collocation simulation of the experi-
mental system written for any postulated kinetics
model and provided as a computer subroutine, non-
linear least squares regression routines can be used to
determine kinetic parameters from a set of cell polari-
zation data.

Statistical Analysis of Polarization Data

A common practice in the study of electrode kinetics
is to postulate Butler-Volmer kinetics (Eq. [12]) with
a symmetry factor g = 1 — a = 1 — w1 = ~2. The two
parameters %, and g are obtained by comparing data
at different degrees of polarization with limiting forms
of the model, corresponding to linear and Tafel Kki-
netics, respectively (15). It is also common to fix the
value of g8 at 0.5, thus leaving %, or the rate constant,
as the only independent parameter. A more reliable
approach, at least for engineering purposes, will be to
start with a rate expression of the form of Eq. [12] in-
cluding the possibility that all the parameters are in-
dependent. A complete statistical analysis will involve
the simultaneous estimation of all parameter values for
a postulated kinetic model and an assessment of how
well the model describes the data. Investigation of the
parameter correlations and the variations of residuals
in the experimental space guides one in revising the
kinetic model to obtain a better fit of the data.

Consider a set of experimental data consisting of an
array of observable quantities y and an array of in-
dependent or state variables ¢{. A mathematical model
is proposed to relate the two in terms of some system
parameters §, namely

A
y=g(;0) [40]

A
where y is the array of predicted responses. The sta-
tistical problem is to obtain estimates of the param-

1.0 r T — — . I
- 4 7 . ol ===~
,’ , IO’{_b7 T
0.8 / ’ |
N ’
A - / / | e
x / / <{5m
v 06 ’ A A {,9A -
x 04 ’ —
£ L
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o2 /i ® _
A _ -
- pa - - B
—e--
= i i
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o 10 20 30

APPLIED POTENTIAL V*

Fig. 2. Simulated cathodic polarization curves for a redox re-
action on a rotating-disk electrode for T — 7 and various values
of Oi*gand B. yo = YR = Y%; a =1 — B; n = 1 (see Eq.
[25]).
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eters 6 such that the best predictions of the observable
quantity are obtained according to some optimality
criterion. A common approach is to minimize the sum
of squares of the errors. That is, values of 6 are de-
termined which minimize the quantity

SSQ = 2 ui(yi — Qi)z [41]
observations

where u; is some suitable weighting function which re-
flects the distribution of experimental accuracy (4).
In polarization experiments, the total current is the
observable quantity, and Eq. [40] may be written as

R 1
y= fo i*(x, T, V*;0)xdx [42]

where the kinetic model for i* might be of the form of
Eq. [12], so that 6 = («, 8, 10, 71, ¥2)-

In the least squares fitting of such a model to a set
of data, one starts with initial guesses for the param-
eters ¢ and computes from the simulation procedure a

A
prediction y; for each experimental point. Then SSQ
can be computed according to Eq. [41], and some
standard computer algorithm, such as Marquardt’s
method (16), can be used to find the values of ¢ which
minimize SSQ. Such minimization programs require
evaluation of a Jacobian or covariance matrix of par-

A
tial derivatives of y with respect to each of the param-
eters. It is clear from the form of Eq. [42] that the
elements of such a matrix will contain integrals. For
example, we would have from Eq. [25] and [42]

A
9 1
a—y = %*J; co*”:1In (co*)cr*r2 [exs* — e~ Pn*]xdx
Y1
[43]
and
BA 1
i = Oio“f co*Vicr*Yms*e At xdx [44]
ap ¢

Now, since the collocation simulation generates the
value of every term in these integrands at Gaussian
quadrature points, the integrals can be evaluated quite
rapidly and accurately. An alternative procedure, com-
puting the derivatives by finite differences, would re-
quire the complete solution of the current distribution
problem at perturbed values of the parameters, and
would increase the computation time considerably.

Experimental Measurements and Data Analysis

To demonstrate the application of these methods to
electrochemical kinetics, we have studied copper depo-
sition from aqueous CuSO4+-H,SOs solutions onto a
rotating-disk electrode. This system was chosen be-
cause of its industrial importance and because pub-
lished results (15, 17-19) provide a good basis for
comparison.

In order to discriminate the effects of the various
parameters in Eq. [12], operation at high overpoten-
tials, and hence at appreciable fractions of the limiting
current, is necessary. The collocation method allows
the appropriate interpretation of polarization curves in
that region by expedient solution of the complete cur-
rent distribution problem.

Experimental.—Potentiostatic measurements were
made on an ESB Research Depak rotating-disk elec-
trode assembly by means of a Princeton Applied Re-
search Model 170 electrochemistry system. Although
the ESB Depak indicates rotation speed on a digital
meter, more accurate measurement of rotation speed
was made by use of a stroboscope.

The working electrode was a 0.1 cm? platinum disk
embedded in the end of a 1.6 cm diam Teflon shaft. The
platinum electrode was covered with copper by depo-
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sition from the solution A (see Table I) at 0.2 mA for
2 min.

The cell was made of glass and had a cylindrical
shape, 6.4 cm diam and 7.4 cm deep, and was blanketed
with nitrogen. The reference electrode was a copper
wire placed at 4.5 cm from the disk on the axis. The
counterelectrode was a loop of copper wire, 6 cm
diam, placed at the bottom of the cell. The reference
and the counterelectrodes were covered with fresh
deposits of copper from solution A. The solutions were
prepared by weight from twice distilled water and
reagent grade copper sulfate and sulfuric acid. The
temperature was 21° = 0.5°C. The solutions were
thoroughly deaerated with nitrogen before each ex-
periment.

Measurements were made for different levels of
metal and acid concentration, the applied potential and
disk rotation speeds were varied to obtain currents
between 0.45 and —4.25 mA/cm2, and concentrations
were chosen to avoid complications due to varying
physical properties and ionic migration. Table I shows
the concentrations of the 6 solutions studied and the
rotation speeds used. Limiting currents shown are
those measured experimentally. Copper diffusivities
were estimated from the compilation given by Selman
(20). Using the latter, we verified the linear depend-
ance of i;m on Q12 (21). Conductivities were calcu-
lated from the correlation given by Hsueh (22)

x, = 0.011163 + 0.030798 (CuSO4) + 0.423553 (H2SO4)
— 0.045224 (HSO04)2 — 0.135359 (HaSO4) (CuSOy) [45]

where molar analytical concentrations are used.
Smooth traces of current vs. potential were obtained
for each of the 16 cases indicated in Table I by scan-
ning the potential from anodic to cathodic at 5 mV/sec.
Repeated scans on the same surface provided repro-
ducible traces. The maximum noise was observed at
limiting current, where fluctuations were less than 5%
of the measured current. Replicate experiments, in
which complete cell preparation was repeated, were
conducted with solution A. Reproducibility of the cur-
rent measurements between replicates was within 10%.
Sampled data points from the 16 polarization curves
are given in Table II, where the observed currents
have been divided by the measured limiting current.

Data analysis.—It has been verified (19) that the
copper (II) deposition-dissolution reaction in acid
sulfate systems takes place in two steps

Table 1. Experimental conditions for Cu(ll) deposition studies*

Concen-
tration
of H2S04
(M)

Concen-
tration
of CuSO«
(M) 20 0.70 0.20
A
0.100 64 (911)
45  (400) x x
40  (295)
39 (300)
Deu' = 3.82
B D
0.0316 27.5 (1757) 28.0 (1462)
18.0 (596) 17.5 (443) X
Deu' = 441 De,*? = 5.24
o} F
0.0100 11.6 (2640) 8.0 (995) 11.7 (1815)
9.4 (1592) 5.0 (313) 8.0 (834)
4.8 (430) 6.8 (466)
Dou™? = 467 Dou** =535 Do’ = 6

* Entries are limiting current densities in mA/cm? and corre-
sponding rotation speeds @ (rpm). Copper diffusivities are in
cm?/sec x 108,
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Cu2t 4 e~ =Cut (slow)

[46]
(fast)

The assumption of Butler-Volmer kinetics with a sym-
metry factor «c = 1/2 for the slow reaction and of
equilibrium for the fast reaction yields

Fne Fns

RT RT
i =04 (CuSO4)” | e —e [47]

Cut + e~ =Cu

Qa

Table Il. Summary of experimental results

Limit-
Solu- ing' Applied
tion current poten-
identi- (mA/ tial
fication cm?) V)

Pre- Error
Observed dicted <i*>preEp—<i*>oBS
current current ——mmM8M8

<i*>o0Bs <i*>PUED <i*>oss

A 4.65 .025 0.073
—0.100 —0.136
=0.200 —0.420
—0.300 —0.785

A 3.25 —0.100 —0.186 .
—0.200 —0.519 :
—0.300 —0.852 K
—0.040 —0.076 B

A 2.35 —0.100 —0.242 .
—0.150 —0.411 5
—0.200 —0.609 3
—0.250 —0.783 .
—0.025 —0.070 .

A 4.50 —0.100 —0.140 5
-0.200 —0.42) 5
—0.300 —0.792 .
—0.400 —0.962 .

A 3.90 —0.100 —0.159 —0.1
—0.200 —0.468 .
—0.300 —0.820 :
—0.400 —0.970 K

B 1.80 L.U30 0.119 0.1
—0.010 —0.020 0.0
-0.020 —0.037 0.056
—0,050 —0.078 0.070
—0.100 —0.160 0.069
-0.150 —0.293 —0.054
—0.200 —0.476 —0.009
—0.250 —0.673 0.082
—0.300 —0.829 0.037

B 3.00 —0.050 —0.048 0.282
—0.100 —0.102 0.236
—0.150 —0.196 0.185
—0.200 —0.344 0.206
—0.300 —0.724 0.035
—0.400 —0.942 —0.078

C 0.48 —0.050 —0.128 0.056
—0.100 —0.252 —0.101
—0.150 —0.427 —0.080
—0.200 —0.628 —0.005
—0.250 —0.799 0.016
—0.300 —0.908 0.052

C 0.94 0.030 0.106 0.000
—0.050 —0.069 —0.001
—0.100 —0,145 —0.132
—0.150 —0.268 —0.097
—0.200 —0.447 -0.077
—0.250 —0.647 —0.030
—0.300 —0.812 —0.017
—0.350 —-0.915 —0.024

D 17 —0.050 —0.121 —0.056
—0.100 —0.238 —0.016
-0.150 —0.403 —0.008
—0.200 —0.528 .022
—0.300 —0.892 —0.007
—0.350 —0.957 —0.015

D 2.80 0.030 0.115 —0.188
—0.010 —0.021 —0.149
—0.020 —0.037 —0.301
—0.050 —0.079 —0.158
—0.100 —0.161 .041
—0.150 —0.290 .023
—0.200 —0.466 .069
—0.300 —0.814 .050
—0.350 —0.915 .022

E 0.50 —0.050 —0.184 .079
—0.100 —0.344 —0.013
—0.200 —0.730 —0.042
—0.300 —0.944 -0.049

E 0.80 .020 0.105 —0.121
—0.010 —0.033 .249
—0.020 —0.059 .1
—0.030 —0.082 .067
—0.040 —0.102 .036
—0.050 —0.123 .018
—0.150 —0.413 —0.138
—0.250 —0.785 —0.122
—0.350 —0.961 —0.083

F 0.62 —0.020 —0.086 1111
—0.030 —0.118 0.185
—0.070 —0.233 0.038
—0.100 —0.329 0.074
—0.200 —0.706 .069

F 117 0.020 0.143 117
—0.100 —0.201 131
—0.200 8 —0.530 074
—0.300 —0.872 —0.852 023
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withy = (2 — a/2) = 0.75 and ag = 2 — ac = 1.5.
Equation [47] may not apply very precisely to the dis-
solution process because it does not account for diffu-
sion of Cu(I) away from the electrode (23).

Statistical regression analyses of our data with Eq.
[47] and several other models were performed with
87 discrete points selected from the 16 polarization
curves. Simulation was accomplished by using the
algorithm described above with two collocation points
(N = 4). For lack of a better criterion, these were
selected at potential intervals of 0.05 or 0.10V to get
about 4 or 5 points from each curve as indicated in
Table II. Some observations on the anodic side were
necessary for the independent estimation of the anodic
transfer coefficient, but these were taken only at cur-
rents small compared to the cathodic limiting cur-
rent. The variable used in the statistical analysis was di-
mensionless average current density <i*> = <i>/iiim,
and a weighting factor u; of 1/<i*>2.ps was used. This
renders the residuals on a percentage basis which is
representative of the error distribution in the instru-
ment.

Table III summarizes the parameters estimated from
the data for four kinetics models which were tested
and their respective sums of squares. Models I and II
correspond to those used by the investigators cited
earlier. Model II, in which the two transfer coefficients
are estimated independently, gives a better fit. How-
ever, neither model fits the data within experimental
accuracy, and an investigation of their residuals re-
veals a correlation with sulfuric acid concentration.

To account for the acid concentration effect, we de-
vised semiempirical models III and IV. Because of the
precautions taken in selecting the relative concentra-
tions of acid and metal, we can safely neglect the ef-
fect of the acid on copper migration. On the other hand,
the scant data available on activity coefficients for
aqueous CuSO4-HySO4 solutions point to a strong de-
pendence of copper sulfate activity on the concentra-
tion of sulfuric acid (24, 25). In view of the large ex-
cess of sulfuric acid present, a first-order approxima-
tion of the activity coefficient variation should be ob-
tained with an expression of the form e—8(H:500 (26).
It is apparent from the results in Table III that the
inclusion of such a term reduces the sum of squares
considerably, with the model which allows the inde-
pendent estimation of transfer coefficients, Model IV,
being the more likely. Note that the term ¢;e—5(HzS00
represents the standard exchange current densities for
Models III and IV.

In Table II we have listed with the data the residuals
corresponding to Model IV. It is seen that the largest
percentage deviations occur for very small potentials
and that there is no apparent correlation of errors
between runs at different concentrations.

The standard deviation obtained for Model IV, about
11%, is roughly equal to that obtained from the repli-
cate runs with solution A, so that within the limits of
experimental reproducibility, Model IV describes our
experimental observations adequately.

Figure 3 compares two representative experimental
curves with the results of the simulation with Model
IV shown as discrete points. The results shown here
are typical of those obtained for all 16 experimental
curves. Although the largest relative error occurs at
small currents, the largest absolute discrepancy in the
current appears in the intermediate range. In all cases,
however, the error is less than 0.3 mA, which should
be satisfactory for most practical purposes.

Discussion of Results

It has been found that Model IV in Table III de-
scribes our data within the accuracy of the experimen-
tal measurements, that is, with a standard deviation of
about 11%. On the other hand, Model I with the param-
eters listed in Table III exhibits a standard deviation
of 22% and is not considered to be a satisfactory model
for reproducing the data. It appears that sulfuric acid
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Table 111. Models for Cu (II) deposition and dissol kinetics
Parameters
%% or 61 SSQ (87
Model® (mA/cm?2) v aa ao & (M-1) observations)
: : F F

I i=0%(Cu)” | (2-a)n—  —aen 5.51 0.62 — 0.42 - 4.231

RT RT

e —@
: . F F
I i=0%(Cu) | aan—  —acp— 6.78 0.58 1.09 0.36 - 3.051
RT RT
e —-e
—5(H,S0,) F F
I §=g(Cu)re (2 - ae)n—  aey 145 0.72 - 0.43 0.40 2.117
RT RT
e -
—5§(H,S0,) F F

IV i=a(Cuyve wn—— e J 156 0.67 108 039 0.37 1.123

e -e

* Concentrations are analytical concentrations in moles/liter.

concentration has a measurable effect on copper depo-
sition kinetics.

The principal purpose of this work has been to de-
velop a systematic methodology for obtaining kinetic
data for practical engineering purposes. Thus, we were
content to take our example data at room temperature
(21°C) rather than at 25.0°C, and to prepare electrode
surfaces in a rather arbitrary way. Nevertheless, it is
interesting to compare our experimental results with
those of earlier workers.

For the description of kinetic behavior in a solution
of fixed composition, the kinetics expression may be
written

i = i, [exanF/RT _ g—acnF/RT] [48]
where the preexponential factor is called simply the
exchange current density. By comparison with Model
IV, the exchange current density i, should be

io = 1.58 (Cu)0.67¢ ~0.36(H:500mA /cm?2 [49]
where the concentrations are expressed in moles/liter.
Table IV compares kinetic parameters io, v, aq, and o
indicated by this work with results reported by earlier
workers. Specific concentrations have been chosen in
each case to make the i, comparison possible. It is
gratifying that the i, values predicted from Eq. [49]
agree so well with the results of the earlier workers,
particularly considering the wide ranges of composition
involved. Better agreement could hardly be expected
among workers who prepared electrodes differently

4.0 T T ! T T T T T T

A=0.lcm |
30 ¢ CuSO7.IM /@ .
2 o sto‘=2M . o
E 201 i
a s * CuS0,=.0IM -
1ol { H,SO, =7M |

0 1 1 1 1 1 1 1
0 - 2 =3 -4 -5

V (Volts)

Fig. 3. Comparison of two experimental polarization curves with
point values predicted by Model 1V and the collocation simulation.

and made different types of measurements. Also, the
temperature differences should affect io.

The reaction order v is also in good agreement with
earlier work. On the other hand, it is somewhat dis-
tressing that our transfer coefficients are significantly
lower than those obtained previously. We see no ob-
vious explanation of this discrepancy, but we note that
in Models I and III, where e = 2 — a, the statistical
analysis yields a larger value for ac.

Table V shows the correlation matrix for the pa-
rameters of Model IV. It is seen that the correlation
coefficients are generally small, which means that each
parameter is characterizing a different aspect of the
kinetics law. The largest correlation, 0.843, is between
61 and 4. This probably means that the model is not
accounting as well as it might for the dependence of
the rate on the copper concentration. Clearly, the use
of v is not redundant as shown by the range of i, in
Table IV, but the assumed form of the copper de-
pendence may not be satisfactory. For example, a fac-
tor for the copper dependence of the activity coefficient
might be appropriate.

It should not be surprising that the best empirical
parameters for the models tested do not agree with the
theoretical values of Eq. [47]. Copper sulfate-sulfuric
acid solutions are quite nonideal with CuSO4 ion pair
formation likely (24). For engineering purposes it is
necessary to obtain experimental kinetics data mea-
sured under conditions similar to those where the data
will be applied. Measurement on a rotating disk with
proper analysis of transport effects satisfies this re-
quirement in the sense that the boundary layer phe-
nomena on the disk should be similar to those in elec-
trolysis cells (27).

It should be noted that the data analysis presented
here can be simplified by using a one-point approxi-
mation (N = 1). In that case, i* = Ay, co* = 1 + A,,
cr* = 1 — Ao, o = TrAo/4, etc., and the statistical
parameter determination can be done quite easily. An
important point, however, is that this first approxima-
tion of the complete model does not correspond to the
simple one-dimensional model commonly used.

Summary

Nonlinear regression analysis can be used to deter-
mine empirical parameters for a postulated electrode
kinetics expression. All parameters are estimated si-
multaneously from a set of polarization data to ob-
tain an optimal fit of the data. Accordingly, the result-
ing kinetics model should be useful for engineering
analysis of experimental systems where the same range
of conditions is encountered.

Practical implementation of the regression analysis
requires rapid simulation of the experimental system.
Approximate computation of current distribution by
orthogonal collocation fulfills this requirement and
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Table 1V. Comparison of Model IV parameter estimates with published results for copper
electrode kinetics in acidic sulfate solutions
i, predicted
1o by Eq. [49)

Source CuSO0« (M) H2S804 (M) (mA/cm?) (mA/cm?) v as ac
Mattsson and Bockris (15) 0.075 0.5 2.2-3.7 2.3 0.6 13 0.49
NG S i i B omo B e
This work o ub = ’ ’ ’ 0.672 07 0.38

Table V. Parameter estimate correlation matrix for Model 1V v velocity, m/sec
w; quadrature weights
x collocation abscissas .
b ao s v LI dimensionless radial position on electrode sur-
face, /79
61 1 Yy normal distance from electrode, m
0.29 1 A
a -0.18 0.52 1 Yy predicted experimental response
4 _8:% __8:224 _8:(1& _%.51 1 2q charge number of species i
. Greek letters
facilitates the iterative calculations which yield the o anodic transfer coefficient
parameter values. . P scaled anodic transfer coefficient, aq/|n|
We have demonstrated the application of these ac cathodic transfer coefficient
methods to the rotating-disk system. Because of the B scalAed qathodlc transfer c_oefﬁcxent, ac/|n|
flexibility and efficiency of the collocation method it Bo derivative of axial velocity at the wall, sec—!

can be applied to other geometries and extended to
multiple reaction cases as well (21).
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LIST OF SYMBOLS
Ay coefficients defined by Eq. [28]

a coefficient in Eq. [8]

axm  coefficients defined by Eq. [29]

c* dimensionless concentration

€ concentration, mole/m3

Dy coefficients defined by Eq. [1] . .
Di pseudobinary diffusion coefficient of species i in

solution, m2/sec
Ey functions defined by Eq. [32] |
F Faraday’s constant, 96,487 C/equiv.
f residual defined by Eq. [36]
Gt coefficients defined by Eq. [35]
I total current, A .
i current density, A/m2 or mA/cm? in numerical

results

<i> average current density, A/m?

o exchange current density, A/m?

034 standard exchange current density, A/m?2

Hlim limiting current density, A/m?2

i* dimensionless current density, normal compo-
nent at electrode

M; chemical species i

My,  Legendre function defined by Eq. [2]

N number of collocation points

n number of electrons produced by electrode re-
action

P; Legendre polynomial of degree i

Q2xk polynomial of order 2k, members of an orthog-
onal set

R universal gas constant, 8.3143 J/mole-°K

r radial position, m

To radius of disk electrode, m

Si stoichiometric coefficient of species i

SSQ sum of squares, defined by Eq. [41]
T temperature, °K

Ui weight factor in Eq. [41]

U equilibrium cell potential, V

a kinetic parameter, reaction order

Y

I'(x) Gamma function of x

) parameter in kinetics model, (mole/liter) —!

€ error tolerance

¢ dummy integration variable

ns,n surface overpotential, V

Ne concentration overpotential, V

[ kinetic parameters

K conductivity, @~ Im—1

v kinematic viscosity, m2/sec

£ a rotzitional elliptical coordinate defined below

p % ro[t'ﬁ:ional elliptical coordinate defined below
q.

T dimensionless parameter defined by Eq. [21]

¢ potential in the solution, V

Q rotation speed, rad/sec

Common subscripts

of species i or evaluated at collocation point x;
evaluated at the surface of the electrode
evaluated in the bulk of the solution

reactant or reduced species

oxidized species

os o=

Common superscripts

* dimensionless variable
Ny refers to the Nth approximation
(n) refers to mth iteration
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Double Layer Capacitance and Charging Rate

of Ultramicroporous Carbon Electrodes

J. Koresh and A. Soffer

Atomic Energy Commission, Nuclear Research Centre-Negev, Beer-Sheva, Israel

ABSTRACT

Adsorption of ions from aqueous solutions into pores, as narrow as 3.7A
was observed, using linear sweep cyclic voltametry. The conductivity of the
solution in pores of less than 7A diameter is several orders of magnitude lower
than that of a free 0.1N NaCl solution in contact with the carbon electrode.
It seems negligibly slow in pores of less than 3.7A diameter, which are still
completely filled with water. Highly oxidized ultramicroporous carbons show
much lower double layer capacitance at positive potentials than nonporous
carbon surfaces. This is interpreted as repulsive ion-dipole interaction of the
anion with the dipole of the chemisorbed oxygen. Ions can penetrate the tiny
pores after depletion of the hydration sheath. The double layer charging rate
is therefore much slower if 0.1N NaCl is replaced by 0.1N LiCl. A brief dis-
cussion is presented in order to confirm that the electroactive surface groups
can be treated in terms of (capacitative) double layer charging.

One of the fundamental requirements of electro-
chemical power sources are low overvoltage electrodes.
Optimization of the physical design of the electrode is
partially achieved by increasing the ratio of internal,
Si, to geometrical, Sg, surface area; this lowers the real
current density. The S;/S; can be increased by using a
thicker electrode and/or by increasing the porosity of
the electrode. However, since the porous matrix serves
as sink for the electrical charge, and due to the re-
sistivity of the solution in the pores, the current decays
rapidly on moving away from the counterelectrode.
This imposes a limit for the thickness of a practical
electrode. The question now is whether the increased
active surface area of the porous electrode has also
theoretical limitations. Ion mobility in the narrow
pores of high internal surface area electrodes may rule
out the availability of this surface for the electrode
process.

Extensive studies were published on the transport
properties of porous electrodes (1, 2), where models of
continuous electrode media were used, but the role of
pore structure was mostly neglected Only recently has
the simplest of these models been satisfactorily
matched with experiment (3, 4).

Another property of high surface porous electrodes
is their probable usefulness as high capacity electroad-
sorbent. This idea, which was first put forward by
Garten and Weiss (5), was examined experimentally
by Murphy et al. (6). Much later, the electrosorptive
properties were attributed to the electric double layer
(7, 8), but again the influence of the fine structure was
still disregarded. The pore structure which is charac-
terized by a solid-gas system is being investigated, and
several techniques for the characterization of mean

Key words: double layer charging, ultramicropores, carbon
electrode.

pore diameter and pore diameter distribution have
been developed (9). The Kkinetics of adsorption of
neutral molecules from solution into porous solids have
also been studied (10).

In the present work pore structure of various car-
bons and graphites are characterized by means of the
well-established methods of gas adsorption, and then
the double layer capacitance (C4q) and ion transport
through the pore are examined.

An ultramicroporous carbon, with pore size com-
parable to that of small molecules, is studied. Because
of their electrical charge, the rate of transport and
adsorbability of ions into narrow pores may have some
special features which are encountered neither in
solid-gas adsorption systems nor in solid-nonelectro-
lytic liquid interfaces. As carbon and graphite have
polar oxygen surface groups (11), short range ion-
dipole interactions influence the behavior of ions in
ultramicroporous carbon, unlike flat or wide pore car-
bon electrodes.

Experimental

The porous carbon electrode was TCM 128 carbon
cloth and TGM 389 served as nonporous reference car-
bon, both supplied by Le Carbonne Loraine, France.
Both electrode materials are composed of fibers of
cylindrical cross sections of approximately 3 pm for
TGM 389, and 6-10 um for TCM 128 (Fig. 1 and 2). A
special feature of TCM 128 and of some other nonacti-
vated fibrous carbons is the complete absence of pores
larger than ultramicropores, The diameter of the pores
was less than 3.7A (12). This is the reason that almost
all of the surface area results from ultramicropores
and only a very small part from the outer surface area
of the fibers. The geometrical surface area, Sg, of TGM
389, calculated from an average diameter of 3.2 ym, is
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Fig. 1. SEM micrograph of the graphitized carbon fibers TGM
389.

Fig. 2. SEM micrograph of the ultramicroporous carbon fibers
TCM 128,

approximately 0.3 m2/g. The BET surface area (Spgr)
of TGM 389, measured on a 3g sample, was 1.2 m2/g.
This corresponds to a roughness factor of Sgrr/Sg = 4.

The ultramicropores of the as-received TCM 128 car-
bon were too narrow to accommodate N, molecules
(12), therefore the BET surface area obtained from
nitrogen adsorption isotherms gave the outer surface
area (as for TGM 389) 0.95 m2/g. From an average
diameter of 8 um we have approximately 0.12 m2/g
for the geometrical surface. This corresponds to a
roughness factor of 8. These rough outer surface areas
are negligible compared to the much larger (> 250
m2/g) area of the ultramicropores of TCM 128 (12).1
Some of the manufacturers’ specifications of the car-
bons are given in Table 1. .

The electrolytes were sodium chloride and lithium
chloride, analar grade. Water was triply distilled.

The electrochemical cell.—Through the openings in
the cover of a standard Metrohm cell, three electrodes,

1A discrimination between roughness and porosity has to be
made. Roughness is a property of the outer geometrical surface.
It results from shallow pores of a depth not much greater than
the diameter. Porosity is a property of the entire solid where the
ptore length is several orders of magnitude more than their diam-
eter.

Table I. General characteristics of carbon and graphite textiles

Characteristics Unit TCM 128 TGM 389
Diameter of thread mm 0.2-0.4 —_

Thickness mm 0.25 0.2-0.25

Weight per m2 g 60 120
Electrical resistance

of a square ohm 1-1.5 0.8-0.9

Carbon content % 9296 99-100

Ashes % 0.3-1 <0.1
Volatile material %o 4-7 <1
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deaeration tubes, and a gas outlet were introduced. The
reference electrode was a 0.1N NaCl calomel electrode
half-cell. The auxiliary electrode was a platinum and
later a silver rod, enclosed in a glass tube with a sin-
tered base containing the solution. The carbon cloth,
working electrode (~ 3 X 3 cm2) was stretched across
the opening of another glass tube and tightened with
gold wire which also served as current collector. The
reference electrode was mostly introduced into this
tube so that the IR drop was screened off by the carbon
cloth. At currents below 50 xA the reference electrode
was transferred to the main compartment of the cell,
since otherwise its complete freedom from IR drop at
the first mode resulted in an oscillatory response of
the potentiostat. This is because the R-C impedance of
the working electrode in the double layer range pro-
duces a delay in the potential response at the solution
compartment opposite the counterelectrode (4). The
electrolytic solution used mostly was sodium chloride
0.1N. The maximum value of the IR drop was evalu-
ated by interrupting the charging current and mea-
suring the sudden change in potential. It was never
above the millivolt range and had thence been ne-
glected.

Instrumentation.—An electromechanical ramp gen-
erator, driven by a synchronous motor, was used to
obtain very slow voltage sweep rates for following the
slow charging rates of the ultramicroporous carbons.
For fast voltage sweep a Hewlett Packard function
generator, Model 3300 A, was used, and the voltam-
mogram was recorded on a Tektronix, Type 549, stor-
age oscilloscope. A Kepco bipolar operational amplifier
power supply was used as potentiostat. Figure 3 is a
diagram of the circuitry.

Methods of measurement.—Evaluation of pore diam-
eters and pore surface.—The treatment of the carbon
cloth, TCM 128, and the estimation of pore diameters
by probe molecules are described elsewhere (12). The
probe molecules were Hy (d = 3.74), Ny (d = 4.34),
and SFs (d = 5.6A). The molecular diameter was cal-
culated by the equation d = 21/6Vy, where Vi, is the
molecular volume of a single molecule in the liquid
phase, assuming hexagonal packing of spherical mole-
cules. It is well known that pores, almost impermeable
to a given molecule at a certain temperature, can be-
come permeable at higher temperatures (13). This was
taken into consideration when the various pore diam-
eter ranges were estimated. The amount of chemi-
sorbed oxygen was changed to a certain extent by high
temperature, stepwise, evacuation (12) or by limited
0. chemisorption on oxygen depleted samples.

The internal surface area of TCM 128 was estimated
as needed, by BET, Langmuir, and Polanyi-Dubinin
models (14).

Ewvaluation of double layer capacitance (Cq) and ki-
netic parameter.—Considering the porous electrode as
an R-C network, it can be easily deduced that the ap-
plication of a constant potential sweep dv/dt starting
at time t = 0, results in a current transient which de-
cays to the pure capacitor behavior

i,=Cydv/dt [1]
where Cy is the total capacitance of the R-C network.
A current transient should similarly occur after the
inversion of the linear potential sweep at each end of

so—— [
/ R

—<}

Fig. 3. The potentiostat circuitry. K, Kepco operational power
supply amplifier; V, voltage follower (bias current << 10—11A).
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the cyclic voltametry half-cycle. This should result
in distortion of the symmetry of the voltamogram
vs. the potential axis (Fig. 4). The distortion is more
pronounced by the edges of the voltamogram when
the former transient is well relaxed as compared to
the new one produced after the potential inversion.
This transient behavior has been thoroughly studied
by Austin and Gagnon (15) for the specific model of
undimensional distribution of capacitance and resistiv-
ity. It can, however, be easily recognized that the same
behavior holds qualitatively for any ideally polarized
electrcde model with resistive restrictions.

Cyclic voltametry on a wide potential range, ap-
peared to be a fast and sensitive method of measuring
Cq and for evaluating the double layer relaxation time.
It is, however, quite complex for quantitative analysis
unless C4 and/or the charging relaxation time are in-
dependent of potential, as was the system studied by
Austin and Gagnon (15). The slower and less conveni-
ent measurements of current transients resulting from
small potential steps, are easier to interpret quantita-
tively, since the C4 and the relaxation time can be as-
sumed to be constant.

The experimental results of cyclic voltametry are
given in this work in terms of apparent differential
capacitance, Cq via Eq. [1], rather than in terms of the
directly measured current. This was found more in-
formative since Cq is the fundamental property which
rules the current. One should, however, keep in mind
that Eq. [1] is valid only after the decay of the transi-
ent, i.e., at the symmetrical portions of the voltamo-
gram. The various plots of Cy are given in two scales:
farad per gram (f/g) and microfarad per square centi-
meter (uf/cm?2) of total surface area. The first unit
(f/g) does not take into account the surface area mea-
surements while the second enables comparison of
ultramicroporous (3-10A), with microporous (10-304)
(8) or nonporous carbon electrodes and also with the
classical mercury electrode interface.

Results and Discussion

Nonporous graphitized carbon TGM 389 was investi-
gated in order to have a reference for nonporous car-
bon surface behavior. The apparent differential capac-
ity obtained from cyclic voltametry is given in Fig. 5
for two very different sweep rates, 1000 and 1 mV/sec.
It can be seen that the inversion of the linear sweep
produces a very fast current reversal. A slight asym-
metry, corresponding to a contribution of slowly charg-
ing sites, can be observed at the slower sweep rate.
These slow sites are attributed (16) to ‘“slow” elec-
tronic surface states which are isolated from the bulk
conduction band of graphite by a potential barrier.

The roles of pore diameter and of concentration of
oxygen surface groups have been examined in TCM
128 carbon, using thermal treatments under vacuum
and in the presence of oxygen or air. The various sam-
ples used are given in Fig. 6. The Cq vs. potential plot
is given in Fig. 7 for carbon I. This sample was acti-
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Fig. 4. lllustration of the response of the current to the re-
versal of potential linear sweep for a constant ideally polarized
electrode. a, “Fast” electrode; b, “slow” electrode; relaxation
during half-cycle time; ¢, “very slow” electrode, relaxation time
greater than the half-cycle time.
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vated for 2 hr in air at 450°C in order to obtain rela-
tively large ultramicropores. The slo-v current inver-
sion indicates a considerably low charging rate com-

0.04 T3

0.021 15
E 5
= 0t ~t0 =
= L.
© 3

0.02 15

0.04 3

+200 0 —200
POTENTIAL (mV)
Fig. 5. Cq vs. V curve of TGM 389, ————, 1000 mV/sec; —,

1 mV/sec. Potential vs. 0.IN NaCl C.E. The uf/cm2 scale stands
for the outer surface area of the fiber.
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Fig. 6. Diagram of the various carbons according to their pore
diameter and surface oxidation state. Moving to the right: samples
with higher surface oxygen concentration. Moving to the bottom:
samples with lower pore diameter. OD, oxygen depleted; OR, oxy-
gen rich; PD, partly oxygen depleted.
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Fig. 7. Cq vs. V curve of carbon CI-OR in 0.IN NaCl; potential
vs. 0.IN NaCl C.E; 0.5 mV/sec. Dotted line is the symmetrical
image of the lower curve for calculating the relaxation time.
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pared to the nonporous TGM 389 (Fig. 5), but it is
three orders of magnitude higher in capacitance per
gram, thereby indicating that the high surface ultra-
micropores take part in double layer charging and in
ion transport.

The carbon II samples were prepared by evacuation
at 200°C during 2 days. This caused a slight depletion
of chemisorbed oxygen which was removed as CO
(18). The lower pore diameter range resulted in a
great decrease of Cyq. No potential range could be found
at which Cy4 from the increasing voltage sweep is equal
to Cq of the decreasing sweep, because the charging
rate slowed to such an extent that the Cgyg-V curve
(Fig. 8) was completely distorted. This implies that
the relaxation time of double layer charging is con-
siderably greater than the half-cycle time of the cyclic
voltamogram. The higher capacitance at negative po-
tentials is connected with chemisorbed oxygen. The
role of chemisorbed oxygen is well demonstrated by
carbon III in Fig. 9. The pore diameter range of this
carbon is much the same as the slightly oxygen de-

Cd(F/ar)
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22

26

+500

i
POTENTIAL(mV)

Fig. 8. Cq vs. V curve of the carbons C 1I-PD and C IV-OR in
0.IN NaCl; potential vs. 0.IN NaCl C.E.; 0.5 mV/sec.
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Fig. 9. Cq vs. V curve of carbon C [I1-OR in 0.IN NaCl. ————,
0.5 mV/sec; , 0.166 mM/sec; potential vs. 0.1 NaCl C.E.
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Fig. 10. C4 vs. V curve of the carbons C V-OD and C VI-PD in
0.IN NaCl; potential vs. 0.IN NaCl C.E., which shows the in-
fluence of reoxidation on double layer behavior; 0.5 mV/sec.

pleted carbon II; it was obtained by widening the pores
of the original TCM 128 by oxidation in air at 450°C
for 1 hr, rather than by prolonged evacuation at 200°C.
This is known to result in a highly oxidized surface
(19). The Cq retains the high values of carbon I at
negative potentials. It corresponds also to the Cq values
of microporous (10-30A) carbons (8). However, unlike
these examples, where Cyq changes only slightly with
potential, it gradually decreases in carbon III by two
orders of magnitude at +500 mV (Fig. 10).2

To our knowledge no such extreme change in Cq has
been found, with the exception of peaks in Cy for some
organic molecules (20). Moreover, the negative branch
is almost symmetrical with respect to the potential
axis, showing equilibration of the double layer during
the half-cycle time, while at positive potentials the
Cq-V curve resembles the extremely slow charging
rate of carbon II. The fact that the Cy-V curve at a
sweep rate of 0.5 mV/sec (Fig. 9) is very similar to
that of the threefold slower sweep rate, indicates that
the difference in Cyq between the positive and negative
potentials is due to equilibrium properties and not to
different charging rates. A previous study (8) shows
that at potentials greater than —190 mV wvs. 0.1 NCE,
cations are repelled from the interface of an oxidized
microporous carbon electrode, resulting in a negative
cation surface excess. At more negative potentials,
anions are repelled similarly. This behavior can be ex-
plained by elementary electrostatic considerations,
provided there is no specific ion adsorption (21).

Assuming that the oxidized carbon III has a pzc close
to that found in a previous work (8), we deduce that
the very low capacity at positive potentials originates
from repulsive interaction of the anions with the nega-
tive dipoles of the surface oxides which, up to 4500
mV, is not compensated by the attractive positive elec-
tronic charge. The opposite is obviously deduced for
cations which penetrate and adsorb into the 3.7-4.4A
pores of the oxidized surface of carbon III. The adsorp-

2The capacitance which corresponds to the sweep rates of Fig.

10 is taken to be half the distance between the upper and lower
curve.
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tion is virtually nonexistent at the slightly less oxi-
dized surface of carbon II, which has the same pore
diameter range. The fact that anions are “normally”
adsorbed at the carbon I oxidized surface (Fig. 7) is
attributed to the larger pores which allow greater ion-
interface distance. Here anion adsorption becomes pos-
sible again, since the repulsive ion-dipole potential de-
creases quicker than the attractive ion point charge or
the ion-distributed surface charge of the carbon elec-
trode.

The effect of surface oxides can be further demon-
strated by starting from the oxygen depleted carbon V
and inducing oxygen chemisorption at 300°C which
will result in carbon VI, while the pore diameters re-
main essentially unchanged. The C4-V curves for these
two samples are given in Fig. 10. It can be seen that the
charging rate and, to a lesser extent, the Cq increases
at negative potentials for the oxidized carbon VI and
decreases at positive potentials. This shows that the
direct chemisorption of cxygen is the cause of the dif-
ferent double layer behavior. It also shows that the
oxidized electrodes favor cation adsorption at the
larger diameter (4.3-5.6A) as well.

A further reduced pore diameter was studied in the
original TCM 128 fiber (designated carbon IV). The
narrow pores of this carbon could still accommodate
water up to 16% w/w. This enabled a minute penetra-
tion and adsorption of solvated ions (Fig. 8), resem-
bling the behavior of carbon II. The higher capacitance
as compared to carbon II, especially at negative poten-
tials, is due to the slightly larger amount of chemi-
sorbed oxygen. Here again the charging rate is much
slower than the potential sweep rate.

The role of the hydration sheath.—The experimental
results lead to the conclusion that when the pore diam-
eter is reduced to less than 5.6A, slowing down of
charging rate and dependence of C4 on the amount of
surface oxides becomes significant. Since below 5.6A
and especially below 4.7A (carbons II, III, and IV) ions
can penetrate the pores only after partial depletion or
distortion of the hydration sheath (22) different be-
havior could be expected from the various ions. Pre-
liminary results are given in Fig. 11 which shows the
effect of exchanging Na+ by Lit+ on a carbon III (3.7
< d < 4.3) electrode. The charging rate of the exten-
sively hydrated Li* ion is considerably slower at nega-
tive potentials. This is seen by comparing Fig. 9 and 11.
Upon a tenfold reduction of the sweep rate, the shape
of the Cq curve of LiCl (Fig. 11b) retains the Cy-V
curve of NaCl (Fig. 9). This indicates that the equilib-
rium behavior of Lit on carbon III is similar to that
of Nat, but their charging rates differ considerably.
This is unlike the difference in equilibrium behavior of
cation and anion (negative and positive branches),
demonstrated by the two curves in Fig. 9. The apparent
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Fig. 11. Cq vs. V curve of carbon C I11-OR in LiCl 0.IN. ————,

0.05 mV/sec; ——, 0.5 mV/sec; potential vs. 0.IN NaCl C.E.
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selectivity, when accommodating the less hydrated ca-
tions, is common to other systems which have molecu-
lar size cages, i.e., crown-ether complexes (23), and to
highly cross-linked cation exchanger resins (24). In
the first case the cation is held by ion-dipole forces,
while in the second, interaction with the resin’s nega-
tive charge takes place. The negatively charged ultra-
microporous carbon comprises both types of interac-
tion.

Influence of concentration and voltage sweep rate.—
The higher concentration of the electrolyte seems to
increase both the charging kinetics and Cg, as is shown
in Fig. 12. The effect of the very high 5N NaCl con-
centration needs more study, as there is evidence of
pore enlargement during slow charging cycles.

The above porous carbons have at least two different
surface areas, that of the ultramicropores which is very
large and always charged slowly, and that of the outer
surface of the fibers, which should be compared to the
nonporous graphite TGM 389 (Fig. 5), concerning Cq
and charging rate. Figure 13 shows that the increase of
the sweep rate excludes contribution of the micropores
to Cq The remaining much lower capacitance at the
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Fig. 12. The influence of increasing concentration on kinetics
and Cq4 of carbon C V-OD in 0.IN NaCl and 5N NaCl. Potential
vs. 0.IN NaCl C.E.; 0.15 mV/sec.
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Fig. 13. The influence of potential sweep rate on Cq of carbon
C IV-OR in 0.IN NaCl, potential vs. 0.IN NaCl C.E. a, 0.5 mV/
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sweep rate of 600 mV/sec (Fig. 13d) corresponds to
2.8 102 f/g. A doubled value of Cq4, observed at 60
mV/sec (Fig. 13c), and a third charging process was
observed (Fig. 13b) at an intermediate sweep rate of
10 mV/sec. All three curves were symmetrical and
the current changes sign very fast by inversion of the
voltage sweep. They are clearly distinct from the much
slower and unsymmetrical ultramicropore charging
process (Fig. 13a). The difference in Cq for Fig. 13(d,
¢, and b) is probably due to the difference between the
geometrical and the BET surface area of the fibers. The
same shallow micropores which cause the roughness
factor might also be responsible for the intermediate
rate charging process exhibited by Fig. 13b.

Estimation of ionic conductivity into the pores.—The
delay of the current inversion after reversal of the
sweep rate may be considered as a measure of re-
stricted transport of ions into the pores. A character-
istic relaxation time, v, of the system could thus be
the retention time of the symmetry between the upper
and lower Cy4-V curves. This value is deduced from
Fig. 7 and 9. It could not be obtained from other curves,
where no symmetry was achieved, with respect to the
potential axis, during the voltametric cycle time. Re-
garding the porous electrode impedance as an R-C
combination, we can write

7= RCq [2]

from which the order of magnitude of the specific re-
sistivity pp of the solution into the pores can be de-
rived. Considering the radial symmetry of the current
flow, the porous fiber is viewed as a solution conductor
of a cross-sectional area A and length l. The area A is
given by

A=AP [3]

where A’ is the geometric surface area per gram of the
fibrous material and P is the porosity in volume per-
cent, which is about 30% for carbon I and III (12). The
approximate length (I) of the ion pathway is ex-
pressed by

l=—'T 4]
3 [4]

where r is the average fiber radius and T is tortuosity
factor of the conductance path, taken as 2 (4), thus I
~ 7. The cylindrical geometry of the fiber is thus ap-
proximated to be linear by means of Eq. [4]; therefore

prl
R=— B
2 [5]

Substituting Eq. [4] and [2] in [5] and substituting the
corresponding Cq values from the C4-V curves at the
negative inversion potentials of Fig. 7 and 9, we obtain
ppl = 1.1 - 1011 g-cm and pp!™! = 1011 0-cm for carbon
I and III, respectively. This is several orders of magni-
tude larger than the resistivity of the bulk of 0.1N
NaCl solution (p ~ 100 Q-cm).

The rough approximation applied renders pp ac-
curately only within the order of magnitude. It is still
of value because of the great deviation of pp from p.
Extension of such studies over wider pore diameter
ranges and to solutions used in practical porous elec-
trode systems could provide information about the
availability of the tiny pores for electrochemical reac-
tions.

Faradaic and double layer currents—On studying
the electrochemical properties of carbon surfaces, dis-
crimination between faradaic and double layer proc-
esses has to be made regarding the various surface
groups existing on carbon. Recognizing that electro-
chemical reactions of surface groups involve the ad-
sorption or desorption (in the thermodynamic, Gibbs-
ian sense of surface excesses) of “aqueous components”
(17) such as H*, OH-, HyO; as well as electronic
charge, we consequently deduce that surface groups
fall within the generalized double layer concept. This
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concept has been put forward by Frumkin and co-
workers (25) and later by Soffer (17). It is valid for
both ideally polarized and reversible electrodes and
makes no fundamental discrimination between them.
The surface groups are simply considered as part of
the components of the interface or the generalized dou-
ble layer.

Putting the above argument into more experimental
terms: The capacitor behavior of the double layer will
not be imparted by the presence of the surface group
in the sense that the interface should still acquire, for
a finite potential change, a finite electronic charge
which corresponds quantitatively with surface cover-
age constraints. This is unlike true faradaic processes
which require an amount of charge according to the
concentration and amount of redox components in the
solution, regardless of surface coverage constraints.

The differential capacitance Cq (or the current) wvs.
potential function may, however, exhibit certain peaks
due to specific surface groups if they are electroactive
in a sufficiently narrow potential range. We have not
encountered this behavior in sodium chloride solutions
here and elsewhere (8, 16), nor in HoSOj4 solution (26)
in the range 0-650 mV vs. NHE. Peak-shaped voltam-
ograms have been observed, however, in hot concen-
trated phosphoric acid (27) and in dilute HCl1 (28)
and it may obviously depend on the type of carbon and
surface treatment. In light of the above considerations,
however, peak behavior is not necessarily an indication
of faradaic response. It may simply be a hump in the
C4-V function.

In this work the electrode potential was always kept
far from the thermodynamic potential of water decom-
position. The pH was frequently monitored in order to
assure, as has been done in a former work (8), that pH
changes, if they occur at all, are too small to account
for the charge delivered. We found, in fact, that the
ultramicroporous electrodes were more immune to ca-
pacitance increase and pH changes at extreme poten-
tials, than open structure electrodes.

Last but not least, no conceivable amounts of redox
impurities could account for the delivered charges.
On the other hand, these charge densities did corre-
spond always to reasonable double layer charge values.

Conclusion

This work is restricted to ultramicropores of dimen-
sions from close to those of water molecules up to 6A.
Qualitative evaluation, using constant sweep cyclic
voltametry, showed that the mobility of ions into
ultramicropores is several orders of magnitude smaller
than in the free solution outside the pores. The surface
dipoles have a stronger effect on adsorption and mobil-
ity into ultramicroporous carbons than on flat surfaces.

Manuscript submitted Jan, 11, 1977; revised manu-
script received April 25, 1977.

Any discussion of this paper will appear in a Discus-
sion Section 1o be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.
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Technical Note

A Method for Direct, Real-Time Display of
Q-t” Chronocoulometric Data

K. Keiji Kanazawa and R. K. Galwey
IBM Research Laboratory, San Jose, California 95193

In single step chronocoulometry, the time depen- taken in certain coulometric applications (6). Essen-
dence of the charge @ passing through the working tially, we want to plot eq against a voltage er which

electrode in an electrochemical cell due to a step varies as the square root of time. One could conceiv-
function of applied potential is recorded and studied. ably have used analog techniques to generate this par-
This technique was introduced many years ago (1). ticular function of time. However, to provide maxi-
Even then, the utility of a @ vs. t1/2 plot was recog- mum flexibility a stored waveform digital generator

nized and discussed. The variety of information which was used to produce et (7). The block diagram for this
can be obtained using this and related techniques has generator is shown in Fig. 2.
been reviewed by Murray (2).

A linear @-t!/2 dependence is a limiting case of a . » .
more general time dependence. To examine the gen- Cell Potentiostat Integrator Digital Function Gen.
eralized time dependence of charge, the data should be [ Sync

processed using digital computation. This can be done ;J;
\
\
\ L
Q——f—

less demanding applications however, the necessary
time and money investment required for laboratory t—o Cntr
automation is not warranted. This is particularly true | l o Ref
when the functional time dependence is specified and \\ <E/ / l_;_OWO,k

on line, and such systems have been described (3). For Vi
/
{

IWork

only that dependence is examined. This note describes
the technique which we have used to implement a real-
time display of Q-t1/2 data, permitting a quick assess-
ment of the experimental conditions and eliminating
the time, tedium, and possible error involved in man-
ual plotting.

A block diagram of the experimental arrangement /

E T
L9

€a

is shown in Fig. 1. An analog current-follower po-
tentiostat was used for these measurements. Such in-
struments have been discussed in detail by Harrar (4).

The output of the current follower in the potentiostat X T

is a voltage er which is proportional to the cell cur- |
rent. Analog integration of this voltage yields a voltage

eq which is proportional to the charge Q. Such cir- X-Y Recorder

cuitry is common (5), although special care must be

ig. 1. i i he arr nt of the basic
Key words: chronocoulometry, digital function generation, in- Fig. 1. A block diagram, showing the arrangement
strumentation, modules.
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Fig. 2. A functional schematic diagram of the digital function
generator,

The requirement on the circuitry is to produce an
analog, time-dependent waveform which is digitally
derived. The fundamental concepts for this circuit are
described below. The digital equivalent of the wave-
form is stored in an erasable programmable read-only
memory (Intel 1702A, 8 x 256 PROM). By sequentially
addressing the PROM, the contents are sensed by the
digital to analog converter (Hybrid Systems 371-8,
DAC), and converted to the appropriate analog value.
The amplifier provides proper scaling and filtering of
the DAC output. The filtering is chosen commensurate
with the instrument used for recording. In our particu-
lar case, where an X-Y recorder was used, the ampli-
fier had a gain of 5 and was rolled off at 40 Hz. The
PROM addresses are derived by incrementing an 8
bit binary counter. A clock provides the periodic
pulses which increment the counter. We used an NE
555 timer because of ease of operation, simplicity, and
cost. Depending on the specific application’s needs,
different timers may be selected.

Application of the clock signal is controlled by the
NAND and the D flip-flop. The intent of these logical
elements is to cause the counter to first be reset to
address zero (or count zero) when the reset button
is momentarily depressed. Simultaneous with the ap-
plication of the step function voltage to the potentio-
stat, a “start” pulse must be received by the clock (C)
input of the flip-flop. Its “@” output will then go to a
zero state. This zero state is NANDed by the nega-
tive-going clock pulses, resulting in positive-going
pulses being sent to the counter. The counter will then
begin incrementing, causing updated values to be sent
to the DAC at the clock rate. When 256 clock pulses
(the capacity of the PROM) have been received by
the counter, a carry pulse will be generated by the
counter. This pulse is received by the flip-flop, causing
the “Q” output of the flip-flop to go to a “1” state.
This “1” state inhibits any further pulses from in-
crementing the counter. Thus the cycle is complete.

There are two principal sources of error from the
digital function generator. The 8 bit resolution intro-
duces a digitization error. The maximum percentage
error is 2% occurring near the beginning of the scan.
After the first five points, this error is less than 1%.
Since data reduction involves slope and/or intercept
determination using a sizable fraction of the sweep
data, the error introduced by this is much less than 1%.
When the clock is an R-C controlled timer, as in this
circuit, a larger uncertainty exists in the clock rate.
Use of trimming techniques allows this error source to
be reduced to less than 1%. This error is acceptable,
being smaller than the 5-10% uncertainties introduced
by other sources, such as cell geometry, incomplete IR
compensation, and instrument and recorder calibra-
tion.

An example of a @-t!/2 plot obtained by us is shown
in Fig. 3. This is an actual recording of the signal ob-
tained in a cell using a 0.2 em?2 Pt button working elec-
trode in a solution containing 0.1M tetraethylammo-
nium fluoborate in acetonitrile. The active species was
methoxy pyrazoline, present at 0.001M concentration.
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Fig. 3. An example of a direct display of Q-t"2 coulometric data.

For detailed work, the effective electrode area should
be evaluated using a known electrochemical system, as
was done, for example, by Bacon and Adams (8). The
data were plotted using a Hewlett-Packard T7040A
X-Y recorder. The hump at the beginning of the plot
is due to overshoot in the potentiostat-cell system.

It is clear that this same technique could be used to
examine other time dependencies. In fact, any wave-
form which can be stored with sufficient accuracy in
the PROM can be used to drive the recorder X axis.
For example, we have generated a t—1/2 voltage func-
tion to compare these coulometric studies with a direct
display of current vs. t—1/2, We found the Q-t1/2 tech-
nique to be superior, primarily because it was much
less demanding of the recorder response time. We are
finding this technique increasingly useful and feel that
the versatility of this technique will permit the study
of other interesting time behaviors.

Acknowledgments

The authors thank J. Gordon and A. Diaz for their
insights and expertise. We are indebted to H. Seki for
his support and encouragement.

Manuscript submitted March 2, 1977; revised manu-
script received April 20, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 19i8 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by
IBM Corporation.

REFERENCES

1. J. H. Christie, G. Lauer, R. A. Osteryoung, and
F. C. Anson, Anal. Chem., 35, 1979 (1963).

2. Royce R. Murray, in “Physical Methods of Chem-
istry,” Vol. 1., Part IIA, Chapter VII, A. Weiss=
berger and B. W. Rossiter, kditors, Wiley Inter-
science, New York (1971).

3. G. Lauer, R. Abel, and F. C. Anson, Anal. Chem., 39,
765 (1967).

4, J. E. Harrar, in “Electroanalytical Chemistry,” Vol.
8, p. 43, A. J. Bard, Editor, Marcel Dekker, Inc.,
New York (1973).



Vol. 124, No. 9

5. “Operational Amplifiers, Design and Applications,”
pp. 213-218, J. G. Graeme, G. E. Toby, and L. P.
Huelsman, Editors, McGraw-Hill Book Co., New
York (1971).

6. W. S. Woodward, T. H. Ridgway, and C. N. Reilley,
Anal. Chem., 46, 1151 (1974).

Q-t/2 CHRONOCOULOMETRIC DATA

1387

7. “Analog-Digital Conversion Handbook,” pp. I-
(68-79), D. H. Sheingold, Editor, Analog Devices,
Inc., Norwood, Massachusetts (1972).

8. J. Bacon and R. N. Adams, Anal. Chem., 42, 524
(1970).

Brief Communication

n-Butyllithium-An Effective, General Cathode
Screening Agent

M. Stanley Whittingham* and Martin B. Dines
Exxon Research and Engineering Company, Linden, New Jersey 07036

Currently, high energy density lithium storage sys-
tems are the focus of intense interest and expectation
(1,2). In order to scan and characterize oxidants as
potential cathodes, it would be very useful to have a
reliable chemical reagent which could, in effect, mimic
the half-cell reaction under consideration. Although
reagents formed by dissolving alkali metals in ammo-
nia, polyamines, polynuclear aromatic solutions in
ethers, or hexamethyl phosphoramide (3) might be
used, they have a number of shortcomings. Their
reactions are difficult to run, since they involve ex-
tremely reactive materials, very dark opaque media,
their polar solvents can also partake in the reaction,
and it is difficult to separate the product from residual
reagent. It would be preferable to have instead an
agent whose lithium activity is more on the order of
a volt or so below the alkali itself. We report that
n-butyl lithium serves as such an agent.

The use of butyllithium to chemically mimic an elec-
trochemical reaction was first mentioned by Armand
(4) in connection with work on chromium oxide/grap-
ite compositions. Dines (5, 6) then discovered that the
lithium intercalates of the lamellar transition metal
dichalcogenides were readily afforded without any of
the degradation of their crystalline form previously
seen, for instance, with lithium naphthalide (7) or
lithium in ammonia, for which it is necessary to subse-
quently remove, by heating to 250°C, the coincorpo-
rated solvent (8). This latter effect, the coinsertion of
solvating neutral molecules, has even been observed
during electrochemical discharge in organic electro-
lytes (1). No such complications accompany the inclu-
sion of lithium from butyllithium-hydrocarbon solu-
tions. Because the solution is light and clear, the effect
of the reagent on the oxidant can be visually [even
microscopically (9)] observed during the process of
lithiation.

n-butyl lithium, previously extensively used as an
alkylating agent (3), is commercially available as a
1.5-2.0 molarity solution in hexane. In a typical ex-
periment, a known quantity (~100 mg) of the candi-
date solid oxidant (Ox) was placed in contact with an
excess of butyl lithium solution in a dry box and al-
lowed to react for several days at room temperature,
after which the solid was filtered, washed with hexane,

* Electrochemical Society Active Member.

Key words: cathode chemistry, n-butyllithium, screening agent,

reldux reactions, chalcogenides, oxides, titanium disulfide, lithium
cells,

and examined by x-ray diffraction. The reaction, which
is shown schematically (10)

CsHgLi 4+ (Ox) > Li* (0Ox)~ 4 (C4Hy) - % CsHis

was followed by acid-base titration of the unreacted
butyl lithium and by monitoring the octane formed
using gas chromatography. The latter is less reliable
because of the possible formation of butene and butane
from the butyl radicals. The results are summarized in
Table I. A number of materials were found not to re-
act at all, including graphite, aluminum, and antimony.

These results indicate that the reaction is indeed a
general one, and that where battery discharge capacity
data are available, excellent agreement is obtained.
Thus, the carbon fluorides react with the stoichiometric
quantity of lithium (11), and cupric sulfide takes up
almost two equivalents as expected for formation of
lithium sulfide and copper. Tetracyanoquinodimethane
(TCNQ) reacts with one lithium to form TCNQ™, in
agreement with previous cell data (12). The oxides of
vanadium and molybdenum reacted with about 2, and
1.5 equivalent of lithium, respectively, as previously
reported (13, 14), and in both cases x-ray analysis in-
dicated that two new phases were being formed. With
TiO2 (anatase form), butyllithium reacted vigorously
forming first a blue, then a black compound. The de-
gree of reaction was much higher than that reported by
Johnson (19) for rutile, however, preliminary NMR
results suggest that the lithium atoms are mobile just
as he found them to be. The observed low level of re-
action of CuF; could be related to the presence of a

Table I. Summary of results

Equivalent Equivalent
Oxidant BuLi consumed Oxidant  BuLi consumed
CF1a 1.10 TiS:=(Se) 1.0
CuF: 0.17 ZrS:(Se) 1.0
CusS 1.72 HfS:(Se) 1.0
TCNQ 1.00 NbS:(Se) 0.8 (1)
Ni(CN): 2.00 TaSz(8e) 1.0
FeS: (natural) 1.70 MoS:(Se) >1.5
SnoO. 0.09 WS:z(Se) 0.3 (>1.5)
1.26 VSe: >1.5
0.30 TiSs 3.0
0.60 ZrSs(Se) 3.0
0.12 HfSs(Se) 2.8
3.70 NbSs(Se) 3.0
2.00 VS, ~2.0
1.55 SnS: 0.25
0.00
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product film of LiF which prevented further reaction.
The trichalcogenides, first studied in cells by Broad-
head et al. (16), all reacted with about 3 moles of
butyllithium, and have recently been extensively
studied (17, 18). The reactivity of materials such as
WO3 might be enhanced by going to elevated tempera-
tures to overcome kinetic barriers.

The use of butyllithium solutions also allows the rate
of the process to be derived. This can be accomplished
either by titrating aliquots of the supernatant reagent
at appropriate time intervals, thereby following its
consumption by the oxidant, or, as depicted in kig. 1,
by measuring the temperature rise of a reaction of the
solid on addition to an excess of a molar solution of the
reagent. The more rapid the temperature rise, the
greater the reaction rate (and the potential discharge
current density). As the figure shows, of TiSy, MoOs,
and V205, the sulfide holds the greatest rate capability;
this is consistent with our finding that current densities
of 10 mA/cm? and greater can be attained in practical
cell configurations (19, 20). In principle, the area under
such curves can give a relative measure of the poten-
tial energy densities; strictly speaking it is the heat
of the reaction which is measured, rather than the free
energy. Thus, in the example given in the figure, V205
would promise the highest energy density. By carrying
out the reactions in a calorimeter, a quantitative de-
termination of the heat of reaction could be obtained
for those cases where the reaction is rapid (such as
TiS: and V20;5). However, in these qualitative studies,
care must be taken in drawing conclusions of compara-
tive behavior, since properties such as particle size ob-
viously influence the results.

A problem in the discharge of cells is that conductive
diluents, or other binding agents such as Teflon, must
often be utilized in order to allow for the function of
the cathode, but these additives are not necessary with
the chemical reaction. Thus the butyllithium technique
has allowed for the formation of the discharge product
of a cell in a form readily amenable to x-ray analysis
(21) and other physical measurements (22-24) without
the complications of any possible side reactions or
additional phases as might be present after disassembly
of a battery. X-rays showed that these products were
the same as those formed in cells.

That the effective cutoff of the voltage of butyllith-
ium is on the order of ca. 1.4V below lithium itself is

57

52+

47t

42|

37F

TEMPERATURE, °C

32

27

TIME mins.

Fig. 1. Effect of the addition of excess butyllithium to equiva-
lent slurries of V205, TiS2, and MoQs.
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gathered from the behavior of NbSes. It has been found
that on discharge the triselenide takes up 3 lithiums,
with a final open-circuit voltage of above 1.4V (18).
This sets an upper limit to the difference in activity
between lithium and butyllithium, since the latter also
yields LizNbSe3;. An approximate lower limit to the
activity difference can be inferred from the observation
that antimony does not react with butyllithium, and
has a voltage relative to lithium of about 1V (25).
Therefore, we can say that butyllithium is less active
than lithium by 1-1.4V. Since the free energy of for-
mation of octane is +4 kcal/mole (26), one infers a
value for the free energy of formation of butyllithium
of about 25 kcal/mole (%5 kcal/mole).

Manuscript submitted March 21, 1977; revised manu-
script received April 11, 1977. This was Paper 31 pre-
sented at the Dallas, Texas, Meeting of the Society,
Oct. 5-9, 1975,

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JoURNAL
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by
Exxon Research and Engineering Company.
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Electrochemical Properties of Dopants and the
D-C Dynamic Scattering of a Nematic
Liquid Crystal

H. S. Lim,* J. D. Margerum, and A. Graube
Hughes Research Laboratories, Malibu, California 90265

ABSTRACT

Flow of liquid crystal from one electrode to the other was observed during
dynamic scattering of a phenyl benzoate nematic liquid crystal. The direction
of the flow depended upon the electrochemical properties of dopants. The
flow was from cathode to anode when the dopant was an electron acceptor,
and vice versa when the dopant was a donor. A redox dopant gave dis-
tinctively different d-c¢ dynamic scattering patterns from a salt dopant, and
did not give the Williams domain pattern which was observed with a salt
dopant. Charge conduction mechanisms through the liquid crystal are dis-
cussed in terms of the electrode reactions of the liquid crystal components

and the dopants.

Dopants are commonly used to improve the proper-
ties of nematic liquid crystals (LC) for dynamic
scattering (DS) displays (1). The conductivity anisot-
ropy (2-4) of a LC depends very much on the dopants
which are used. The a-c dynamic scattering charac-
teristics depend strongly on the conductivity anisot-
ropy. Lower threshold voltages (3, 4) and higher
scattering levels (4) were observed as the value of
the anisotropy was increased. The conductivity anisot-
ropy depends on the structure of the dopant as well as
on the liquid crystal material itself (4). The d-c-DS
characteristics also depend on the electrochemical
properties of the dopant; redox dopants consisting of
electron acceptors, donors, or a combination of both,
give a low threshold voltage (5, 6) and a high scat-
tering level (6). A combination of an electron acceptor
and a donor gives good electrochemical stability (6-8)
for long-term d-c-DS of liquid crystals. Redox dopants
which can be reduced and oxidized much more easily
than the LC compounds minimize the participation of
the LC compounds in the electrode reactions which are
responsible for their decomposition (6, 9).

In a recent preliminary report (9), we showed that
the charge injection and LC flow direction as well as
the scattering patterns in a d-c activated LC depended
upon the dopants that were used. Earlier, Heilmeier
et al. (10) reported that in anisylidene-p-amino-
phenylacetate the DS was initiated from the negative
electrode and was propagated to the positive electrode.
However, they used geometrically dissimilar electrodes
and they did not specify the dopants responsible for
the observed conductivity and DS of their Schiff base.
Lacroix and Tobazeon (11) carried out studies on
N- (p-methoxybenzylidene) -p-n-butylaniline (MBBA)
in a special cell in which the electrodes were coated
with anion-permeable membranes. They observed that
the L.C motion started at the negative (anion-injecting)

* Electrochemical Society Active Member.

Key words: redox dopant, salt dopant, liquid crystal, electrohy-
drodynamic motion, dynamic scattering.
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electrode and spread toward the positive (collector)
electrode, giving a “finger’-type flow pattern fol-
lowed by a turbulent region spreading toward the col-
lector.

In the present paper we first report studies on the
electrode reactions of various dopants and of 4 ester
liquid crystal components in solutions of acetonitrile
or dimethyl formamide. Then we report studies of the
hydrodynamic flow patterns and dynamic scattering
effects of these dopants dissolved in the nematic ester
liquid crystal mixt}xre when d-c¢ voltages are applied.

Experimental

The LC used was a phenyl benzoate mixture desig-
nated as HRL-2N10. It was a four-component mixture
of p-butylphenyl p-toluate, p-butoxyphenyl p-butoxy-
benzoate, p-butoxyphenyl p-hexyloxybenzoate, and p-
butoxyphenyl p-octyloxybenzoate in a weight ratio of
15:5:9:9, respectively. It had a nematic range of about
20°-55°, a dielectric anisotropy of Ae = —0.12 (25°C,
500 Hz), and a birefringence of An = 0.14 (25°C, 545
nm). Before dopants were added, the resistivity of the
LC at 25°C was greater than 10! Q-cm at 100 Hz, The
resistivity of the LC after doping ranged from 4 X 108
to 1 X 101 g-cm. The individual components of the
LC were prepared by the reactions of the correspond-
ing substituted benzoyl chloride and the substituted
phenol in pyridine. The reaction products were re-
crystallized several times. Three types of dopants were
used: (i) electrochemically inactive salts, tetrabutyl-
ammonium perchlorate (TBAP), and tetrabutylam-
monium trifluoromethanesulfonate (TBATMS); (ii)
electron acceptors, 7,7,8,8-tetracyanoquinodimethane
(TCNQ), and (2,4,7-trinitro-9-fluoroenylidene)mal-
ononitrile (TFM); and (iii) electron donors, di-n-
butylferrocene (DBF) and tetrathiofulvalene (TTF).
The acceptor and donor dopants are called “redox”
dopants throughout this paper. TBATMS was prepared
(12) by reaction of trifluoromethanesulfonic acid and
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Fig. 1. Schematic drawings of test cells

tetrabutylammonium bromide. The crude product was
recrystallized from water and dried. TBAP was the
polarographic grade from Southwestern Anaiytical
Chemicals, Incorporated. It was vacuum dried at 50°C
before use. TCNQ (from either Aldrich Chemical
Company or Eastman Organic Chemicals) was recrys-
tallized more than twice from acetonitrile (AN). TFM
(Aldrich Chemical Company) was recrystallized from
AN. DBF (Research Organic Chemical Company) was
purified by vacuum distillation. The TTF sample was
donated by Dr. Fred G. Yamagishi.! The solvents AN
(Burdick and Jackson Laboratories Incorporated) and
spectrophotometric grade dimethyl-formamide (DMF)
(J. T. Baker Chemical Company) were used as pur-
chased for electrochemical studies.

The electronic apparatus employed for the cyclic
voltammetry was similar to that described earlier (13).
The cyclic voltammograms were recorded on an Omni-
graphic Model 2000 X-Y recorder (Houston Instru-
ment) using a conventional two-compartment cell.
The electrodes used for cyclic voltammetry were either
commercially available hanging mercury drop elec-
trodes or a platinum ball attached to a fine platinum
wire sealed in glass. Potentials were measured against
a saturated calomel electrode (SCE), and solution re-
sistance was not compensated. All experiments were
carried out at room temperature.

Two different types of test cells for liquid crystals
were used for the microscopic study. Schematic dia-
grams of type A and B cells are shown in Fig. 1. The
LC was restricted to a small interelectrode space in
the type A cell. The purpose of the type B cell was to
allow enough space so that the liquid crystal could
move from one electrode to the other without generat-
ing a compensating flow in the area under observation.
The electrode separations (S) were varied from 180
to 600 um, and the thickness of the liquid crystal layer
(d) from 25 to 200 wm. The liquid crystal was aligned
either perpendicular or parallel to the electric field
and parallel to the surface of the glass substrates by
manually rubbing the substrate with Kimwipes. The
perpendicular alignment was obtained by bonding long
alkyl chains onto the surface of the substrates. The
microstructure of the DS was observed from a direc-
tion perpendicular to the direction of the applied elec-
tric field using a Zeiss standard WL polarizing micro-
scope.

Results and Discussion

Electrode reactions in solvents.—The electrode re-
actions of the liquid crystal components were studied
by cyclic voltammetry using platinum and mercury
electrodes. The cyclic voltammograms of the LC com-
ponents in AN are shown in Fig. 2. Anodic oxidations
of the compounds occurred at potentials more positive

1 Preparation of TTF: 1,3-dithiole-2-thione (Strem Chemicals In-
corporated) was oxidized with peracetic acid (k. Khngsberg, J.
Am. Chem, Soc., 26, 5240 (1964)], and the resulting salt was con-
verted to 1,3-dithialium perchlorate with perchloric acid [D.
Leaver et al., J. Chem, Soc., 5104 (1962)]. Deprotonatio: of this
compound with triethylamine [D. L. Coffen et al., J. Au. Chem,
Soc., 93, 2258 (1971)1 gave TTF in quantitative yield. After recrys-
tallization from hexane, the product was gradient-sublimed (75°C,
10-> Torr) LA. R. McGhie et al., J. Cryst. Growth, 22, 295 (19741
to give orange prisms, mp 118°-119.5°C.
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Fig. 2. Cyclic voltammograms of the LC components in 0.IM
TBAP solution of AN. Electrode, platinum ball; voltage scan
rate, 100 mV/sec; (A) blank solution; (B) 2 mM p-butylphenyl
toluate; (C) 2 mM p-butoxyphenyl p-butoxybenzoate; (D) 2 mM
p-butoxyphenyl p-hexyloxybenzoate; and (E) 2 mM p-butoxy-
phenyl p-octyloxybenzoate.

than 1.5V wvs. SCE. A coupled reduction peak of the
anodic peak (Fig. 2) of the compounds was not ob-
served, indicating that the oxidation products were
not readily rereduced in the experimental conditions.
Typical cyclie voltammograms are shown in Fig. 3 of
one of the LC components in DMF for the cathodic
process. A cathodic reduction of p-butylphenyl p-tolu-
ate (not shown in Fig. 3) occurred at more negative
potentials than —2.0V vs. SCE, while the reduction of
the other three compounds occurred at more negative
potentials than —2.1V vs. SCE, as in Fig. 3. No coupled
oxidation peaks to the reduction peaks were observed
at low voltage scan rates [Fig. 3(A)]. As the scan
rates were increased above a certain value (e.g., about
100 mV/sec for p-butoxyphenyl p-hexyloxybenzoate),
an oxidation peak which appeared to be coupled with
the reduction peak was observed [Fig. 3(B) and (C)].
This observation indicated that a chemical reaction of
the primary reduction product might be followed by
the cathode reaction to give a reaction product which
was not easily oxidizable at the electrode. Primary re-
action products of both cathodic and anodic processes
would probably be radical ions (14, 15) of the LC
esters, which would be unstable in the experimental
conditions.

The cyclic voltammograms of the dopants in 0.1M
TBAP solution of AN using the platinum electrode are
shown in Fig. 4. The cathodic and anodic peaks of all
the redox couples in Fig. 4 were separated by about
70-100 mV. The separation of the cathodic and anodic
peaks (70 or 80 mV) of the two one-electron reduction
steps of TFM appeared to indicate that the electrode
reactions were reversible. The values of the peak po-
tential separation (slightly larger than the theoretical

I [ I
50 MAI
C
50 uAI
B
20 AAI
A
— T T 1
-1.0 «1.5 -2.0 -25

V VERSUS SCE

Fig. 3. Cyclic voltammograms of 1 mM p-butoxyphenyl p-hexyl-
oxybenzoate in 0.1M TBAP solutions of DMF. Hanging drop mer-
cury electrode. Voltage scan rates: (A) 20 mV/sec; (B) 100 mV/
sec; and (C) 200 mV/sec.
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Fig. 4. Cyclic voltammograms of the redox dopants in 0.1M
TBAP solution of AN. Electrode, platinum ball; voltage scan rate,
100 mV/sec; (A) 1.0 mM DBF; (B) 3 mM TTF; (C) 25 mM TCNQ;
and (D) 1.1 mM TFM.

value of 58 mV) might be due to the uncompensated
resistance of the electrolyte in the test cell.

Reversible electrode reactions in AN have been re-
ported for the two one-electron oxidations of TTF (16)
and also for the first one-electron reduction step of
the two one-electron reduction steps of TCNQ (17, 18).
Such reversibility has not been reported for TFM and
DBF, but in the latter case a similar structure [1,1’-di-
ethylferrocene (19)] was reported to show a reversible
one-electron oxidation step.

The redox potentials of the dopants indicate that
the electron acceptors such as TFM and TCNQ and
donors such as DBF and TTF are expected to
dominate cathodic and anodic processes, respectively,
in the LC if they are present in sufficient concentra-
tions.

Liquid crystal studies.—The dominating effects of
the electrode reactions of dopants on the electrohy-
drodynamics of the LC have been observed during the
microscopic study of DS with applied d-c fields. The
characteristic microscopic patterns of DS with various
types of dopants are shown in Fig. 5 and 6. Salt dopants
[Fig. 5(B) and 6(A)] and redox dopants [Fig. 5(B-D)
and 6(B-F)] showed distinctly different DS patterns.
When the dopant was salt type and the liquid crystal
alignment was perpendicular to the electric field and
parallel to the glass substrate, the scattering pattern
had a line or channel structure [Fig. 5(A) and 6(A)]
which was asymmetric with respect to the polarity of
the field but otherwise similar to that previously ob-
served by Chang (20) with MBBA subjected to an
a-c signal. (When the alignment was parallel to the
electric field, the line structure was spatially very ir-
regular; otherwise, the appearance was similar to the
perpendicular case.) Thin flow lines of liquid crystal
[Fig. 5(A)] were initiated from both electrodes visibly
at the same time and propagated toward the opposite
electrodes. The initiation of these flow lines alternated
regularly from one electrode to the other. Dust par-
ticles moved in one direction along the flow lines
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originating at one electrode, and in the opposite direc-
tion along the flow lines originating at the other elec-
trode, indicating that the lines were caused by LC
flow. These particles moved back and forth along the
flow channels. This observation is consistent with
earlier observations on Williams domain patterns (21).
There appeared to be little or no net flow of liquid
crystal from one electrode to the other, even with
type B cells in which room for net flow was provided.

When the dopant was a redox-type, i.e., an electron
acceptor or an electron donor, the general appearance
of the scattering pattern was quite different from that
observed with the salt dopants. Turbulent motions of
liquid crystal were observed at lower voltages, without
formation of the regular line or channel structure dis-
cussed above. The turbulence was initiated from one
electrode and propagated to the other at a visible rate.
Except at very high voltages, the turbulence did not
reach the opposite electrode and remained localized
near the electrode where it was initiated [Fig. 5(B-D)
and 6(B-E)]. A surprising observation was that the
turbulence was initiated from the cathode when the
dopant was an electron donor and from the positive
when the dopant was an electron acceptor, i.e., the
turbulence was observed at the opposite electrode of

Fig. 5. Photographs of the microscopic patterns of DS using type
A cells. A single polarizer parallel to the direction of
LC alignment was used. The alignment of LC was per-
pendicular to the electric field and purallel to the surface of
the glass substrate. d = 51 um. (A) 0.03%, p ~ 4 X 108 Q-cm;
(B) saturated, p ~ 1010 Q.cm; (C) 0.5%, p ~ 1010 Q-cm; and
(D) 1%, p ~ 1010 O-cm.

A TBAD 8 Ten @ Tena o1 TTF € o8 (71 0BF - TiM

Fig. 6. Photographs of the microscopic patterns of DS using
type B cells. Crossed polarizers are used with one polarizer parallel
to the direction of LC alignment. The alignment of LC was per-
pendicular to the electric field and parallel to the surface of the
glass substrate. d = 51 um. (A) 0.02% TBAP, p ~ 2 X 10°
Q-cm; (B) 0.2% TFM, p ~ 1010 Q-cm; (C) saturated TCNQ, p
~ 1010 O.ecm; (D) 0.5% TTF, p ~ 9 X 1010 Q-cm; (E) 0.2%
DBF, p ~ 101 O.cm; and (F) 0.1% DBF-TFM, p ~ 1010 0-cm.
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the electrode from which the charge injection was ex-
pected through the faradaic reaction of the dopant.
The flow of LC under the influence of the applied
d-c field was also observed with the redox dopants. A
unidirectional flow from one electrode to the other
was observed with these dopants, unlike the case of
salt dopants. The direction of the flow was always from
the anode to the cathode when the dopant was a donor,
and from the cathode to the anode when the dopant
was an acceptor. Figure 7 shows an example of micro-
scopic flow patterns with a donor dopant (DBF). As
indicated by arrows in the figure, average dust par-
ticles moved from the back side of the electrode from
which charge injection is expected through the faradaic
reaction of the dopants toward the opposite electrode,
traveled across the electrode boundary and came back
to the starting point by the periphery of the electrodes
where the electrical field was weak. The dopant-de-
pendent flow of LC was confirmed by another inde-
pendent method using a test cell which is shown
schematically in Fig. 8. The field was applied across
two metal screen electrodes and a net liquid flow in a
given direction introduced a pressure which changed
the height of the liquid crystal in the capillaries. When
voltage was applied to the cell, the LC column was
displaced from the anode side to the cathode side when
the dopant was an electron donor, and vice versa when
the dopant was an acceptor. When the dopant was

Fig. 7. Flow pattern of LC in a type B cell. Alignment of LC
was perpendicular to the surface of the glass substrate. Photo-
graphs were taken with crossed polarizers. Dopant: 0.2% DBF.
Applied voltage: 120V.
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Fig. 8. Liquid crystal flow detection cell.
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either a salt or an equimolar mixture of the donor
(DBF) and the acceptor (TFM), the displacement was
much smaller than previous cases.

The dopant-dependent flow of LC under the in-
fluence of the d-c field clearly indicated that the elec-
trode reactions of the dopants played the dominant
role in the electrohydrodynamics of the LC. The ob-
servation with the redox dopants appears to be con-
sistent with the charge conduction mechanisms, as
shown in Fig. 9(a) and (b), which involve a unipolar
charge injection through the faradaic reaction of the
dopant at our electrode followed by space charge (11)
migration to the opposite electrode where the charge
is neutralized by the reverse electrode reaction. The
space charge should be associated with the radical ions
of the dopants. When the dopant is an electron acceptor
[Fig. 9(a)], negative charge injection occurs at the
cathode (A 4+ e - A~), the charge migrates to the
anode in the form of a space charge to be neutralized
at the anode (A~ = A + e), and vice versa when the
dopant is a donor [Fig. 9(b)]. The LC flow is caused
by the migration of ions through it. The alternati+z
mechanisms shown in Fig. 9(c-f) which do not re-
quire space charge formation do not explain the uni-
directional flow of the LC.

When the redox dopant was a mixture of an electron
acceptor and a donor, the direction of the net flow of
LC depended on relative amounts of each component.
Microscopic studies showed that the over-all flow pat-
tern of the LC was a mixture of regions which were
similar to the pattern with an acceptor dopant and
those with donor dopant rather than those of a salt
dopant with a flow line structure. The patterns con-
tained regions of turbulence which were similar to
those with an acceptor dopant and regions which were
similar to those with a donor dopant [Fig. 6(F)]. This
observation was also supported by the motion of dust
particles which moved from one electrode to the other
in one region and in the opposite direction in the ad-
jacent region. The charge conduction mechanism ap-
pears to involve regions where the mechanism shown
in Fig. 9(a) operates, and other regions where the
mechanism shown in Fig. 9(b) operates. These two

ELECTRON ELECTRON
ACCEPTOR DOPANT DONNOR DOPANT
ANODE CATHODE ANODE CATHODE
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Fig. 9. Charge conduction mechanisms through LC when the
dopant is a redox type.
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different regions are randomly distributed throughout
the conduction area.

When the dopant is a salt, the charge conduction
mechanism is probably as shown in Fig. 10(a). The LC
components are reduced at the cathode to give a radical
anion (LC 4+ e - LC-), and oxidized at the anode to
give a radical cation (LC - LC* + e). At the same
time, channels of cation and anion space charge re-
gions are formed during the charge migrations to the
opposite electrodes, and the charge is neutralized at
the opposite electrodes by reverse reactions. An alter-
nate mechanism (22) [Fig. 10(b)] which includes a
reaction of the cation and anion in the bulk of LC does
not explain the alternating flow channels of LC which
are observed with the salt dopant.

The hydrodynamic instability of LC with the salt
dopants to form the flow channel structure has been
theoretically analyzed previously (23). However the
reason, why the turbulence pattern is formed during
dynamic scattering of LC when the dopant is a redox
type and why the turbulence is localized at one par-
ticular electrode are not known presently. The reason
why two different turbulence regions are formed when
the dopant is a mixture of an electron acceptor and a
donor, instead of giving the flow channel structure, re-
mains also to be explained.

The turbulent LC flow patterns observed in Fig. 5
and 6 correspond to the dynamic scattering (DS)
effects observed in display cells. The DS threshold
voltage is considerably higher in the present test cells
than in conventional sandwich-type display cells be-
cause of the surface boundary conditions. Comparison
of the microscopic patterns of salt-doped LC in Fig.
5(A) and 6(A) (no DS was observed at 30 and 40V,
respectively) with those of redox-doped LC in Fig.
5(B-D) and 6(B-F) showed that the redox dopants
gave lower DS threshold voltage than the salt dopants.
Threshold voltages of 2.0-2.1V for a redox dopant and
3-5V for a salt dopant were observed (6) in a compar-
able resistivity range of the LC in conventional 13 um
thick display cells in which the LC was sandwiched
between 2 flat transparent electrodes. The comparison
of the microscopic patterns also indicated that the LC
doped with a redox dopant would give a higher DS
level than the LC with a salt dopant. The scattering
levels in a given voltage in the display cells were al-
ways higher with the redox dopants than the salt
dopants (6).

Our observations (6) of long d-c operational life-
times of LC with redox dopants as compared to short
lifetimes with salt dopants are consistent with the
present charge conduction mechanism. In 13 ym thick
display cells an operational lifetime of more than
18,000 hr with continuous 20V d-c operation has been
achieved when the LC was doped with 0.5% DBF and
0.5% TFM, while the lifetime was shorter by more
than two orders of magnitude when the LC was doped
with a salt dopant. The shorter lifetime with a salt
dopant was probably due to the formation of LC radi-
cal ions which are unstable, while in the presence of
redox dopants such LC radical ions were not formed.

SALT DOPANT

ANODE CATHODE ANODE CATHODE
® © ® ©

LG« LC~
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Lc bE e X e
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(a) (b)

Fig. 10. Charge conduction mechanisms through LC when the
dopant is a salt.
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Conclusions

1. Discretely different d-c-activated hydrodynamic
instabiltities were observed with a redox dopant than
with a salt dopant in the same ester liquid crystal. At
voltages just above the threshold the liquid crystal
with salt dopants showed a flow pattern with periodi-
cally arrayed flow channels, while the liquid crystal
with redox dopants showed turbulence motion.

2. A unidirectional flow of LC from one electrode to
the other has been observed during the DS of the LC
which was doped with either an electron acceptor or a
donor. The direction of the flow depended on the do-
pants. The flow was from the positive electrode to the
negative when the dopant was an electron donor and
vice versa when the dopant was an acceptor.

3. The observations of the flow appeared to be con-
sistent with the charge transport mechanisms which
involved a unipolar injection of charge at the anode
when the dopant was a donor and at the cathode when
the dopant was an acceptor through the faradaic reac-
tion of the dopants and migration of the injected space
charge toward the opposite electrode to be neutralized
by the reverse electrode reactions.

4. When the dopant was a redox type, dynamic scat-
tering appeared to be initiated and localized (at lower
voltages) at the opposite electrode of charge injection.

5. The higher d-c scattering levels (6) of the pres-
ent liquid crystal with redox dopants rather than with
salt dopants appeared to be due to the distinctively
different hydrodynamic instability patterns.
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Chemical Mechanisms in Photoresist Systems

I. Photochemical Cleavage of a Bisazide System

Shigeki Shimizu’ and George R. Bird
School of Chemistry, Rutgers University, New Brunswick, New Jersey 08903

ABSTRACT

We have investigated the familiar photoresist system of cyclized poly-
isoprene + bis(4-azidobenzal)cyclohexanone by the methods of infrared and
u.v. spectroscopy, solvent extraction, and thin layer chromatography. The
principal photoreaction is the simultaneous cleavage of both azido groups on
a single molecule by absorption of a single photon with 43% quantum yield.
The observed traces of monoazides and or other materials are insufficient to
justify a biphotonic mechanism. The reacted bisazide (bisamine and/or by-
products) acts as a quencher for neighbor bisazide molecules, producing a com-
plicated kinetic behavior which may simulate a second-order (biphotonic) re-

action.

Among the practical photoresist systems used to
fabricate printed microcircuits or lithographic plates,
symmetrical bisazides have been widely used as the
photoactive, cross-link-forming element.2 It is obvious
from the wide acceptance of this class of materials
that the quantum yield for formation of cross-links
must be high. In describing these systems, Kosar (1)
makes repeated mention of the thermal stability of the
azide group, a stability which may be contrasted with
the relative thermal instability of most photochemical
initiators and cross-linking agents (2). Since single-
cross-links suffice to bind and immobilize large poly-
mer molecules, a photoresist system must be consid-
ered as a chemical image amplifier with a gain roughly
proportional to the degree of polymerization of the
parent polymer. This amplification applies equally to
the desired image of actinic photons and to the unde-
sired thermal initiation of cross-linking reactions.

The high sensitivity of bisazide photoresist systems
was called to our attention by John Weigl (3), who
indicated that the system described by Clecak, Cox,
and Moreau (4) was “a extraordinary fast system de-
scribed in the literature.” This system involves par-
tially cyclized polyisoprene as the starting polymer and
2,6-bis (4-azidocinnamylidene) cyclohexanone as the
cross-linking agent (I). Related initiators involving
cyclopentanone and methyl substituted cyclic ketones
have been described (5). We were initially interested
in the question of thermal instability of the cinnamyli-
dene bisazide, but soon discovered that the question of
instability could not be approached without a satisfac-
tory understanding of the mechanism of the primary
photoreactions of these systems. Conversations with Dr,
Moreau indicated that a commercially available mate-

1 Present address: Mitsubishi Chemical Industries, Research
Laboratory, Midori-ku, Yokohama, Japan,

Key words: cross-linking, energy transfer, infrared spectrom-
e"mece the bisazide systems form cross-links and become re-

sistant to solution in exposed areas, they are described as ‘“‘neg-
ative photoresists” by analogy to a photographic negative.

rial, 2,6-bis (4-azidobenzal) cyclohexanone (II), would
be a much more suitable material for investigation, so

‘we began a mechanistic investigation on this com-

pound as a photo-cross-linking agent for partially cy-
clized polyisoprene.

The scientific literature is ambiguous as to the initial
step in the photoreaction of a variety of bisazides. It is
clear that N» is split off and nitrene formed as a highly
reactive intermediate, but it is not at all clear whether
absorption of a single photon results in the cleavage of
one or both of the azido groups. Reiser et al. (6, 7)
have analyzed the photoreactions of a number of bis-
azides in frozen matrixes at 70°K, and reported quan-
tum yields for 2 separate steps in the formation of the
bisnitrene (stable only in the frozen matrix). One very
notable exception in this investigation is the listing of
the compound p,p’-diazidobenzophenone at the end of
the table of the quantum yields with the single entry
¢ = 1.00 and no indication as to whether this refers to
the quantum yields of 2 discrete steps or to the simul-
taneous cleavage of both azido groups by absorption
of a single photon. Trozollo et al. (8) have reported
on the ESR spectra of some bisnitrenes in frozen
matrixes, and suggested in the text that these may be
formed by simultaneous single photon cleavage in some
cases.

In an attempt to settle the distinction between simul-
taneous, monophotonic cleavage and stepwise two-
photon cleavage, we examined the details of light
sensitivities reported by Clecak et al. (4). Although
these workers write an explicit biphotonic equation,
their system sensitivity suggests simultaneous cleavage.
Thus, the absorption of some 5.0 X 10!¢ photons/cm?2
suffices to insolubilize over 90% of a film of polymer
containing 8.7 x 10'* molecules/cm2. One could appeal
to thermal reactions to make up the difference to at
least one reacted azido group per bisnitrene molecule,
but such extensive thermal reaction would imply in-
stability on storage, which is not observed.
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We observed the photoreaction of bisazide (II),
monitoring azido group absorption at room tempera-
ture in the polyisoprene matrix by infrared spectrome-
try. This observation was made directly on the actual
photoresist composition as coated on high resistivity Si
wafers, which allowed us to take advantage of the
infrared transparency of pure Si. Photoreaction of
quinone diazide (III) which makes a positive3 photo-
resist system was also observed by infrared spectros-
copy to illustrate the difference of the photoreaction
mechanisms between these positive and negative pho-
toresists. In particular, the quinone diazide is a mono-
functional reagent, in contrast to the bisazide cross-
linking agent. It forms no quenchers in the course of
photoreaction, and thus gives uncomplicated kinetic
behavior.

am ! @
X D/ " 50,C1

Results and Discussion

Photoreaction characteristic of positive and negative
resists.—Figures 1 and 2 show the plot of logarithms
of infrared absorbance vs. photodosing time at constant
intensity. In the case of the positive photoresist (Fig.
1), the logarithmic plot is linear, indicating that the
photoreaction is a simple first-order reaction in terms
of unreacted quinone diazide (9, 15).¢ No quenching by
reaction products is observed, nor was any expected.

In the case of the bisazide photoresist (Fig. 2), the
decrease of azide absorbance shows a sharp retardation
as the photoreaction proceeds. The reaction curve is
more complicated than a simple second-order reaction.
We first tried to explain this phenomena by a sequen-
tial two-photon process, as proposed by Reiser et al.
(6). As will be seen, this proved to be impossible to do.

Simulation of photoreaction of bisazide by a sequen-
tial two-photon process.—If the bisnitrene is formed

3In this system, exposure forms solubilizing groups, so the
polymer is removed in exposed areas. Such a system is described
as a “positive photoresist”.

+ First-order kinetics are observed when a reaction proceeds at
constant quantum yield in an optically dilute sample.
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Fig. 1. Disappearance of diazo absorption of positive photoresist
(quinone diazide-novolac). Dosing condition, 365 nm, 6.1 mJ/cm2
min; photoresist coating, 0.96 um on Si.

PHOTORESIST SYSTEMS

1395

LOG (IR absorbgnce)
x1000

1.3
1.0t
o7
(X 4
exposure time
[ N .
(o] 2 4 6 8 1o

min.

Fig. 2. Disappearance of azido absorption of negative photoresist
(bisazide-polyisoprene). Dosing condition, 365 nm, 5.8 mJ/cm2
min; photoresist 3 w/o bisazide based on polymer, 1.2 um coating
on Si.

through a sequential two-photon process, the decrease
of bisazide and increase of intermediate azidoamine
can be expressed in Eq. [1] and Eq. [2]. Also, their
concentrations (A and B) can be expressed by Eq. [3]
and Eq. [4], where K; and K, are the first-order reac-
tion rate constants for the first and second step, respec-
tively, and are given by products of quantum yields
and rates of absorption of photons.

Seguential two-photon mechanism

bisazide (A) dA

hy LKy - = e (1]
azido amine (B) dB
hy L Ks e KiA — K.B [2]
bisamine A = e Kt [3]
B = __};(l_ (e—Kit _ e—Kat) [4]
Ky, — Ky

By assuming that the infrared azido absorption coeffi-
cient of azidoamine is half of that of bisazide, we can
plot the expected azido absorbance (24 + B) vs. pho-
todosing time at different K, values. The dotted line in
Fig. 3 shows the experimental data from a 3% wt. bis-
azide (II) photoresist coated on NaCl. Other solid lines
represent simulated data from Eq. [3] and Eq. [4] in
which K; was determined to be 0.48 min—1 from the
observed decrease during the first 1 min, and from the
assumption that the initial reaction rate involves only
cleavage of a single azido group. Figure 4 shows the
simulated concentration of the intermediate azido-
amine under the same conditions as Fig. 3.

We had searched carefully with a high resolution
infrared spectrometer (PE 521) for the expected shift
of the infrared bahd shape and position upon formation
of increasing monoazide, and observed none (Fig. 5).
The experimental conditions for Fig. 5 are completely
the same as Fig. 3.

Extraction of azide from photoresist films.—When it
became clear that the observations could not be fitted
to a sequential two-photon mechanism, we made a
careful analysis of the reaction products in photoresist
films. Several mixtures of methanol and benzene were
tested to find the conditions for extracting only starting
bisazide and low molecular weight reaction products
from the photoresist film without removing appreciable
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polymer. After extracting the photoresist for 3 min, we
analyzed the remaining azide and polyisoprene by the
infrared N3 band and CH band absorbances, respec-
tively. As shown in Fig. 6, an equal volume mixture
of methanol and benzene will extract only low molecu-
lar weight materials from the polymer layer. All of
the uncross-linked polyisoprene is found to dissolve
in benzene, so pure benzene can be used for “develop-
ment” of the exposed photoresist.

We performed extractions from photoresists coated
on silicon wafers after different exposure times. The
azide remaining in the film was observed by infrared
spectrometry. The extracts were separated by TLC (E.

LOG(IR absorbance)
x1000

exposure time

o " " " N A

o 2 4 6 8 10 mn

Fig. 3. Simulation of total azido absorbance by sequential two-
photon process. Dosing condition, 365 nm, 5.8 mJ/cm2 min. A,
observed from 3% bisazide photoresist, coated 1.2 um thick on
NaCl; B, simulated from K; = 0.48 min—1; Ko = 0.48 min—1;
C, simulated from K; — 0.48 min—1, Ky = 0.16 min—1; D, simu-
lated from K; — 0.48 min—1, K» = 0.096 min—1!; E, simulated
from K; = 0.48 min—1, Ky — 0.048 min—1. Ky is fixed by ob-
servation,

relative concentration
10 %

805 \ ,

E
6

D

4

o
20|

B
o . s

(o} 2 4 6 8 10 min.

exposure time

Fig. 4. Simulation of azidoamine and bisazide concentration by
sequential two-photon process. A, bisazide simulated from K =
0.48 min—1; B, azidoamine simulated from K; — 0.48 min—!, Ko
— 0.48 min—1; C, azidoamine simulated from K; — 0.48 min—1,
Ks = 0.16 min—1; D, azidoamine simulated from K; — 0.48
min~1, K» = 0.096 min—!; E, azidoamine simulated from K;{ —
0.48 min—1, K, = 0.048 min—1, K; is fixed by observation.
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Merck, Silica Gel 60 F-254, CHCl; solvent) and starting
bisazide (R; = 0.6) and other colored products (Rf =
0.0-0.2) were detected. The R; (0.6) and u.v. spec-
trum of the principal extracted material matched the
unreacted bisazide (II).

The low mobility colored products were difficult to
characterize. They are proved not to be azidoamine
(azidonitrene-polyisoprene adducts), but rather by-
products of nitrene-bisazide coupling side-reaction
from the following observations:

1. The TLC spots of these products can be moved to
the solvent front (Rf = 1.0) by using polar solvents
(MeOH/CHCl3; = 5/2), while cyclized polyisoprene
(not cross-linked) does not move at all (R = 0.0).

transmittance

%
Omin. | min. 2 min,|
951 I
93} 3 H
22 2l 20 22 21 ‘20 22 21 20
x100cm™
transmittance
4 min 7 min 12 min
’e /\/ A\
93 i F
22 21 20 22 21 20 22 21 20
x100 em™'

Fig. 5. Infrared spectra (expansion times 10) of photoresist at
different photodosing times. Dosing condition, 365 nm, 5.8 mJ/cm?2
min; photoresist, 3% bisazide, 1.2 um coating on NaCl.

% remaining extraction develop
100 v L
75F
50t A
25}

o " " N
o] 20 40 60 ao 100%
benzene

Fig. 6. Extiactability of unexposed bisazide and cyclized poly-
isoprene by methanol-benzene acting for 3 min on a 1.2 um film
containing 3% bisazide. A, bisazide; B, cyclized polyisoprene.
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2. The shape, frequency, and especially the relative
strength of infrared CH-stretching absorptions are
very different from those of cyclized polyisoprene. The
ratio of total CH to N3 absorptions is very low.

3. The low mobility colored spots increased with
photodosing time, and never decreased, precluding
monoazide intermediates.

4. The infrared spectrum of the mixture of colored
products extracted from the low mobility TLC spots
by methanol/benzene (1/1) showed a weak azido ab-
sorption.

The bisazide spots (Ry = 0.6, CHCl;) were scraped
from the TLC plate, extracted again by methanol/
benzene (1/1), and analyzed by u.v. spectrometer. The
results of the extractions are summarized in Table I.
In every case almost all the azido compound can be ex-
tracted from the polymer layer, as shown by the dis-
appearance of the infrared azido absorption after ex-
traction.

Discussion on the simultaneous single photon mecha-
nism and the sequential two-photon mechanism.—
Azidonitrene, which is supposed to be the intermediate
product of the two-photon mechanism, is expected to
react almost instantaneously with polyisoprene to form
polymer adducts (azidoamine) which cannot then be
extracted by polar solvent (methanol/benzene = 1/1).
These adducts should show an infrared azido absorp-
tion, which we have not observed. We can compare the
absence of observed azido absorption after extraction
with the calculated minimum absorption required to
support a sequential two-photon mechanism. The re-
lation between any first-order photochemical reaction
rate constant K (min—!) and quantum yield (¢) and
fraction of incident light absorbed (A) can be ex-
pressed as follows

& X photon flux for 1 min X A

" starting bisazide molecular concentration

The parameters for a hypothetical biphotonic decom-
position (¢, A) can be approximated from observed
infrared and u.v. data which are summarized in Table
11

#;, which is the quantum yield of the hypothetical
first process, can be calculated by assuming equal in-
frared absorbance for all azido groups. Table II shows
an infrared absorbance decrease from 0.0179 to 0.0136
for the first 1 min, which would have to mean that 2.46
X 105 bisazide molecules/cm? were decomposed to
monoazide. U.V. absorbance shows that the average
absorbance is 0.306 at 365 nm for the first 1 min, so the
fraction of light absorbed (A4;) is 50.6%, which means
that 5.3 X 1015 photons/cm? were absorbed in the first
1 min. Therefore the quantum yield (®;) can be cal-
culated at 46.4% in this particular 3% film.

The fraction of light absorbed by half-reacted bis-
azide existing as monoazide-monoamine (A4;) can be

Table I. Analysis of extracted photoresist and extracts after
different amount of photodosing (365 nm)
Photoresist; 3% bisazide, 1.2 um coating on Si

Extraction; dissolving in methanol-benzene(%/;) solvent for 3
min

Remaining Na
absorbance after
exposure (%)

Remaining Na
absorbance after
extraction (%)

Recovered bisazide
from TLC spot
of extracts (%)

PHOTORESIST SYSTEMS

8 =4.0 61
67 =5.5

65 =5.0 54
61 8x3 45
51 63

47 28
46 24
40 10+4 19
38 6+4

32 103 22

* The notation = indicates that there appears to be a trace of
azide absorption, but the quantity present could range from zero
to the stated upper value.
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Table 11. Observed infrared and u.v. absorbance of bisazide
and photoresist

Photoresist; 3% bisazide, 1.2 um coating on NaCl
Dosing condition; 365 nm, 1.04 x 10 photon/cm? min

Infrared

(2110 cm-?) U.V. (365 nm)

Molar absorption coeffi- 2.1 x 103 3.73 x 104
cient of bisazide (II) mole-1 - mole-t -
1-cm= 1-cm-

Absorbance of photore-

sist upon exposure

= 1.79 x 10-2 3.32 x 101
t = 1 min 1.36 x 10-2 2.80 x 10-1
t = 50 min =0.15 x 10-2 1.80 x 10-*

calculated by taking the mean of initial and final u.v.
absorption coefficient of bisazide upon exposure. Table
II shows that the absorbance of photoresist at 365 nm
decreased to 54% of the initial value when almost all
the azido groups are decomposed after a massive 50
min dosing. By taking the mean of 100% and 54%, the
average absorbance of the photoresist film can be esti-
mated as 0.306 X 0.77 = 0.236, which would mean that
Agis 41.8%.

When the quantum yield of the hypothetical second
step (®p) is assumed to be high, smaller amounts of
azidonitrene adducts are to be expected in the photo-
resist after extraction. In the limiting case with & =
100%, K can be estimated as follows

1.00( ®3) X 0.418 (Az) X 0.48 (K1) ;
Ky ~ = 0.85 min—!
0.464 (#1) x 0.506 (A1)

Figure 7 shows the minimum azido absorbance re-
quired to agree with a two-photon mechanism in which
the infrared absorption coefficient of azidoamine is half
that of bisazide. This is a conservative approximation
because it has been reported that the infrared absorp-
tion coefficient of the azido group increases when con-
jugated electron-accepting groups are replaced by elec-
tron-donating groups, as would be the case if one azido
group were converted to a secondary or tertiary amine
(10). An azidonitrene would react with polymer to
form azidoamine, which can thus be expected to in-
crease the absorption coefficient per azido group.

Figure 8 shows the infrared azido band before and
after extraction. The minimum amount of absorbance
allowable for a sequential two-photon process is shown
aside. The observed absorbance in the polymer after

azide absorbance
after extraction
%
\6r

20 % azide absorbance
before extraction

100 80 680 40

Fig. 7. Comparison of azido absorbance between observed and
calculated (two-photon process). A, calculated minimum absorbance
for sequential two-photon process, &2 = 100%; |, observed data
of photoresist, 3% bisazide based on polymer, 1.2 um coating on
Si, methanol-benzene (1/1) extraction for 3 min.
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Fig. 8. Infrared spectra (times 20 expansion) of photoresist be-
fore and after extraction. A, no exposure, 3% bisazide, 1.2 um
coating on Si; B, partial exposure (remaining ozido absorbance is
66%), 3% bisazide, 1.2 um coating on Si, no. 1 and 2 refer to
repeated observations. Note that much of the fine structure (as
seen especially clearly in spectrum A-1), is the interference pat-
tern imposed by the high refractive index of the Si wafer (n —
3.4). Fortunately, the azide absorption band is considerably
broader than the repeat period of this pattern.

extraction is considerably less than the calculated ab-
sorbance.

Thus the two-photon mechanism is inadequate to ex-
plain the results and products above mentioned; in-
stead, the simultaneous one-photon mechanism seems
much more reasonable. The small amount of azido ab-
sorption detected after extraction in Fig. 8 can be at-
tributed in part to unextracted bisazide, because re-
peated extraction further lowers the intensity of the
azido absorption in the polymer while the intensity of
the CH absorption is unchanged. Perhaps the over-all
cross-linking makes the extraction of bisazide more
difficult. The increase in the retained azide with photo-
dosing time (Fig. 7) is thus assigned to cross-linking
and reduced swelling of the polymer in the methanol/
benzene (1/1) extraction.

The one-photon mechanism also suggests that ef-
fective cross-linking occurs at the early stages of pho-
todosing. By measuring the film thickness after devel-
opment (dissolve in benzene for 3 min), we can esti-
mate the extent of the cross-linking. The results,
shown in Table III, give a satisfactory fit for a one-
photon mechanism.

Energy transfer—If we accept a simple one-photon
mechanism, the reduced photodecomposition rate of
bisazide after ca. 50% of photoreaction is still to be ex-
plained. We made several coatings with different azide
concentration, and observed their azido absorbance de-
crease upon photodosing. The results are shown in Fig.
9. The decrease of rate with increasing concentration
suggests some inhibition of the primary photoreaction
by its products. At highest concentration (7% bisazide
based on polymer), quenching is observed from the
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Table 11, Fraction of cross-linked polymer after different
amount of photodosing
Photoresist; 3% bisazide, 1.2 ym coating on Si

Expo‘sure; 365 nm

Dev: t; dissolve in b for 3 min

Decreased amount
of N; absorbance
upon exposure (%)

Remaining poly-
isoprene after
development (%)

43 43
47 49
55 67
n 82

earliest stages and reaction is completely quenched
after about 50% of completion. On the other hand, low
concentration photoresist layers (1% bisazide based on
polymer) show higher initial rate and only slight
quenching.

Figure 10 shows the u.v. absorption of negative pho-
toresist before exposure, after complete photodosing,
and after development. During photo exposure, a new
long-wavelength absorption around 410 nm appears

LOG(IR absorbance)

x1000
1.5 |
1.3p \\
]
A
O.QF o
B
orf
c
05 2 N A exposure
o] 10 20 30 40 mjoule/cm?

Fig. 9. Rate of disappearance of azido absorbance. Dosing, 365
nm, photoresist A, 7% bisazide, 0.8 um coating on Si; photoresist
B, 3% bisazide, 1.0 um coating on Si; photoresist C, 1% bisazide,
2.3 um coating on Si.

absorbance

04r

0.2

Q N " " 2 "
320 350 380 410 440 470 500
nm

Fig. 10. U.V. spectra of negative photoresist. Photoresist, 3%
bisazide, 1.2 um coating on NaCl, dosing condition, 365 nm, 5.8
mJ/cm2 min. A, before exposure; B, after 50 min exposure; C,
after development of exposed film.
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and remains fixed in the cross-linked polymer after
development. We assign this absorption to reacted bis-
nitrene, presumably bisamine,? which forms the actual
cross-links. The absorption decrease (curves B and C
in Fig. 10) around 350 nm is due to extractable low
molecular weight by-products which have been dis-
cussed (the low mobility spots).

For the moment we can only note that both of the
absorption spectra (bisamine and byproducts) lie at
longer wavelength than the spectrum of the starting
material. Thus, direct singlet-singlet intermolecular
energy transfer can occur. Further, this is a very con-
centrated system, and the potential donors and accep-
tors are nearly in contact. Triplet-triplet transfer may
also occur (11), but we have no indication supporting
or disproving it. The bisamine appears to be inert to
direct photoreaction and to reaction by energy transfer.
Thus the retardation of decomposition in this system
is explicable in terms of energy transfer to the reac-
tion product.

The u.v. absorption of the positive photoresist shows
no long-wavelength absorption in the course of photo-
dosing. The absorbance of every peak decreases ac-
cording to simple first-order reactior Vinetics and no
quenching is observed (15). The contrast between the
complicated concentration dependence shown by the
bisazide system and the single first-order dependence
of the quinone diazide system can be examined to em-
phasize the importance of energy transfer in the bis-
azide system.

The highest quantum yield of bisazide decomposi-
tion observed was 43% (one-photon process). The con-
ditions were as follows: bisazide concentration, 0.56%
based on polymer; film coating, 3.5 um on NaCl; photon
flux, 8.22 X 1015 photon/cm?2 min; fraction of light ab-
sorbed, 29.7%; decomposed bisazide after 1 min dos-
ing, 1.06 X 1015 molecule/cm2. An even higher quantum
yield is to be expected from shorter exposure times
and lower azide concentrations, but these conditions lie
beyond the accuracy of the infrared observations.

Experimental

The negative-type photoresist was made by dissolv-
ing bis (4-azidobenzal) -cyclohexanone (II) and cyclized
polyisoprene in Kodak KTFR Thinner.6 Cyclized poly-
isoprene was prepared by refluxing a solution of tolu-
ene, cis-1,4-polyisoprene (MW 110,000-150,000, Good-
year NATSYN-200) and p-toluenesulfonic acid for 6 hr
(12). Cyeclicity (1.7-2.3) and uncyclized isoprene unit
(4-6%) were characterized by NMR (Varian T-60).
Cyclized rubber was dissolved to 10-15 weight percent
(w/0) in KTFR Thinner, and bisazide (II) was added
1-7 w/0 based on polymer.

The positive-type photopolymer was prepared by
condensing pheno-formaldehyde polymer (Union Car-
bide, NOVOLAC BRN-5834) with 50 w/o of o-naphth-
oquinone diazide sulfonyl chloride (III) in the pres-
ence of sodium carbonate (13). About 20% of the hy-
droxyl groups were substituted by the quinone diazide
sulfonyl group. The photoresist was made by dissolving
this photopolymer to 25 w/o in Shipley AZ-1350 Thin-
ner.?

The photoresist films were spincoated on silicon
wafers and prebaked at 80°C for 20 min in an oven
before use. The film thickness was calculated from the
interference pattern obtained by measurement of spec-
ular reflectance, using the Model 1413 reflectance at-
tachment of a Cary 14 spectrophotometer.

A medium pressure mercury lamp (100W, GE
100A4/T) was used as the u.v. light source. Specific
wavelengths were selected using interference filters
(365 nm, 405 nm). During photodosing, light intensity

5 This assignment was confirmed by the absorption spectrum of
a related bisamine, bis(4-dimethylaminobenzal)-cyclohexanone,
which showed an almost identical absorption band (425 nm) to
reacted bisazide (Fig. 10C).

¢ This material is observed by infrared and NMR to be substan-
tially o-xylene.

7This material is analyzed by GC to be cellosolve acetate
(909%), butyl acetate (59), and xylene (5%).

PHOTORESIST SYSTEMS

1399

was monitored with an EMI S-10 photomultiplier,
which was calibrated by a potassium ferrioxalate
actinometer (14). Nitrogen gas was flushed through
the photoreaction box during photodosing.

The reactions of bisazide and quinone diazide were
monitored by observing the infrared absorption of the
azido (2110 cm—!) and diazo (2120 cm~1) group using
the scale expansion attachment of the Perkin Elmer
£21 spectrophotometer (Fig. 11).

P-doped silicon wafers with a high infrared trans-
mittancy of 45-55% at 2100 cm~1, resistance of 300Q
cm~!, diam of 2 in., thickness of 0.27 mm were obtained
from Monsanto Chemical Company, and they- were
used without further heating. A silver bromide window
(blue and u.v. absorbing) was placed in front of the
photoresist to protect the bisazide and quinone diazide
from any actinic light emitted by the infrared light
source. When both infrared and u.v. information was
needed, the photoresist layers were coated on sodium
chloride plates instead of the silicon wafers.

Conclusions

From the infrared study of azido absorption of pho-
toresist upon exposure, and from the analysis of low
molecular weight compounds extracted from exposed
photoresists, we obtained the following conclusions:

1. The cleavage of both azido groups of the starting
bisazide is brought about by absorption of a single
photon. This is established by the following observa-
tions: (i) Azidoamine, which is considered to be the
intermediate of the two-photon process, is not observed
in partially exposed photoresists; and (ii) bisazide is
the principal azido compound still existing after any
amount of photodosing.

2. The photodecomposition rate of bisazide is re-
duced as cross-linking proceeds. This is probably due
to energy transfer from unreacted bisazide to reacted
bisazide (bisamine cross-link and/or byproducts).
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On the Use of X-Ray Screens in Mammography
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Massiot-Philips, 80690 Ailly-Le-Haut-Clocher, France

ABSTRACT

Measurements on CaWO, screen/film combinations show that in mammog-
raphy significant speed gains compared with the no-screen film technique can
be realized. However, the resolution of such high speed systems is poor. Cal-
culations on recently developed powder phosphors like BaFCl:Eu2+, LaOBr:
Th3+, Y30,S:Tbh3+, and Gd»0,S:Tb3+ show that there are prospects of even
faster mammography screens, but the resolution obtained with thinner layers
of such new phosphors is expected to be only marginally better. Measurements
of the sharpness of imaging phantoms indicate that indeed the resolution is
hardly improved by employing new phosphors. The speed gains with respect
to CaWO, are about a factor 2 lower than the calculated ones. New screen
technologies have to be found to eliminate the resolution bottleneck. It is
found that vapor-deposited CsI: Na and CsI: Tl layers would be very promising
candidates for use in mammography. However hygroscopy is at present a

serious obstacle to their application, especially in the Csl:Na case.

The use of x-ray intensifying screens in film radi-
ography is always in the nature of a compromise.
On the one hand the speed of the system is increased,
so that x-ray exposure can be reduced. On the other
hand the quality of the image obtained is reduced by
insertion of such an intensification device in the x-ray
system.

The choice of an optimum trade-off between speed
and image quality depends in the first instance on the
type of radiological examination involved. From a
technical point of view, not only do all these trade-off
points have to be covered by the availability of the
corresponding screen-film systems, but also a con-
tinuous effort is needed to extend the limits of the
system.

As far as the last aspect is concerned, encouraging
progress has been made in the last decade. Basically
these improvements originate from the availability of
new x-ray phosphors (1) which have the potential
to replace traditional phosphors like CaWO, in cer-
tain radiological techniques. CsI:Na, CsI:T1 have
largely replaced (Zn,Cd)S:Ag in the input screens of

image intensifier tubes. For some of the new phosphors
(CsI:Na, CsI:T1) new screenmaking technologies can
be applied. Vapor-deposited layers of these ma-
terials give rise to less image blurring than compar-
able ones prepared by the usual powder sedimenta-
tion techniques (1-4).

Meanwhile, mainly theoretically (1, 5, 6) and mainly
practically oriented (2-4, 7-11) studies have been de-
voted to the use of new phosphors in x-ray intensify-
ing screens. Almost all of them pertain to the “normal”
radiological range, that is to x-rays with energies be-
tween 30 and 100 keV.

The present .paper pays attention to the use of
screens in mammography. Usually in these examina-
tions x-ray films with high silver content are directly
exposed to “soft” x-rays with energies between 6 and
30 keV. The main purposes of employing intensifying
screens are x-ray dose reduction and economizing on
the use of silver in the x-ray film.

First. we compare the properties of CaWO, screen-
film combinations with those of “no-screen” films.
After that we calculate what improvements can be



Vol. 124, No. 9

expected from the use of new phosphors and discuss
some practical realizations. The results obtained here
for soft x-rays are compared with those for the harder
x-rays of the 30-100 keV range.

Experimental

The x-ray source used in this investigation was a
Rotalix type with W-anode operated at 30 kV. The
focus was 0.3 X 0.3 mm?2 the focus-film distance 1m.
No radiation filter was used.

When a double-coated x-ray film is employed, the
screen/film combination consists of a front and a back
screen with the film in between. With a single-coated
film, the screen is placed (with respect to the x-ray
source) at the back.

The screens investigated were prepared at our own
laboratories or commercially obtained from various
sources. For their characterization we use plots of rela-
tive speed against resolution. The relative speed is
defined as the exposure needed to obtain unit film
density above the fog, the mammography no-screen
film Kodak PE 4006 being the standard of comparison.
All films used in this investigation were processed for
90 sec. The resolution of the system is characterized
by the frequency in line pairs per centimeter at which
the amplitude of the square wave response of a test
grid, consisting of lead strips at varying distances
apart, had dropped to 30% of its value at zero fre-
quency. Again the PE 4006 film was used as a standard.

Some Properties of CaWO, Screen-Film Combinations

In Fig. 1 we have plotted relative speed against
resolution for CaWQ, screen/film combinations. The
upper curve refers to screens used in combination with
doub}e-coated film, type Agfa-Geveart RP3, the lower
curve to combinations with a single-coated film, type
du Pont “Lo-dose.” The points labeled by the sub-
script 1 represent a standard CaWOQy screen, the Philips
Universal type. It is seen that under mammography
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Fig. 1. Relative resolution against relative speed for various

screen/film combinations. The no-screen film has a speed equal
to unity and a resolution equal to 100. The x-ray source (W-
anode) was operated at 30 kV. 1 = CaWO, standard screen, 2
= CaWOy high resolution screen, 3 = CaWOy4 very high reso-
lution screen (see text also).
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conditions its speed is 6.5 (single-coated film) or 10
times (double-coated film) higher than a no-screen
film system. The resolution, however, has dropped to
about 35% of that of the last-named system. In the
literature (12-15) such a deterioration of image qual-
ity is stated to be completely unacceptable in mammog-
raphy. Hence we conclude that with CaWO, screens
maximal speed gains can be achieved which, while
preserving a resolution acceptable for mammography,
are definitely lower than 6.5x for single-coated film
systems and 10x for double-coated film systems.

When a Philips “Micro” screen (points indicated by
2) is used instead of a Universal one the speed is re-
duced by a factor of about 2, whereas the resolution
gain is only a factor of 1.5. It should be noted here
that the thickness of the phosphor layer and its pack-
ing density are equal to that of a Universal one (=120
wm and ~55%). The different properties of the Micro
screen have been achieved by adding to the binder
some paint which absorbs laterally spread light more
than directly escaping light. This method to increase
the resolution is more attractive than making the
phosphor layer thinner, because in the last-named case
the intrinsic x-ray quantum noise of the system in-
creases.

Returning now to Fig. 1, we conclude that also a
further reduction of the speed of the system does not
result in a compensating increase in resolution: the
very high resolution MCD screen (laboratory-made,
more heavily colored than Micro), labeled by 3, shows
a speed reduction of about 2.5X with respect to the
Micro screen, whereas the gain in resolution is only
some 20%. Figure 1 suggests that for both types of
film there is a limit in resolution of about 65% com-
pared to no-screen film. There are several reasons for
this “resolution gap”:

1. To a limited extent this gap is due to the fact
that the RP3 and the “Lo-dose” films used in com-
bination with the screens contain less silver than the
no-screen PE 4006 one. The resolution of the three
films is found to be essentially identical. This implies
that in Fig. 1 the reference point might shift a bit to
the left. In connection with this we note that the speed
and the resolution of PE 4006/screen combinations
are found to be about equal to those of the RP3/screen
combination. Apparently the screen is the limiting
factor of the system. This conclusion is also supported
by the observation (see Fig. 1) that systems with
double-coated films have a speed which is approxi-
mately 1.5 that of the ones with single-coated films,
whereas the resolution is about equal.

2. A large contribution to the resolution gap is due
to geometrical reasons. If, for instance, measurements
are made on screens without a plastic protective layer
in between the phosphor and the film, the resolution
figures are about a factor of 1.2 higher than those
given in Fig. 1. If the focus-film distance is increased
the resolution gain is small, however.

3, The above-mentioned factors do not bridge the
resolution gap indicated in Fig. 1. It is obvious to
think that the remaining part is due to the very fact
that the CaWO, phosphor considered is used in the
form of a light scattering powder.

On basis of the foregoing section we now formulate
several conclusions regarding the use of x-ray screens
in mammography:

1. Whatever speed increases can be realized, a reso-
lution drop has to be accepted. Among other things
this drop is due to geometrical factors, such as the
presence of a protective layer between phosphor and
film and the fact that the focus-film distance is not
infinite.

2. The use of light scattering powder phosphors
gives rise to an additional resolution drop. This makes
the image quality marginal in cases where substan-
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tial speed gains can be achieved. The impact of lat-
erally scattered light of powder phosphors might be
reduced by decreasing the mean grain size of the phos-
phor and by making the phosphor layer thinner. Re-
garding the first suggestion we note that in the CaWO4
screens discussed the mean grain size is already low
(2.3 um). Further reduction would entail serious tech-
nological problems as well as substantial losses in light
output. Thinner phosphor layers would give rise to
less x-ray absorption in the screens and hence to in-
creased quantum mottle (“noise”) on the film.

3. Screen/single-coated film combinations are dis-
advantageous from a speed point of view. At present
there are no indications that such systems would give
a substantially better resolution than those with
double-coated films.

4. The use of new powder phosphors instead of
CaWOQy gives additional degrees of freedom regarding
the realization of screens. Whether this only implies
increases of speed or whether it also reduces the reso-
lution drop is a question to be studied. For instance,
if a phosphor has higher x-ray absorption per unit
length than CaWO4 the phosphor layer thickness can
be diminished without increasing the quantum noise
above the CaWOy4 level.

Calculated Properties of New Phosphors in the
Mammography (6-30 keV) Energy Range

A few years ago we studied extensively the proper-
ties of new x-ray phosphors in the 30-100 keV energy
range (1). We now extend the calculations made in
Ref. (1) to the 6-30 keV “mammography” energy
range. In order to link up as closely as possible to
practical conditions we give data for 100 um thick
powder phosphors screens in contact with u.v./blue
sensitive “standard” film or with green sensitive film.
We consider 100 um thick vapor-deposited screens
only for CsI:Na (or TI).

We now discuss the following new materials:
Gd20:S:Th3+, CsI:Na (or Tl), LaOBr:Tb3+, Y,0,S:
Tb3+, BaFCl:Eu2t, and (Zn,Cd)S:Ag. Brief particu-
lars of these phosphors and references to original
literature are given in Ref. (1). For BaFCl:Eu2+ see
also Ref. (8).

The inclusion of LaOBr: Th3+ deserves some special
comment. Some two years ago it seemed that this
phosphor was not practical because of its hygroscopy
and afterglow properties. However, these obstacles to
its application now seem to have been eliminated. It
should further be noted that the Gd20.S: Th3+, CsI: TI,
and (Zn,Cd)S:Ag phosphors cannot be used in com-
bination with standard x-ray film; green-sensitive
films have to be employed instead.

In Fig. 2 we present data on the calculated relative
x-ray absorption of the new phosphors, taking a 100
wm thick CaWOy4 powder layer as a reference.l

Data from tables published by Storm and Israel
(16) were used. For the 100 um powder layers a pack-
ing density of 50% was assumed, for the CsI evaporated
layers the density was taken to be 100%.

It is seen in Fig. 2 that in the complete 6-30 keV
range the x-ray absorption of all the new phosphors
considered does not much exceed that of CaWO,. In
the case of some well-known candidates for applica-
tion in standard intensifying screen like BaFCl:Eu2+
and Y0,S:Tb3+ the absorption in the main part of
the mammography range is even substantially lower
than that of CaWOs. It is also noted that CsI evapo-
rated layers, which show a superior x-ray absorption
in the 40-100 keV range due to their high packing den-
sity, need this high density here to have a performance
comparable to that of the tungstate.

The fact that, at equal screen thicknesses, the x-ray
absorption of the new phosphors is not better than

1For reasons of simplicity we have smoothed the curves be-
tween 10.2 and 12.1 keV. They would otherwise show small jumps
due to L transitions in W at 10.2, 11.5, and 12.1 keV,
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Fig. 2. Calculated relative x-ray absorption (CaWQ4 = 1) of
various phosphors in the 6-30 keV range. The curves between 10.2
and 12.1 keV have been smoothed (see text).

that of CaWO, make us conclude that it is probably
not possible to improve the resolution of mammog-
raphy powder screens by decreasing their thickness.
The main reason behind this is that the absorption-
related [see Ref. (1)] noise properties of the new
phosphors are not better and in some cases even in-
ferior to those of CaWO,4. At present, the only can-
didates for mammography screens with improved res-
olution seem to be those phosphors for which screen
technology can be changed, as for instance CsI:Na
or CsI:Tl. However, as will be discussed in more de-
tail below, these phosphors have the serious drawback
of being hygroscopic, especially in the Csl: Na case.

The speed gains to be expected are shown in Fig.
3, where the relative quantum detection efficiency QDE
is plotted against x-ray energy. As in Ref. (1) and
(6) QDE is defined as

QDEg = Ag*m* Agm * Ce - Dy

where Ag is the x-ray absorption of the screen (as a
percentage), n is the luminescence radiant efficiency
under cathode-ray excitation of the phosphor? (as a
percentage), Lgm is the mean wavelength of the de-
tected emission, Cg is a factor representing the energy
losses in the screen, and D, is the efficiency for de-
tection of the screen luminescence, I, by a detector
with response R,. D) is defined as (I \R)d./
»fIzdl. Details of the calculations are given in Ref. (1).

In Fig. 3, the @DE curves of CsI:Na with standard
film and of CsI: Tl with green emitting film happen to
coincide within 5%. We have drawn data for these
two combinations as one curve. As in Fig. 1, the
curves have been smoothed between 10.2 and 12.1 keV.

2In contrast to efficiencies under x-ray excitation, these are
fairly accurately known.
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Fig. 3. Calculated relative quantum detection efficiency (CaWOq
= 1) of various phosphors in the 6-30 keV range. The curves be-
tween 10.2 and 12.1 keV have been smoothed (see text).

It is concluded from Fig. 3 that the highest QDE fig-
ures are found at low x-ray energies. In this region
the differences in x-ray absorption are small (see
Fig. 2) so that the suggested gains almost completely
originate from differences in luminescence conversicn
efficiency and in the match between the spectral dis-
tribution of the generated light and spectral sensi-
tivity of the film. Green-emitting phosphors perform
especially well in this region, the main reason being
that these materials yield more quanta per percent
energy efficiency than blue-emitting materials.

The drop in QDE above 10 keV is due to the ab-
sorption properties of the phosphors. In the most im-
portant region for mammography, 15-20 keV (17), the
QDE lies between 1 and 3 for blue emitting phosphors
and between 2.5 and 5.5 for materials to be used in
combination with green-sensitive film. In the blue,
evaporated layers of Csl:Na are considered to be the
best proposal, followed by BaFCl:Eu?* and LaOBr:
Tbh3+ powders. Y20,S:Th3+ performs well above 17
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keV but not below that energy. The best phosphor in
the green seems to be Gdy0,S:Th3+ powder, whereas
the promising candidate from a resolution point of
view, (see introduction) seems to be CsI:Tl. However,
these calculated speed gains with respect to CaWO,
are not as impressive for mammography screens as
for screens used at higher x-ray energies. Table I lists
some QDE,, data at 15 and 20 keV (100 um thick
screens) and at 60 keV [200 um thick screen, see Ref.
(1)]. It is seen that in most cases the ratio
QDE}15 kev/@QDEgo xev or @DE3g kev/@DEgo kev is below 1.
The more promising candidates even score ratios be-
low 0.5.

Application of the New Phosphors; Measured
Properties of Some New Mammography Screens

As concluded in the section on properties of CaWOy,
screen-film combinations, an inprovement of the reso-
lution of mammography screens is more urgently
needed than a further increase of speed. Therefore
Csl: Na and CsI: Tl vapor-deposited screens seem to be
the most obvious candidates to replace CaWOy screens.
Impressive resolution gains have in fact been realized
for Csl:Na screens used as input screens in an image
intensifier tube (1, 3, 4). Good agreement between cal-
culated and measured @DE has also been found (6).
However, this material can only be used in vacuum de-
vices like the image intensifier tube. Up to now no
plastic covers have been found that protect CsI:Na
screens sufficiently against moisture, which makes this
material unattractive for mammography application.

CsI: Tl is much less hygroscopic than the Na-acti-
vated material. A drawback of such screens is, how-
ever, that a special green sensitized film should be
used in combination with the screen to realize substan-
tial speed gains. In many cases this requires adaptation
of existing “dark room” lighting. The strong afterglow
of CsI: T1 (1) observed for x-rays with energies of the
usual radiological range, might also be a serious appli-
cation disadvantage. We have found, however, that the
soft x-rays used in mammography give rise to a negli-
gible amount of afterglow.

It is concluded that vapor-deposited CsI: Tl layers are
candidates for application in mammography screens.
We hore to report more details on their properties in
the near future,.

Regarding powder phosphors, Fig. 4 shows some re-
sults of measurements on BaFCl: Eu2+ (Philips “Bfc”)
and LaOBr:Th*+ (Agfa “MR”) screens. These screens
have thicknesses comparable to those of CaWQ, Uni-
versal or Micro screens discussed above, GdsOsS: Th3+
screens, which have to be used with green sensitive
films have not yet been considered by us. It is seen in
Fig. 4 that, at equal resolution, the speed gains with
respect to CaWOQ, are only marginal, namely about a
factor of 1.2 or 1.3 for use in combination with double-
coated film and 1.1 or 1.2 for use in combination with
single-coated film, These gain factors are about half
of the calculated ones. This result corroborates our con-
clusion (6) that the screen technology for these new
powder phosphors still lags behind the well-established
technology for CaWOj;.

Table 1. Relative x-ray quantum efficiencies (QDE) of x-ray screen/film combinations

QDE at x-ray energies of:

(100 um thick layers) (200 um QDE1skev QDExxev

Screen ———— thick la{]er) ratio ratio ——

phosphor Film 15 keV 20 keV 60 ke QDEeokev QDEeokev
CaWwo. standard (u.v./blue 1.0 1.0 1.0 1.00 1.00

sensitive)

Gd20:S:Tb3+ green sensitive 5.3 5.3 12.0 0.44 0.44
CsI:Na standard 3.0 2.9 14.6 0.21 0.20
CsI: Tl green 249 2.8 14.0 0.20 0.19
LaOBr:Tb?+ standard 24 2.3 5.2 0.46 0.44
Y20:S:Tb3+ standard 1.2 3.0 3.5 0.34 0.86
BaFCl:Eu2+ standard 2.8 2.1 5.2 0.54 0.40
(Zn,Cd)S:Ag green 39 2.8 3.2 121 0.87
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100. The dashed line represents results for CaWO4 screen/film
systems, taken from Fig. 1. The x-ray source (W-anode) was op-
erated at 30 kV.

Conclusions

The use of x-ray screens in mammography can give
rise to substantial speed gains and hence to x-ray dose
reduction. The simultaneously occurring deterioration
of the image quality as established by physical mea-
surements, makes the benefits rather questionable.
Whether this also holds true from a clinical point of
view needs further investigation. Replacement of
CaWOs by more recently developed x-ray powder
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phosphors like BaFCl:Eu?+ or LaOBr:Tb3*+ does not
drastically change these conclusions.

New screen technologies have to be found to give
mammography screens better properties. Improvement
of the screen resolution is a primary prerequisite, al-
though the resulting improvement of the system may
be limited by geometrical factors.

Manuscript submitted March 2, 1977; revised manu-
script received May 13, 1977, This was Paper 150 pre-
sented at the Philadelphia, Pennsylvania, Meeting of
the Society, May 8-13, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by
Philips Research Laboratories.
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Auger Analysis of Thermally Oxidized GaAs Surfaces

lkuo Shiota, Nobuo Miyamoto, and Jun-ichi Nishizawa*
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ABSTRACT

We have investigated in-depth composition profiles of the GaAs crystals
with thermally oxidized (100) and (111) surfaces by Auger electron spectros-

copy during Ar sputter etching. The Ga depletion is found at two

ifferent

positions when the oxide thickness is less than about 250 and about 140A
for the closed- and the open-tube oxidation, respectively. One of the positions
is within the oxide layer and is always accompanied by the increase in As
concentration, while the other is at the oxide-GaAs interface and appears upon
the formation of GazOs thicker than ~50A. It is found that the oxide growth
rate, the transition layer width, and the composition ratio between As and Ga
near the interface strongly depend upon the surface orientation. It turns out
that there are three different oxidation kinetics as functions of oxide thick-
ness: the reaction of oxygen with GaAs at the interface, and in- and out-

diffusions of oxidizing species and Ga.

GaAs is an important semiconducting material for
various optoelectronic and high frequency devices. At
the present stage, however, it is still difficult to control
the surface properties of GaAs. The difficulty lies in
the fact that the surface composition of GaAs easily
deviates from its stoichiometry by heating even at
lower temperatures and by any chemical treatments.
This is due to the high equilibrium vapor pressure of
As (1) and the different reactivities of Ga and As with
the oxidizing species and chemical reagents (2). This
situation does correspond to the thermal oxidation of
GaAs surfaces.

The detailed mechanism of thermal oxidation of
binary semiconductors (3) such as GaAs (4-9), par-
ticularly in relation to the role of As atoms in the
oxide, has not been accounted for. In this work, we
have investigated the in-depth profiles of thermally
oxidized GaAs (100) and (111) surfaces by Auger elec-
tron spectroscopy during Ar sputter etching. It has
turned out that As plays an important part in the for-
mation of oxide films and exhibits a peculiar composi-
tional distribution in the case of the lower temperature
oxidation.

Experimental

Undoped GaAs (100) and (111) wafers were cut
from the same boatgrown ingot with a carrier concen-
tration of 1 X 10! cm—3 and an etch pit density of
5000 cm~—2. After mechanical polishing, the surfaces
were thoroughly degreased using trichlorethylene and
methanol cycles in an ultrasonic bath, and then the
damaged surface layer was etched off in a solution of
4 parts HpSOy4, 1 part HzO,, and 1 part HO, followed
by dipping in a concentrated HF solution for 5 min
after rinsing with deionized water. The wafers were
finally rinsed with doubly distilled methanol.

In the open-tube oxidation system, the flow rate of
oxygen gas was about 500 cm3/min, while in the
closed-tube system with the closed inlet and outlet
valves of the quartz reaction tube, oxidation took place
in a stationary oxidizing atmosphere. The wafers
oriented to (100) and (111) were simultaneously oxi-
dized in a resistance heating furnace under identical
experimental conditions.

The Auger transitions used for in-depth profiling of
the oxide-GaAs system are those in the higher energy
states of 1087 and 1228 eV L3M4sMy5 for Ga and As,
respectively, in order to avoid peak overlapping as
observed in the lower energy range (< 100 eV) and
also to obtain precise peak-to-peak values of their
Auger signals. A 510 eV KLy 3L, 3 transition was moni-

* Electrochemical Society Active Member.

Key words: composition profile, inner and outer Ga depletion,
oxidation kinetics.

tored for oxygen profiling. An accelerating voltage of
4 kV was employed as the primary electron beam to
excite the higher energy Auger electrons, the beam
current used being 1 uA. The modulation amplitude of
the phase-sensitive detector was set at 5 eV, the time
constant at 1 sec, and the scanning rate at 6 eV/sec.
The peak-to-peak Auger signals were monitored auto-
matically by a physical electronics multiplex control
system.

In taking the lower energy part of the Auger spec-
trum, an excitation voltage of 2 kV was used to avoid
sample charging. Furthermore a modulation amplitude
of 2 eV, a time constant of 1 sec, and a scanning rate
of 1 eV/sec were employed to increase the resolution
of the spectrum.

Simultaneous sputter etching was made at a sputter-
ing voltage Vs, of 1 or 2 kV, and an emission current
of 30 mA under a 5 X 10~5 mm Hg Ar atmosphere.
The sputtering rate of the Ga oxide formed in a series
of experiments was determined to be 20 and 55 A/min
for Vo = 1 and 2 kV, respectively. In this evaluation
the oxide thickness measured by a multiple-beam
interferometer was divided by the sputtering time
when the Auger peak ratio, O/Ga, started to decrease
from the value of 1.75 for the bulk oxide. Once the
sputtering rate was calibrated, the oxide thickness was
determined from the sputtering time defined above.
This method was also applied to the oxide in which
the interface with the GaAs substrate was not clearly
defined and which contained a considerable amount of
As.

Results and Discussion

A characteristic compositional distribution in which
the amount of Ga is depleted at two different positions
has been found in the thermal oxide-GaAs system for
the oxides, less than about 250 and 140A in thickness,
formed in the closed- and the open-tube system, re-
spectively. Typical examples are shown in Fig. 1 and
2. Figure 1 shows the GaAs (100) surface oxidized at
500°C for 20 min in the closed-tube system, and Fig. 2
shows the same surface oxidized at 450°C for 60 min
in the open-tube system. Two Ga valleys, i.e., the two
Ga depletion regions, were observed not only in the
(100) surfaces but also in the (111) A and B surfaces.
One valley was within the oxide layer 50A off from
the oxide surface [hereafter called the outer (Ga) val-
ley], and the other at the oxide-GaAs interface [here-
after called the inner (Ga) valley]. At the outer valley
the amount of As took a peak value and O acted like
Ga; that is, the Ga and O distributions showed a tend-
ency opposite to that of the As distribution. It should
be further noted that the amounts of Ga and O in the
region between the outer and the inner valley are
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smaller than those of the surface layer of the oxide,
and that the coexistence of a considerable amount of
As is observed between the two valleys. These observa-
tions suggest that the total amount of Ga oxide and As
remains constant throughout the oxide, and that the
close packing of Ga oxide up to its maximum density
is impeded by the presence of As. The oxide with the
two Ga valleys was more easily created in the closed-
tube oxidation than in the open-tube one. For in-
stance, the two valleys were formed by oxidation at
600°C for 10 min or 500°C for 30 min in the closed-
tube system, while the outer valley disappeared even
by oxidation at 550°C for 10 min in the open-tube sys-
tem. The inner valley was always observed when the
oxide thickness became more than 504, as is the case
with the oxide formed by violent chemical etching of
GaAs surfaces (8, 10). This would mean that the oc-
currence of Ga depletion at the oxide-GaAs interface
is a fundamental phenomenon in the formation of a
native Ga oxide on the GaAs substrate by thermal oxi-
dation.

The Auger spectra corresponding to the points in-
dicated by the numbered arrows in Fig. 1 are shown in
Fig. 3. The Ga MaMsM,4 peak and the Ga M,M4V peak
made chemical shifts of 5 and 5.5 eV toward the lower
energy side from their original energies of 54 and 81
eV for the clean GaAs surface. It is obvious that the
spectrum at point 1 has a closer resemblance to that at
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Fig. 1. Composition profile of a thermally oxidized GaAs (100)
surface in the closed-tube system at 500°C for 20 min.
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point 3 than the spectrum at point 2. It is evident that
at the outer valley (at point 1), a weak but unchemi-
cally shifted Ga peak was observed, and the chemical
shift of the As Auger peak is much smaller (< 1 eV)
throughout the oxide layer compared with that of Ga.
These facts indicate the presence of a small amount of
the unoxidized Ga at the outer valley, and the presence
of the unoxidized As throughout the oxide layer ex-
cept the uppermost surface layer.

As the oxidation proceeded, the outer valley became
shallower, flattened out, and finally disappeared.
Thus, only the inner valley remained. With further
oxidation, the amounts of Ga and O gradually in-
creased inward from the oxide surface, accompanied
by a decrease of the As content in the oxide. Finally
the oxide became homogeneous GagOs;. In the single
valley oxide formed above 700°C the unchemically
shifted Ga Auger peak was observed.

The Auger peak ratio, O/Ga, showed a constant
value of 1.75 = 0.05 throughout the oxide regardless of
whether the oxide system had one or both of the Ga
valleys, although in the latter case a considerable
amount of As was present between the two Ga valleys.
It can be inferred from this result that the O atoms
around a Ga atom are identical in coordination
throughout the oxide layer and only the Ga oxide
density varies in it, and that the O atoms are preferen~
tially bound with Ga atoms rather than As atoms. This

PEAK TO PEAK AUGER SIGNAL (ARB. UNITS)
P lD

0
SPUTTERING TIME (MIN)

Fig. 2. Composition profile of a thermally oxidized GaoAs (100)
surface in the open-tube system at 450°C for 60 min.
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conception can well explain the previously described
result that the chemical shift of the As Auger peak is
negligibly small.

The composition profile at the interface shows a
large dependence on the crystal orientation and the
oxidation condition. Typical examples for the orienta-
tion dependence of composition profiles of the (100),
(111) B, and (111) A surfaces are shown in Fig. 4, 5,
and 6, respectively. Each surface was oxidized at 700°C
for 10 min in the open tube. In these figures, the ratios
of O and As to Ga Auger peaks are also shown. In the
(111) B surface the O penetrated very deeply into the
GaAs bulk and the interface was elongated, while in
the (100) and (111) A surfaces the interfaces were
clearly defined. A remarkable As accumulation ap-
peared only at the (100) interface and increased up to
approximately 700°C, beyond which it disappeared.
There occurred a weaker As accumulation in the
closed-tube oxidation at the (100) interface.

Figures 7 and 8 show the dependence of oxide thick-
ness and At on the reciprocal oxidation temperature,
where the oxidation was performed for 10 min at each
temperature. The quantity At is the duration of sput-
tering time for a half recovery of the Ga Auger peak
to the value of the bulk GaAs as indicated in the insert
of Fig. 8, and gives a measure of the thickness of the
transition layer at the interface. The oxide growth rate
is equal between the (100) and the (111) faces below
500°C, but it is greater for the (111) face than that for

dN(E)

&

T

Ga
MMV MMM,
As

Ga
Mj/s\'/ MMM, MM
1 1 1 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120

ELECTRON ENERGY (eV)

Fig. 3. Auger spectra corresponding to the points indicated by
the numbered arrows in Fig. 1.
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the (100) face above 500°C. From Fig. 7 and 8, it is
obvious that the thermal oxidation has three different
rate-limiting processes, depending on the values of
activation energy E, For the (100) faces, E, is ap-
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Fig. 7. Oxide thickness as a function of reciprocal temperature.
Oxidation was made for 10 min at the specified temperatures,
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Fig. 7.
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proximately 0.4 eV between 500° and 700°C, and E, =
13 ~ 14 eV at both sides out of that temperature
range. For the (111) faces, the temperature range with
E, = 0.4 eV starts from about 550°C.

In the oxidation at 510°C where E, falls on 1.3 ~ 1.4
eV for the (111) and 0.4 eV for the (100) face, the
relation between oxide thickness and oxidation time is
linear for the (111) A and B faces and is parabolic for
the (100) face. However, the oxidations at 600° and
730°C with E. = 0.4 and 1.3 ~ 14 eV, respectively,
obey an identical parabolic law for both (100) and
(111) faces. These results lead to the conclusion
that the oxidation in the temperature range where
a linear law holds, and E, = 13 ~ 14 eV is
controlled by the reaction of O with GaAs at the inter-
face. Thus, the remaining As will be distributed in the
oxide and near the interface. In the other temperature
ranges the oxidation will be controlled by the in- and
outdiffusion of oxidizing species such as water and Ga
with E; = 0.4 and 1.3 ~ 1.4 €V, respectively. The dif-
fusion of water is inferred from the analogy with the
thermal oxidation of Si in an atmosphere containing
water vapor (11). The At data plotted in Fig. 8 also
show a similar behavior to the oxide thickness for the
reciprocal temperature; above 500°C the transition
layer at the interface is wider in the (111) surface than
in the (100) one. It should be noted here that the width
of the transition layer in the (100) surface is narrower
than in the (111) surface, but the inner valley is
deeper in the (100) than in the (111) surface.

From Fig. 7 and 8, it is apparent that for the same
oxide thickness in the range of less than approximately
3004, the value of At is nearly the same regardless of
the difference in surface orientation. This suggests that
At depends solely on the oxide thickness in such a
thickness range, and hence the orientation dependence
of sputtering may safely be ignored. In the oxide thick-
ness range of more than 3004, however, At becomes
dependent not only on the oxide thickness, but on the
surface orientation; that is, in the (111) B face At is
greater than that of the (100) and (111) A faces when
the oxide thickness is the same. It is very difficult to
understand these results only in terms of such arti-
facts as selective sputtering and the implantation ef-
fect, because the former seems to give the same effect
on At regardless of the difference in surface orientation
when the oxide thickness is the same, and the latter
should give an equivalent effect on At for the identical
surface orientation regardless of the difference in oxi-
dation temperature. Therefore, some other fundamen-
tal explanation is indispensable to the understanding
of the observed phenomena at the interface. The oc-
currence of the inner Ga depletion cannot be related
to the oxidation kinetics because the inner Ga valley
appears inevitably whenever the oxide thickness is in
excess of 50A. Therefore, the cause of the depletion
should be sought from the oxide formation itself. A
possible explanation may be given as follows. As de-
scribed above, Ga is preferentially oxidized and con-
sequently As atoms accumulate around the interface,
resulting in a relative decrease of the Ga to As ratio
in that region. That is to say, the inner Ga depletion is
caused by a selective oxidation of Ga and the resulting
As accumulation at the interface.

Conclusions

We have obtained new results on the thermal oxida-
tion of GaAs surfaces by measuring in-depth profiles
of the compositional distribution by Auger electron
spectroscopy during Ar sputter etching. The thermal
oxide films can be classified in two groups. One is the
oxide with two Ga valleys and the other is the oxide
with a single Ga valley. The Ga depletion at the oxide-
GaAs interface appears inevitably upon the formation
of the oxide layer thicker than ~ 50A. The Ga deple-
tion in the oxide near the outer surface is always ac-
companied by the increase in As. The close packing of
the Ga oxide up to its maximum density is hindered
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by the presence of As. It has been made clear for the
first time that the behavior of As plays an important
role in the formation of the Ga oxide by thermal oxi-
dation of GaAs surfaces.

Three different oxidation kinetics have been pro-
posed: The first is the reaction of O with GaAs at the
interface and dominates the formation of thin oxide
films characterized by the two Ga valleys; the second
and the third correspond to the indiffusion of oxidizing
species, such as water, and to the outdiffusion of Ga.
For the (100) surfaces, the second mechanism holds for
the temperature range between 500° and 700°C, and the
third does above 700°C. In these temperature ranges,
the growth rate, the transition layer width, and the
composition ratio strongly depend on the crystal orien-
tation.

Manuscript submitted Aug. 31, 1976; revised manu-
script received May 1, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL,
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.
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The Properties of Silica Diffusion Sources under Oxidizing
Ambient Conditions and Their Application to Solar Cell
Fabrication

T. C. Chandler, Jr.,* R. B. Hilborn, Jr., and J. W. Faust, Jr.*
College of Engineering, University of South Carolina, Columbia, South Carolina 29208

ABSTRACT

In this paper a technique for the design and fabrication of silicon solar
cells using spin-on silica doping sources is discussed. This technique involves
the use of an oxidizing ambient during diffusion which limits the diffusion
flux and yields lower surface concentrations of impurities and shallow p-n
junctions. It is shown that the uniformity of the film thickness is an important
factor in maintaining a uniform surface concentration of impurities in a
diffused substrate. Data are given to demonstrate the effects of such silica film
thickness variations on solar cell performance.

During the past four years industry and government
interest in silica films as diffusion sources in electronic
device applications has grown immensely (1, 2). The
silica film itself has been in small scale use for some
time, but the recent interest in developing inexpensive
solar cells has renewed interest in this technology.
Doped silica diffusion sources may reduce the cost of
solar cell processing and have the advantage of better
over-all process control (3).

Silica sources (or doped SiO;) exist in a variety of
forms. Owen and Schmidt (4) have reported on the
use of thin anodic silicon dioxide films as diffusions
sources, but their analysis is hampered by experimen-
tal conditions which are difficult to control. Reactive
sputtering has also been investigated (5) but results
have not been consistent enough for applications in
photovoltaics. A more recent development is the paint-
on or spin-on silica film. These films when applied
properly, yield excellent p-n junction uniformity, sur-
face concentration of impurities, and minimal surface
damage. The silica solutions consist of organic silicates
and the appropriate dopant elements dissolved in an
alcohol solution. These types of solutions have a typi-

* Electrochemical Society Active Member.

1 Present address: U.S. Air Force Materials Laboratory, Electro-
magnetic Materials Division (LPO), WPAFB, Ohio 45433,

Key words: silicon dioxide, diffusion flux, phosphorus.

cal room temperature viscosity of 25 cp making them
well suited for standard photoresist spinning apparatus.
Herein lies a primary advantage of the spin-on silica
film. The simplicity of the technique and equipment
makes this an inherently cheaper process than the
anodized or sputtered films mentioned above.

In this paper we describe the diffusion theory and
technique used to fabricate p-n junction silicon solar
cells using doped, spin-on films. Experimental data are
presented to demonstrate the controllability obtained
from spin-on silica films.

Diffusion Theory

In a recent paper Barry (3) has demonstrated that
in a nonoxidizing ambient, diffusions from doped sili-
con dioxide films agree with the solutions to Fick’s
second law to within experimental error and that the
surface concentrations of impurities resulting from
such diffusions are functions of the silica dopant con-
centration. It was shown that the surface concentra-
tion was independent of diffusion time and tempera-
ture for surface concentrations less than or equal to
1.0 x 1020 em~—3, This limitation in Barry’s model is
an important point. Other studies (6-8) show that for
surface concentrations greater than 1.0 X 2020 anomal-
ous diffusion profiles result, leading to regions near
the surface of constant impurity concentration having
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a very high diffusion-induced density of dislocations
and consequently low minority carrier lifetimes. These
are the regions described in the literature as “dead
layers” (9). Hence, if one wishes to manufacture sili-
con solar cells with the highest obtainable efficiencies
one must limit the surface concentration to values less
than 2 X 1020 cm—3 so that the dead layer is eliminated.

Flux limiting.—A method of maintaining a surface
concentration at the proper level is to introduce oxy-
gen into the ambient during diffusion (6). The pres-
ence of sufficient quantities of oxygen allows oxidation
to take place at the silicon surface thus limiting dif-
fusion at the oxide-silicon interface. By proper control
of the thermal oxidation rate, one can control the
diffusion-limiting process and consequently, the surface
concentration. The use of an oxidizing ambient causes
deviations from Fick’s laws of diffusion resulting in
shallow p-n junction depths and, unlike Barry’s model,
surface concentrations that are functions of the diftu-
sion temperature.

Intuitively, one sees that diffusion in the presence of
a retarding mechanism (diffusion limiting due to oxi-
dation) requires changing the boundary conditions of
the diffusion model, since the physical boundary (ox-
ide-oxide interface) is in motion.

This moving boundary can be described by two co-
ordinate axes (Fig. 1) X and X'. X is fixed with its
origin at the oxide-silicon interface. X’ has its origin at
the oxide-oxide interface. X and X’ are related by

R\/t
x=x_ BV (]
N

Where R is the oxidation rate constant in cm/sec!/2 and
N is the volume ratio of silicon dioxide to silicon (equal
to 2.30). (Notice that this formulation of the moving
boundary condition is relative in nature. It is just as
correct to assume that the oxide-oxide interface is
fixed and to allow the oxide-silicon interface to move.)
It can be demonstrated by Eq. [1] that in the oxidizing
ambient, diffusion is a function of the oxidation rate
and not the oxide thickness. It was assumed in this
study that the oxide growth followed the parabolic
law? (5)

a = (ao? 4+ R2t)1/2 [2]

where « is the total oxide thickness, and in practice
ag, the initial oxide thickness, is zero.

Fick’s second law can be written for region B and
C of Fig. 1 yielding

aC; 92C
AL W e [3]
at X2

2This is a good approximation for temperatures falling in the
range 950°C = T = 1250°C) (5).
SILICA FILM OF
UNIFORM THICKNESS

/

b>4VDt REGION A

SOURCE , Dy
Xe O = 1
REGION B
BARRIER, Dg
xl
X=0—-—

REGION C
SILICON. Dy

Fig. 1. The three layer diffusion system showing the origin of the
X and X’ axis.
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and
aCc 2Cc
—— =D¢c——— 4
ot < 0X2 o
The solution (10) to Eq. [4] is

R\t
B _N\/—
CC(X, t) = 'ch erfc e [5]
2\/Dct
where

oy — 16]
1
Dg
and C, is the concentration of dopant (atoms/cm3) in
the source material. Evaluating Eq. [5] at X = 0 the
surface concentration is found to be

R
Cs = vC, erfc ——— [71
2N+/D.

These equations show that unlike Barry’s fixed bound-
ary model, Cs is a function of temperature and also
the junction depth is shallower by the quantity
R+\/t/N.

Theoretical limitations.—The theory given above is
dependent on two basic assumptions. The first assump-
tion is that the oxidation rate constant, R, is indepen-
dent of time and is only a function of temperature.
This assumption is only valid when the silica film is of
uniform thickness. Experiments show that oxidation
constants for localized regions of thin silica film
(<<200A) have somewhat higher values of R and
oxidation in these regions is not independent of time.
Figure 2 shows a plot of R vs. temperature for two
different silica layers. Notice that the thin SiOz film
has a slightly higher R value. This behavior is not
completely understood but from microscopic examina-
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Fig. 2. Plot of R vs. temperature. Ry is measured for thin silica
regions and R is measured for thick regions.
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tion of such thin regions it is felt that the film has poor
oxide integrity, i.e., there are regions which are
cracked and porous so that the migration of oxygen
ions necessary for the oxidation is somewhat enhanced,
unlike the regions of thick SiO; coverage (see Fig. 3)
which display a reasonably constant R.

The problem of thin regions in the silica film is in-
separably linked with the second limitation of the
foregoing theory. To maintain the constant source
condition of a silica (or deposited SiO3) film, its thick-
ness must equal or exceed the diffusion length of a
dopant atom in the oxide (3, 10), i.e., the silica thick-
ness b must obey the inequality

b2 > 4Dgt [8]

When inequality [8] is not satisfied, the film is quickly
depleted of dopant; and, over the extended period
during which an ideal erfc profile would have resulted,
the profile for such a nonconstant source would be
gaussian with a reduced value of C;. Figure 4 shows
the source thickness necessary for a given temperature.
Satisfying conditions [8] might seem like a formidable
problem, but fortunately the thickness of a spin-on
source can be easily controlled by the spin speed and
duration.

Solar Cell Processing

Given below is the general procedure for fabricating
a silicon solar cell using silica films. The process can be
divided into four major segments, prediffusion clean-
ing, application and examination, diffusion, and metal-
lization. Both prediffusion cleaning and metallization
are covered adequately in the literature (1,5). Ap-
plication and diffusion are discussed here because they
involve implicitly the silica film.

Application.—It has been found by trial and error
that silica films, utilizing an alcohol carrier liquid,
spin on best at temperatures from 20°C up to 25°C.
Spin speeds can vary but the best range is between
2500 and 3500 rpm. Best results are obtained when the

Fig. 3. Purposely induced thin regions of a spun-on silica film.
Notice that the thin regions (A) provide poor coverage as op-
posed to the thick regions (B). C is due to bubble damage. (Mag-
nification 160X.)
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Fig. 4. Plot of source thick y for maintaining con-

stant source conditions as a function of temperature.

substrate is the same temperature as the source liquid;
however it cannot have a temperature above the source
liquid temperature.

To prepare a liquid solution for application, it
should be placed in a container so that it fills it com=
pletely, with no empty space, and allowed to come
slowly to some temperature less than 25°C. If the
source liquid is stored for this period in a large par-
tially filled container, evaporation of the alcohol will
generate bubbles which can degrade the uniformity of
the film, see Fig. 3 and 6.

After the film has been spun on the substrate, it
should be examined to see if the source layer is uni-
form, or if it has thickness variations (12) similar to
Fig. 3. (This step is necessary because the properties of
commercially available films differ from type to type,
batch to batch, etc. Once satisfied that these guidelines
are adequate, this step may be deleted.) These varia-
tions in thickness can yield thin spots on the order of
200A or less. The cause is improper film application as
described by Chandler et al. (12). Similar bad results
occur when particles of dust or debris touch the silica
film. It has been observed in this laboratory that a
particle 1x in diameter can result in poor silica cover-
age for a distance of 50x around the particle. Elimina-
tion of these thin areas is essential in view of the
theoretical limitation described previously. The silicon
beneath a thin area oxidizes faster and the forming
oxide, in effect, dilutes the source diffusion. More
importantly, one can see from Fig. 4 that a silica thick-
ness of 200A is far from satisfying inequality [8] for
common diffusion temperatures. The cumulative effect
is the dilution of a source which itself is growing
smaller with time. It has been experimentally con-
firmed that extremely shallow junctions, if present at
all, will form under these thin layers.

If the deposited films have thickness variations,
holes, or striation (12), the poor results discussed
above will occur; hence the application procedure,
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however different from the recommended process, must
be altered to insure a uniform silica film. Figure 5
illustrates a ripple formation of the type encountered.
During the bakeout cycle the organic compounds are
driven off, the film becomes rigid, and the variations
are frozen into the silica layer. Hence one means of
reducing the thickness variations is to delay the bake-
out until the wet film can flow to a more uniform
layer. This technique works best below 25°C where
evaporation of the alcohol is slow. Delaying the bake-
out cycle will not eliminate thickness variations but it
will allow thin areas to change sufficiently to satisfy
the inequality [8].

Once the film integrity has been established, the sub-
strate should be baked in dry nitrogen at 200°C for
4 hr. This step drives off the organic carrier liquids,
leaving a doped silica film on the wafer.

Diffusion.—Diffusion of the substrate was carried
out in an ambient mixture of 50% nitrogen and 50%
oxygen at a temperature of 1000°C. The doping ele-
ment was phosphorus at a concentration, C,, of 4 X

THIN
ANO REGION

COVERAGE

™

SILICON

Fig. 5. Artist’s conception of a ripple formation in a silica film.
The thin regions of the film produce poor p-n junction charac-
teristics.

Fig. 6. Photograph of a silica film with bubbles trapped in the
film. If these bubbles remain in the film when it is drying, the
damage shown in Fig. 3 results. (Magnification 100X.)
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1020, The values of the oxidation constant R were
determined experimentally. These conditions were
chosen because they yield a uniform shallow junction.

Results

Four series of solar cells were fabricated. Table I
gives some data on each series. Each substrate had a
background resistivity of 1 © em and a thickness of
200x. The contact pattern utilized is a common type
having a center bar with six fingers. The contact metal
was aluminum and the contacts were sintered in an
N, ambient at 450°C for 10 min. No antireflection coat-
ings were applied. The light source was the sun and
the incident solar power was determined by pyra-
nometer measurements.

The first two series were done with no control of the
silica film uniformity. The third run utilized the simple
temperature/spin guideline given above, and the fourth
series was fabricated making sure that the silica film
was more uniform by delaying the bakeout. Differ-
ence in cell performance is obvious from Table I. Runs
1 and 2 are not encouraging.

The nonuniformity of the film allowed diffusion to
take place in a nonuniform fashion so that some re-
gions of the cell display extremely high sheet resist-
ances. In some areas where doping levels were not
degenerate, the p-type contact on the n-type diffused
region formed p-n junctions. It was found that the
level of photon-generated current in the poorly dif-
fused region was low also. Steps were taken to mini-
mize these flaws so run 3 showed that when the uni-
formity of the silica film improved so did the charac-
teristics of the solar cells.

Series 3 cells were moderately efficient, having fill
factors averaging 0.60, but this was greatly improved
in series 4.

The solar cells of series 4 were designed using the
theory presented in this paper. The diffusion model
defined by Eq. [1] through [7] allows the diffusion to
take place at a higher temperature and achieve the
same surface concentration and junction depth as for
the low temperature diffusion. It has been found that
diffusion from silica sources is more uniform for tem-
peratures of 1000°C. The results were significant. By
eliminating the diffusion inhomogeneities, the series
resistance was reduced to tolerable levels. The results
of junction depth and surface concentration measure-
ments show good agreement between the theory and
the diffused region of the cells.

Figure 7 shows the theoretical junction depth for a
surface concentration of 1.2 X 1020 cm—3, and a back-
ground concentration of 1 X 1016 cm—3, at various dif-
fusion times. The experimental points show that agree-
ment with theory is good except at very short inter-
vals (less than 5 min). This is probably due to the
presence of an unavoidable oxide on the substrate
before the source application, such that there is an ini-
tial oxide layer which has to be penetrated in a finite
amount of time.

In Fig. 8 is an evaluation of the surface concentration
for various diffusion times. This figure demonstrates
that Cs is not time dependent for periods longer than
5 min and less than 60 min. Inside this time interval
the curve of Fig. 8 is in agreement with Eq. [7]. The
deviation from simple theory seen here can be ex-
plained. The low Cs seen for short diffusion times can
be attributed to the residual oxide layer that was evi-
denced in the junction depth data. Deviations seen for

Table I. X; = 40004

Iso Voo R-sheet Rs Fill factor
Series  (mA) V) (2/00) Q) (avg)
1 50 0.44 750 3 0.30
2 51 0.45 710 238 0.31
3 110 0.56 120 0.5 0.60
4 140 0.57 85.0 0.3 0.70
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Fig. 8. Plot of surface concentration vs. \/t_for 1000°C and
an atmosphere of 50% Oz and 50% N3. Co ~ 4 X 1020 cm—3,

periods greater than 60 min indicate that the source
material is becoming depleted of its dopant.

Solar cells processed by this technique and described
here have better characteristics than tho-e previously
reported (12); their series resistances are comparable
to standard, commercially diffused cells. These im-
provements are due to the uniformity of the silica film
which results in a homogeneous surface concentration
approximately equal to 1 X 1020 cm—3 and a shallow,
uniform junction.

The uniformity of the degenerate surface concen-
tration is the most important factor. To test qualita-
tively for uniformity of surface concentration a stain-
ing etchant which turns n* regions dark (5) was ap-
plied. Results show that when the film is uniform the
surface concentration of impurities is uniform.

The junction depth was also established by the
standard method involving angle lapping and stain-
ing (5,11). The results were consistent with theory.

Conclusions

A model and general technique for fabricating solar
cells using silica films is presented. This technique
yields predictable, uniform shallow junctions, and ac-
ceptable surface concentrations for most diffusion cycle
times. Calculations show also that for a given value
of Co and temperatures between 950° and 1250°C, Cy
varies little with the diffusion temperature. This tech-
nique is further simplified by the fact that excellent
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process control can be achieved by varying Co and the
percent of oxygen in the ambient. It is obvious from
the test data that moderately efficient solar cells can be
fabricated using spin-on silica sources, and, when care
is taken to insure proper film thickness and uniformity,
cells comparable to those produced by standard, more
expensive diffusion techniques can be manufactured.

The most important feature of this technique is that
by introducing an oxidizing ambient, the resulting
diffusion retardation allows the diffusion of impurities
to be carried out at temperatures exceeding 1000°C
while maintaining junction depths which are less than
0.54. This is significant because spin-on silica films
yield more uniform junctions for temperatures greater
than or equal to 1000°C. Although this uniformity
could be obtained by using a nonoxidizing ambient,
without the benefit of the diffusion retardation, deeper
(>0.5 ym) p-n junctions would result. Because this
technique also yields degenerate surface concentra-
tions with no dead layer, the resulting solar cells have
low series resistance and high blue response.

In view of the data presented in this paper, it seems
that there is only one problem related to the full scale
use of doped silica films, the rather long bake-out times
required for these films. It is felt that the advantages
of using silica films probably outweigh this minor diffi-
culty. The original wafer diameters utilized in this
research range from less than 2 cm to over 5 cm. No
variation in film quality due to wafer size was ob-
served, indicating that the silica films might be applied
economically to larger diameter slices. It was also
found that once the proper procedure was established
for applying these films, the analytical procedures
given in this paper could be eliminated. This reduced
the somewhat tedious procedures outlined here to mere
routine.

Manuscript submitted Dec, 16, 1976; revised manu-
script received April 18, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.

Publication costs of this article were assisted by the
University of South Carolina.
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The Effect of Growth Rate and Temperature on the
Incorporation of Sn in GaAs during LPE

UIf Kénig!

Institiit fiir Halbleitertechnik Sonderforschungsbereich 56, Technische Hochschule, Aachen, Germany

ABSTRACT

A growth rate dependence of the impurity incorporation has been mea-

sured for the first time: average carrier n, donor Np, and acceptor N con-
centrations of heavily Sn-doped GaAs layers grown by liquid phase epitaxy

(LPE) increase in the range 0.2 < V/um/min < 6. At faster growth rates,

the concentrations tend to be constant (1.4 -

101% ecm—3 for donors, 3.5 - 1018

cm? for acceptors). Growth rates between 0.2 and 35 um/min have been ad-
justed by varying the cooling rates of the epitaxial processes between 0.04° and
100°C/min. It can be reported that the relation between Np/a and V corre-
sponds to the theoretical predictions under surface ejuilibrium conditions. The
most important parameter is the barrier height of the system melt and semi-
conductor, modified by a concentration-dependent barrier lowering in the case
of heavy doping. Based on the same assumptions, the temperature dependence
of the measured incorporation Np/a (T) is explained. This results from a
comparison of the possiole incorporation theories surtace and bulk equilibrium.

During epitaxial growth from the liquid phase, the
interface between melt and semiconductor can be
regarded as a metal semiconductor contact because
of the great density of conduction electrons in the
melt. The Schottky model is then applicable to the sur-
face. Merten and Hatcher (1) have pointed this out.
Later on Zschauer and Vogel (2) and Casey et al. (3)
used this model. As a consequence of such an elec-
trical model, the thermodynamic equation for the im-
purity incorporation will have electrical properties
like the Fermi level or the barrier height (3,4).

According to the growth conditions, two aspects
have to be distinguished: the bulk equilibrium and the
surface equilibrium. If the growth rates of the crystal
are slow compared with the impurity diffusion in the
semiconductor, there exists a thermal equilibrium be-
tween the two phases, melt and sem:conductor bulk
(bulk equilibrium). This model explains the impurity
incorporation of Zn (5,6) and Cu (7) in GaAs. Where
the ratio of the growth rate to the solid diffusion con-
stant is large, the melt is in equilibrium with the
surface of the growing crystal only. The important
parameter of the surface equilibrium theory is repre-
sented by the height of the Schottky barrier. The
validity of this theory has been shown for the incorpo-
ration of Te (8) and for the Sn donor (4,9). Panish
has found that the incorporation of Sn in GaAs can be
better explained if one also assumes a Sn acceptor
complex Snas2Vga using the surface equilibrium theory
again (4). The concentration in the case of bulk equi-
librium is almost proportional to the square rcot of the
atomic fraction of tin Xs, in the melt, while in the case
of surface equilibrium it is directly proportional to Xgn.
In spite of the principal agreement Panish obtained with
the surface equilibrium theory, for high Sn concentra-
tions above 4 - 1017 cm—3 there exists a discrepancy be-
tween theory and experiment: Experimentally evalu-
ated concentrations indicate a weaker slope with higher
Xsn data than expected (4). This can probably be
interpreted as a concentration dependence of the bar-
rier height, resulting in a lowering of the barrier (10).

Some authors (11, 12) suspect an additional mani-
festation of the barrier height or the Fermi level in a
cooling rate dependence of the Sn segregation coeffi-
cient during liquid phase epitaxy (LPE). As the cool-
ing rate influences the growth rate, this amounts to a

1 Present address: Forschunginstitut AEG Telefunken, D7500
Ulm, Germany.

Key words: liquid phase epitaxy, impurity concentration,
growth rate, gallium arsenide.

growth rate dependence of the impurity concentra-
tion. Panish (4), however, did not detect such a
dependence of the Sn doping when slightly varying the
cooling rate. There is no record of systematic experi-
ments. Zschauer and Vogel (2) predicted a quantitative
dependence of the impurity incorporation on the
growth rate. Experimental proof has not yet been ob-
tained, partly because the cooling rates, or growth
rates, respectively, have not been varied over an ex-
tended range large enough to observe this effect. Such
a variation is possible, using the epitaxial apparatus
and the experimental procedure described in this
paper.

Experimental

Crystal growth process.—The heavily tin-doped
GaAs layers are grown in a horizontal crucible of high
purity graphite, with a fixed chamber for the GaAs-Sn
melt and a movable graphite slider for the substrate
(13). A radiation heating furnace is used. For the de-
sired experiments, the low heat capacity of the furnace,
the small crucible (length 6 cm, diam 2.2 cm), and
the small melt (2.5g) in addition, are preferable to
allow fast heating and cooling rates. For the rest, this
setup corresponds to conventional equipment.

During heating at a constant temperature the GaAs
pieces dissolve in the liquid tin. This forms a saturated
solution with the liquidus composition of the binary
Sn-GaAs cut of the ternary system for the respective
saturation temperature. The boat is cooled down to
room temperature. The substrate is then positioned in
the boat. After a few minutes at saturation tempera-
ture, the system is cooled at a constant rate R between
0.04° and 100°C/min. The cooling rate is established by
actual measurement of the boat temperature. 2°-10°C
below the saturation temperature, the substrate is
brought into contact with the melt. As there occurs no
spontaneous crystallization during this initial cooling,
tne result is a supercooled melt of 2°-10°C, or according
to the solution diagram of GaAs in Sn, a supersatura-
tion of approximately 2-10%. The cooling continues
during the growth perlod. The growth is terminated
by removing the graphite with the substrate from the
melt. To avoid strong annealing effects on the average
electron concentration during the epitaxial process, the
growth times of the examined layers do not exceed 20
min (14).

Two kinds of experiments have been carried out:
variation of the cooling rate at an initial process tem-
perature of 650°C, and variation of the initial process
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temperature from 570° to 710°C. For the later experi-
ments, the cooling rates have to be varied between 0.7°
and 1.7°C/min to make sure that the temperature de-
pendence of the growth rate is compensated. The aver-
age growth rates of the layers are then approximately
0.6 um/min for each process temperature.

Growth rate and doping measurements.—The (100)
orientated crystals are cleaved in (110) directions, and
the cross-sections are etched under illumination with
a HF-H50,-H30 solution. The thickness L of the epi-
taxial layer grown during the time t is measured
optically. An average growth rate of the epitaxial layer
is defined as V = L/t. As it is preferable to grow the
layers at an initial supersaturation, actual and average
growth rates (V and V) of a layer decrease with time
of growth. V is varied over an extended range for the
experiments reported here. In a small range, this is
attained by varying the growth time at constant cool-
ing rate, in an extended range, however, by varying
the cooling rate. [V increases approximately linearly
with cooling rate R and is a function of temperature
(15).] Although it would be better to describe the
doping studies in terms of the actual growth rate V,
the average growth rate V, when combined with aver-
age doping parameters, is also informative.

The doping data for the epitaxial layers are mea-
sured by the Van Der Pauw method. The thicker edges
of the layers are removed to avoid errors in the mea-
surements. Ohmic contacts are made by alloying Sn in
forming gas at about 400°C. Even the layers grown at
100°C/min are smooth enough to guarantee an ac-
curate measurement of the doping properties.

As the GaAs layers are grown out of a Sn-rich GaAs
solution, the expected electron concentration will be in
the range of 1018 cm=3, Where the materials are
heavily dored, the donor and acceptor concentrations
can be estimated by the equations of Kressel and Nel-
son (16), using the measured n and x data at room
temperature, and the mobility u, of uncompensated
material. For uu, the highest reported values, ex-
trapolated to carrier concentrations of 1019 ¢cm~—3, are
used (16). To consider the geometrical effects of a
nonideal Van Der Pauw structure, a systematic error
t()i 7-)+5% for » and —5% for n was taken into account

Results and Discussion

Growth rate dependence of the Sn concentration.—
The average \flues of carrier concentration n (300°K)
and mobility x (300°K) vs. the cooling rate R of layers
grown at an initial process temperature of 650°C are
shown in Fig._l. The_cooling rate varies from 0.04°
to 100°C/min. n and ux are constant for cooling rates
greater than 10°C/min, and decrease or increase, for
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Fig. 1. Average carrier concentration n and average carrier
mobility at room temperature of several heavily Sn-doped GaAs
layers, grown at different cooling rates R.
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lower cooling rates. Mobility values of 1200-1400 cm?2/
Vsec are typical of heavily tin-doped GaAs (4, 18)
grown at cooling rates less than 1°C/min. For the
higher cooling rate range, no comparable data are
available in print. The increase of u with decreasing
n is similar to that given by Sze (19), but weaker than
that found by Panish (4) with various liquidus com-
positions of Sn. This can be attributed to a decreasing
compensation ratio with n or the growth rate, as shown
in Fig. 2.

With the Van Der Pauw data of Fig. 1, the average
donor and acceptor concentrations are calculated. As
the cooling rate is a process specific parameter only, it
is better to use the growth-specific parameter; the aver-
age growth rate V. Np, N4, and Na/Np are drawn vs.
the average growth rate V in Fig. 2, now showing the
uncertainty of the measurements. In spite of a scatter
in the experimental data, a significantly steeper in-
crease of Np than Nj is observed at slow growth rates.
This results in a decreasing compensation ratio with
increasing growth rate.

A growth rate dependence can be caused by the re-
distribution of dissolved Sn in the melt in front of the
growing interface because of its small segregation co-
efficient (~ 10—4). To avoid this effect, V « L/Dsnm) <
10—1 has to be fulfilled (2). This is best guaranteed by
the self-diffusion of tin Dsn(m) = 10—4 cm?2/sec (20),
the measured epitaxial layers L < 20 um, and growth
rates V < 40 um/min.

Another possible way of describing a growth rate
dependence follows from the surface equilibrium
theory. It can be explained qualitatively with the
scheme in Fig. 3: in case of surface equilibrium
the donor concentration is a function of the electron
concentration ns in the thin surface layer. According
to the Schottky theory, ns depends on the barrier
height #p, and the temperature T. It amounts to a
varying donor concentration with the parameter
&pn/kT at fast growth rates or high ratios of growth
rate and diffusion constant (see Fig. 3). For slow rates,
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Fig. 2. 4+ Experimental average data FD or Tl:; or FA/’-J;J vs.
average growth rate V. —— Theoretical curves Np or N or
Na/Np vs. constant growth rate V. Parameter $pn(650°C) =
0.51 eV for donors and $p,(650°C) = 0.61 eV for acceptors at
low concentrations. A concentration-dependent barrier lowering
is taken into account (cf. Table |). Fitting parameter; Np/a
(V > 6 um/min) and Dspp/a = 3 + 10714 cm2/sec. ————
Theoretical curve Np(V), to demonstrate the sensitivity of the
theory for a larger barrier height ®p,(650°C) = 0.61 eV or a
0.1 eV smaller barrier lowering.
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Fig. 3. Scheme for qualitative explanation of the growth rate
depend of the ation using bulk equilibrium (V/Dsn
= 0) and surface equilibrium (V/Dsp >> 0).

on the other hand, in the case of bulk equilibrium
such dependence does not exist. Then such transitions
as drawn for intermediate V/Ds, values will certainly
be possible. Zschauer and Vogel (2) have formulated
the corresponding theoretical relationship between im-
purity concentration Np, Na, or in the case of an
amphoteric impurity (Np 4+ Na) and a temporal con-
stant growth rate, on the premises of an intrinsic semi-
conductor at the epitaxial process temperature. These
equations have been derived by Zschauer for donors on
Ga and acceptors on As vacancies. In the case of Sn it
is not considered that the Sn acceptor is likely to have
the more complex structure Snas2Vga.

For Sn, Zschauer’s equation of (Np + Na) ought to
be applicable. Nevertheless, it would be better to re-
gard the growth rate dependence of Np and N, sepa-
rately; by this it is avoided that a characteristic slope
of Nao (cf. Fig. 2) disappears in the experimental un-
certainties of the slope of (Np 4+ Na). In this case, no
mutual influence of donors and acceptors during the
incorporation process is assumed. The theory, origi-
nally valid for low doping, is modified for heavy doping
studied here. The concentration dependence of some
Broperties has to be taken into account (cf. Appendix

The computation with the equations of Zschauer and
Vogel modified with respect to heavy doping, details
of which are described in Appendix I, results in the
growth rate dependence of donors and acceptors plot-
ted in Fig. 2. (solid and dashed curves). The different
slopes of the experimental Np and N can be fitted by
the theoretical curves for Np and Na. Consequently,
the theory agrees with the increasing compensation
ratio at decreasing growth rate (Fig. 2). Satisfactory
explanation of the experimental Np and N4 by inde-
pendent theoretical equations points to a separate in-
corporation of donors and acceptors during the epi-
taxial growth process.

The fitting parameters for the calculated growth rate
dependence are the solid diffusion constants Dspp and
Dsna for the Sn donor and the Sn acceptor (see Eq.
[1] in Appendix I). The same value for Dspp and Dsnpa
has been found by the fitting. With 3 - 10—14 cm2/sec,
the diffusion constants are relatively large compared
with data at 650°C in older literature (21). But new
measurements by Peart (22) yield a Sn solid diffusion
constant between 10—1% and 1014 cm?2/sec in the tem-
perature range of 650°-750°C. This confirms the valid-
ity of the fitting.

The established growth rate dependence of the con-
centration does not indicate the transition to constant
concentration at slow growth rates (compare Fig. 2
and 3). The bulk equilibrium in this case is not reached
before approximately 0.02 um/min, as it is calculated
theoretically. Strictly speaking, the surface equilibrium
(Np/a = constant at fast growth rates) is valid only
for growth rates above 6 um/min (Fig. 2), but because
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of the extended transition region up to bulk equilib-
rium, it is approximately applicable for some slower
growth rates, too.

The transition region is changed at lower doped
layers. The equations of Zschauer and Vogel can then
be used in their unmodified form. As Zschauer stated,
the surface equilibrium theory ought to be applicable
for growth rates which fulfil V/Dsnp/a * M > 10 (M4
intrinsic reciprocal Debye length). Using the fitting pa-
rameter Dgyp of this work, it is estimated that in the
case of low doping the Sn incorporation ought to follow
from the surface equilibrium theory already for growth
rates above 0.7 um/min. A possible concentration de-
pendence of the diffusion constant has not been con-
sidered. The decrease of the concentration in the tran-
sition between surface equilibrium and bulk equilib-
rium is also much weaker in the case of intrinsic-doped
layers. Probably this is the reason why the growth
rate influence established for heavily Sn-doped layers
has not yet been observed in the case of low-doped
layers.

It should be emphasized that the theoretical rela-
tionship between temporal constant growth rate V
(presumption of Zschauer’s equations) and the concen-
trations Npsa has been compared with the correspond-
ing experimental relationship Np/a(V) for average
properties. Strictly speaking this is correct for com-
pletely constant doping and mobility within the layer.
But this is not valid here because of the established
growth rate dependence of concentration and mobility
(Fig. 1, 2) and a temporal varying growth rate during
the LPE process with a supersaturated melt. In the
ideal case of constant profiles, the experiments would
have yielded a similar structure, but shirted to faster
growth rates and higher concentrations. In addition,
the concentration profiles are slightly influenced by
the respective process temperature during extended
cooling periods, especially at fast cooling rates. To
eliminate this effect a constant growth temperature has
to be assumed. It is estimated that for this ideal case
the expected concentration at fast cooling rates would
only be 15% above the experimental value established.
For these reasons, the comparison between theory and
experiment may be regarded as a first approximation
only.

Temperature dependence of the Sn concentration.—
The relation between Np, Na, and the atomic fraction
of tin in the melt Xs, can be described using the sur-
face equilibrium theory at different temperatures
above 700°C (4). In this section, however, the tem-
perature dependence Npsa(T) at large Xs, data is
deduced. The respective working points for each tem-
perature considered are then positioned on the quasi-
binary Sn-GaAs cut of the ternary phase diagram. Ex-
perimental data Np, Na are compared with the ones
expected at surface and bulk equilibrium to examine
the validity of the surface equilibrium theory for the
heavily Sn-doped layers reported here. All the tem-
perature-dependent values have to be considered,
partly computed and partly from literature, while in
the case of the Np/a(Xs,) dependence, most of the
temperature-dependent properties can be compre-
hended in a normalization constant at each tempera-
ture considered (4).

For both possible incorporation theories, surface and
bulk equilibrium (S.EQ. and B.EQ.), the theoretically
expected concentrations for the Sn donor on Ga va-
cancies and the Sn acceptor [which is possibly the com-
plex Snas 2Vga (4)] are plotted in Fig. 4. The essen-
tial steps for its calculation are presented in Appendix
II. Np and N, are normalized on the established con-
centrations Np or N at the lowest experimental tem-
perature T; = 843°K. In the case of surface equilib-
rium (S.EQ.), an increase in Np of about 70% is ex-
pected. In the case of bulk equilibrium (B.EQ.) a more
distinct temperature dependence between 843° and
983°K with an increase of about 400% is estimated.
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Fig. 4. S titative computation of the temperature de-

pendence for the Sn donor and the Sn acceptor, normalized at

the lowest experimental concentration Npya(843°K). B.EQ.: curve
for bulk equilibrium; S.EQ.: curve for surface equilibrium.

For the acceptor concentrations calculated with bulk
equilibrium, the shaded area has to be plotted in Fig. 4
because of an uncertainty in the transition of the hole
activity coefficient between unity and the calculated
values at high concentrations (cf. Table II in Appendix
II). Comparing the curves S.EQ. and B.EQ., a steeper
slope was found for the bulk equilibrium both for the
donor and for the acceptor.

Experiments at several process temperatures T; for
high Sn contents in melt and solid, for which the cal-
culations are made, are carried out. The layers have
been grown at approximately the same growth rate to
avoid the influence of different growth rates on the
concentrations (see Experimental section). 'I'he aver-
age donor and acceptor concentration Np, Na, and the
average mobility x in the range 843°-983<K are shown
in Fig. 5. The experimental concentrations are com-
pared with the respectively calculated concentrations
in the case of surface equilibrium, as shown in Fig. 4
(solid curves in Fig. 5). Considerable agreement with
the temperature behavior expected can then be estab-
lished. The curves B.EQ. of Fig. 4 instead would be
too steep to fit the experiments. According to these
experiments at several temperatures, it can be con-
cluded that the bulk equilibrium cannot be responsible
for the incorporation of Sn. This conclusion is con-
sistent with the results of Np/a (Xsn) experiments by
Panish (4).

As the experimental compensation ratio Na/Np in-
creases, the average Hall mobility decreases with tem-
perature. The measured value of Na/Np = 0.32 at
983°K agrees with the one Panish applied to his
Na(Xspn) calculations at 973° and 1043°K. According to
the increase of the compensation ratio with temper-
ature dealt with in this paper, however, at 1073°K a
larger compensation ratio ought to be better. The above
values for the compensation ratio may be used for
cooling rates of approximately 1°C/min. Otherwise,
the cooling rate or growth rate dependence, shown in
Fig. 2, has to be considered. The above statements of
the compensation ratio reported at high atomic frac-
tions of Sn in the melt should be approximately valid
for lower doping, too, if one considers the theoretical
results of thermodynamic calculations that the Xsu

Sn IN GaAs DURING LPE
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Fig. 5. | Experimental average concentrations Np and Na, and
@ experimental average mobility vs. process temperature Ti.
— Theoretical curves for Np and Na in the case of surface
equilibrium,

dependence of Na is similar to that of Np and there-
fore the compensation ratio is independent of Xsn. This
is only approximately correct. Regarding the donor and
acceptor concentrations found at large Xsn values,
different barrier lowerings for donors and acceptors
are to be expected which result in different slopes of
Np(Xsn) and Nao(Xsn) (10). Therefore, the experimen-
tal compensation ratio can change slightly in the upper
Xsn range.

Summary

The behavior of the concentrations Np and Na for
heavily Sn-doped layers indicates the transition region
between surface equilibrium and bulk equilibrium, i.e.,
between fast and slow growth rates of the LPE layers.
Donor and acceptor seem not to interact. The increase
of the experimental concentrations with the epitaxial
process temperature could be explained by surface
equilibrium only, in spite of relatively slow average
growth rates V ~ 0.6 um/min in this kind of experi-
ment. Surface equilibrium, consequently, ought to be
applicable for most of the reported epitaxial layers.
The barrier height of the system melt-solid is an im-
portant property. Attention is drawn to an additional
influence of barrier lowering in the high concentration
range.
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APPENDIX I

Details of the semiquantita‘ive computation process
for the growth rate dependence with heavy Sn doping
and the important parameters tabulated are presented.
No interdependence of donors and acceptors during the
incorporation process is presumed. This allows the
separate consideration of the carriers in the solid.

The growth rate dependence of donors and acceptors
Np/a(V) normalized at very slow growth rates
Np/a(V =~ 0) were formulated by Zschauer and Vogel
for an intrinsic semiconductor

N D °
paV) Snum[ fo exp (F yp/alll)

Npa(V~0)  V
(-5omm) @]’
exp | — —— dl] [A-1]
3 Dsnp/a

The minus sign stands for donors and the plus sign for
acceptors (I = 0 the moving interface between melt
and semiconductor; dl, differential layer increase;
Dsn p/a, solid diffusion of the donor and acceptor Sn).
vpsall]l represents the normalized potentials of the
Schottky barrier, only temperature dependent. It con-
tains the intrinsic reciprocal Debye length and the
built-in potential.

In heavy doping, however, the concentration depend-
ence of some properties has to be taken into account;
the “quadratic” approximation for the Schottky bar-
rier potential

yp/a(l) = = 0.5([2¢p/a(l = 0)1¥/2 — Jp/al)? [A-2]
and the built-in potentials
kT yop = kT yp(l = 0) = (¥pn — &&p) — (Eg — EFDEA
kT yoa = kT ya(l = 0) = Epy — (¥Bp — APp)

-3]

have to be used now (Eg, bandgap), with the concen-
tration-dependent reciprocal Debye lengths Zp/a and
the Fermi levels Eryy (Np) and Er, (Na.) The important
parameters are the barrier heights &pn, &5, of donors
and acceptors. The currently available room tempera-
ture barrier height ®p, = 0.83 eV for Sn on GaAs (19,
23) seems to be a satisfactory approach for the ex-
perimental situation of a Sn-GaAs melt containing 92
atomic percent (a/o) of Sn. The respective barrier
heights at the process temperature T = 923°K are
evaluated with (18, 24)

EG(T) = &pn(T) + ®8p(T) and
[A-4]
Ec(T) — ®pn(T) = constant

i.e., the position of the Fermi level at the surface re-
mains at a fixed energy above the valence band as the
temperature varies. The above assumptions that the
barrier heights are only metal and temperature de-
pendent is correct for low solid concentrations. In the
concentration range of this work, a barrier lowering
probably due to a dipole layer at the interface be-
tween metal and semiconductor ought to be considered
as well for donors (A®y,) as for acceptors (A®,). Calcu-
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lations of Crowell et al. (25) for n-Si Schottky diodes
lead to a constant barrier height up to a doping level
of approximately 1016 em—3, and a decrease of 0.23 eV
at Njy = 108 em~3 or 0.33 eV at Np = 1019 ecm—3. But
these authors also feel that the calculated falling off
at large N is too rapid. For GaAs Schottky diodes,
however, such a distinct concentration dependence is
not expected because of a larger density of surface
states compared with Si. There are some hints for
quantitative values of the Sn barrier heights (10), as
alre}e:dy mentioned in the introductory section of this
work.

Due to the Npsa dependence of Ap/a, EFp/a and
A®y/, at heavy doping, a semiquantitative calculation
is performed. According to Eq. [1], [2], and [3], the
growth rate dependence is computed for a lot of values
of Np or Na, respectively (for several concentrations
the values used in the calculation are presented in
Table I). The highest concentrations, the computations
of which are made, are the characteristic experimental
data at fast growth rates Np/a(V > 6 um/min) (see
Fig. 2). Each curve of the calculated family is pre-
sumed to be approximately valid in a small concen-
tration range around the respective values of Np/a. A
graphical approximation follows. This procedure re-
sults in the solid and dashed curves of Fig. 2, evaluated
now having taken into account the concentration de-
pendence of all parameters.

APPENDIX II

The important equations for calculating the tem-
perature dependence of the donor and the acceptor
concentration with heavy Sn doping (Np and Na) and
the temperature dependent properties tabulated are
shown. The donor on Ga vacancies can be calculated
in the case of surface equilibrium with

Npg = Apg Xsnns~1yp~t [A-5]

and in the case of bulk equilibrium with

1/2
Npy = ( nt ( 14 ) App Xsn ) [A-6]

n;z
AD]; Xsn

Each property depends on the temperature (see Table
II). Apg and App are the product of the mass-action
constant K, the As activity yasXas, the activity constant
ven, as well as the normalization constants Kpg and
Kpy for surface and bulk equilibrium. Kpg and Kpg
contain a factor, usually temperature dependent, be-
iween the atomic fraction of the liquid and the con-
centration of the solid, that is essentially the segrega-
tion coefficient. But in the case of high Sn concentra-
tions in melt and semiconductor the segregation co-
efficient was found to be approximately independent
of the process temperature in the low temperature
range (15). This corresponds to theoretical calculations
of the segregation coefficient by Stringfellow (26). The
normalization constant is evaluated with the lowest
experimental concentration Np (843°K). The tempera-
ture-dependent properties yas, vsn, Xas, and Xsp are
determined by the working points on the quasibinary
Sn-GaAs cut of the ternary phase diagram (27), where
heavily Sn-doped solids are concerned. The other tem-
perature-dependent data, the Schottky barrier con-
centration

Table I. Parameters for calculating Np(V) and Na(V) at the process temperature 923°K

Bulk Reciprocal

Solid

concen- Debye Barrier Barrier Barrier Fermi Built in diffusion
tration length height height lowering level potential constant
Temper- No Ap Puu(300) Ppa(T) APy (Nn) Ee(Nb) Yon(T,Np) Dsup
ature Carrier Na A4 @y, (300) @pp(T) APy (Na) Er(Na) Yoa(T,Na) Dsus
T (°K) type (108 cm—?) (10% em-1) (eV) ev) (eV) (eV) (10-'¢ cm?*/sec)
14 5.05 0.220 1.29 5.8
10 4.27 0.190 1%(15 gg
6 3.31 0.155 3 1
D 4 270 0.83 0.51 0.130 114 5.4
2 1.91 0.085 1.11 5.2
1 1.35 0.050 1.04 4.8
923 3.5 2.53 0.115 0.23 —-33 3
2.0 1.91 0.085 gg; —g%
1.0 135 0.050 s —2.
A 0.6 1.05 061 0.61 0.035 0.38 -25
04 0.85 0.025 0.41 —-2.2
0.1 0.43 0.005 0.53 -09
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Table 11. Parameters for calculating Np(T) and NA(T) in the case of surface (S.EQ.) and bulk (B.EQ.) equilibrium

!‘;’or{nal-
Activity o Schottky
Mass- product %g;ﬁ%‘; Barrier Barrier Barrier barrier con-
Temper- action ~YAsYSn . b7 o height height lowering centration Activity
ature  constant AsXsn Equilib- No(843°K)  9p,(300) @8a(T)  A®a(Np) ns(T.Np) constant
s K (atomic rium Carrier  Na(843°K)  ®ppis00)  @pp(T) A®p(Na) ps(T,Na)  vn(ns resp. No)
(°K) (10-4) fraction?) type type (104 cm-3) (eV) (eV) (eV) (10 cm=¥)  ~p(ps resp. Na)
843 1.67 0.038 SE D 6.0 0.83 0.55 0.155 0.89 1.00
-EQ. A L 0.61 0.61 0.055 2.02 00
B.EQ. A 15 .7-1.0
883 3.03 0.05 SEQ D 6. 0.83 0.53 0.165 1.76 0.98
e % é 0.61 0.61 0.075 3.96 égg
B.EQ. Y 1 0.6-1.0
923 5.18 0.07 SEQ D 6. 0.83 0.51 0.175 3.51 .97
b g é 0.61 0.61 0.095 7.42 103
B.EQ. A 1. 52-0.95
983 9.98 0.095 S.EQ D 6. 0.83 0.48 0.192 8.75
e S é 0.61 0.61 0.110 14.3 A0
B.EQ. A 1 0.470.8
ns = Ncexp [ (®pn — A%,) /kT] [7] Nb s/B, Nps, Npg, N4 s/B, Nag, Nag theoretical donor, ac-

inciuding the conduction band concentration N¢ and
the barrier height &g, the intrinsic concentration 7,
and the activity coefficient of the electrons v, (which
is a function of ns/Nc¢ with surface, or Npg/Ny with
bulk, equilibrium), have been computed using pub-
lished data (19, 23, 28, 29). (As to the concentration
dependent barrier lowering A%, see Appendix 1 and
Table II.)

Equations similar to [51, [6], and [7] are used for
the Sn acceptor, which is possibly the complex Snas
2Vga. As Panish stated (4), both equations for the
donor can be used for the respective acceptor concen-
trations Nag and Nag; only Nc¢ is substituted by Nv,
&pn by @By, vn by vp, besides the normalization con-
stants Kpg,p by Kag,p. Taking into account Eq. [4] of
Appendix I, the barrier height for the acceptor in GaAs
is found to be independent of temperature. A small
barrier lowering A®, the value of which depends on
the respective acceptor concentration Na in the bulk of
the solid, is used. There are some suggestions of a
barrier lowering for acceptors with the same value as
t(}i%)one for donors at corresponding concentrations

The properties A®,, A®,, and yn, 7p on the right side
of Eq. [5], [6], and [7], and the respective ones
for the acceptor depend on the bulk concentrations
Npgg or Nag,g. This allows a semiquantitative calcu-
lation only. Starting from the properties obtained with
the experimentally established bulk concentrations at
the normalization temperature 843°K, an iterative cal-
culation for the temperatures considered yields to the
parameters listed in Table II and the theoretical con-
centrations plotted in Fig. 4.

LIST OF SYMBOLS

Aps, Apr  constants in the case of surface, bulk equi-
librium incorporation
D, A symbols for doyors, acceptors

Dsy, Dsy p/as Dsn n, Dsn a diffusion constants of Sn in

the solid (cm?2/sec)

diffusion constant of Sn in the melt (¢m2/

sec)

Ex /A, EFpy EFa, EF(Np), Er(N4) Fermi level of donors,
acceptors (eV)

Dsn(m)

Eg bandgap energy (eV)
k Boltzmann constant
K mass-action constant

Kp s/B, Kps, Kpg, Ka /B normalization constants of
surface, bulk equilibrium for donors, ac-
ceptors

1 direction into substrate or LPE layer (um)

L. total epitaxial layer thickness (um)

n experimental average carrier concentration
of a layer (cm—3)

n intrinsic concentration (cm—3)

ns electron concentration in the Schottky sur-

face (cm=3) X
Np/a, Np, Na theoretical donor, acceptor concentrations
(cm=3)

ceptor concentrations in the case of surface,
bulk equilibrium (cm—3)

I\D/A, N b, Na experimental average donor,
concentrations (cm—3)

acceptor

Nc, Ny effective concentration of states in conduc-
tion, valence band (cm—3

Ps hole caoncentration in the Schottky surface
(cm—3)

R cooling rate of the LPE process (°C/min)
growth time of a LPE layer (min)

T, Ti temperature, initial process temperature
(°K)

\4 momentary growth rate (um/min)

14 average growth rate of a LPE layer (um/
min)

Xass Xsn  atomic fraction of arsen, tin in the melt (at.
fr.)

YA$ YSn activity coefficients of arsen, tin

Y Yp activity coefficients of electrons, holes

Adp, AP,  barrier lowering of &pn, ®pp (V)

).n/A, Ap, a reciprocal Debye length of donors, accep-
tors (cm~—1)

i intrinsic reciprocal Debye length (cm—1)

w average mobility of a LPE layer (cm2?/V
sec)

m mobility of uncompensated GaAs (cm2/V
sec

PRn/p PBn, ¥Bp barrier height of donors, acceptors (eV)
YD/A, ¥D, va normalized Schottky barrier potential of
donors, acceptors (eV)

normalized built-in potential of donors, ac-
ceptors (eV)
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Silicon Nitride Coatings on Molybdenum by RF Reactive
lon Plating

Masao Fukutomi, Masahiro Kitajima, Masatoshi Okada, and Ryoji Watanabe

National Research Institute for Metals, 2-3-12, Nakameguro, Meguroku, Tokyo, Japan

ABSTRACT

Rf reactive ion plating technique has been applied to the preparation of
protective silicon nitride coating on molybdenum. All the deposits prepared
at deposition temperature of less than 1000°C were amorphous. Silicon in de-
posits was found to be present as nitride by Auger electron spectroscopic,
infrared absorption spectroscopic, and x-ray diffraction analyses. Nearly stoi-
chiometric silicon nitride deposits were obtained at a deposition rate of as
high as 1 ym/min. Several factors affecting the stoichiometry of the silicon
nitride were discussed. Oxidation test of the coated specimens showed that
the silicon nitride layer obtained under optimum conditions protected the
molybdenum substrate from oxidation in Ar-1% O gas mixtures up to ap-
proximately 1200°C. Typical pitting corrosion was observed in the coating film

at the higher temperatures.

Silicon nitride films have received much attention
especially for applications in the semiconductor indus-
try because of their excellent chemical stability and
resistance to diffusion of impurities. Many authors have
studied the preparation of silicon nitride films and their
structural and electrical properties. Most of the exist-
ing studies are, however, mainly concerned with thin
films formed by sputtering (1-4) or chemical vapor
deposition (5, 6). Little work on the ion-plated silicon
nitride film has been reported in the literature except
by Chin et al. (7), who dealt with the silicon nitride
coatings for thermoelectric couples. On the other hand,
the applications of molybdenum as a high temgerature
material are limited by its severe oxidation at tem-
peratures above 800°C. Considerable effort, therefore,
has been made to develop various high temperature
protective coatings for molybdenum such as metallic,
disilicide-based diffusion, and ceramic overlay coatings
(8). The present paper describes a preparation tech-
nique of silicon nitride by reactive ion-plating, and the
structural and compositional characteristics of the film
obtained. An attempt to apply this silicon nitride film
to the high temperature oxidation resistant coating
for molybdenum is also described.

Experimental
Apparatus.—The apparatus shown in Fig. 1 is spe-
cially designed for the rf reactive ion plating of silicon
nitride. The rf ion-plating technique was basically the
same as that described by Murayama (9). The rf coil
electrode (7 turns and 10 cm in spiral ccil diam) was
placed directly above the evaporation source and con-

* Key words: silicon nitride, ion plating, protective coating,
molybdenum,

nected to a 13.56 MHz, 300-VA rf power supply to
make a glow discharge region for the ionization and
activation of the reactants. The 6 kW electron beam
gun has a 180° bent beam whose spot was swept over
the entire source surface for the uniform melt and
evaporation rate. The vacuum chamber is separated by
the conductance baffle to maintain pressures of less
than 10-3 Torr around the EB gun, while pressures are
as high as 2 x 102 Torr in the deposition side. The
substrate holder was constructed such that a bias from
0 to —3 kV d.c. could be applied to the substrate for
the acceleration of ionized particles toward it. The
source-to-substrate distance was approximately 14 cm
for all experiments. The substrate was heated by radia-
tion from a tantalum resistance heater to a desired
temperature between 400° and 1000°C. The temperature
was measured with a Chromel-Alumel thermocouple
placed in contact with the back side of the substrate.
Gas pressure was measured with a Schulz-Phelps and
a Bayard-/lpert ionization gauge and controlled to a
desired lev :1 by a high vacuum leak valve.

Evaporation source, substrate, and reactive gas.—
Semiconductor-grade silicon was used as the evapora-
tion source. Substrate for deposition was prepared
from sintered molybdenum sheet and electrochemically
polished prior to mounting on the substrate holder. The
source for nitrogen was ammonia, supplied by Mathie-
son Gas Products with a purity of 99.99%. The ultra-
high purity argon was also used for the sputter clean-
ing of substrate.

Coating procedures.—In a typical coating experi-
ment, the vacuum chamber was evacuated to approxi-
mately 5 X 106 Torr or lower. Prior to each deposi-
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Fig. 1. lon plating apparatus: 1, substrate heater; 2, high voltage
feedthrough (—d.c. power); 3, thermocouples; 4, substrate holder;
5, 1f coil; 6, variable leak valve; 7, view port; 8, shutter; 9, elec-
trical feedthrough (EB power); 10, water-cooled copper hearth;
11, impedance matching box; 12, conductance baffle; 13, sweep,
focus coils, and EB gun; 14, base plate; 15, pumping system.

tion, the substrate was sputter cleaned for about 10
min under argon pressure of 2 X 10—2 Torr.. As for
the evaporation of silicon, uncontrolled splatting of the
silicon frequently occurred during melting even after
the electron beam power inputs were limited to a low
enough level. The same trouble was already reported
by Chin et al. (7). After examining the vaporization
technique, we found that silicon was vaporized signifi-
cantly without any splatting when it was melted to-
gether with several pieces of tantalum sheet. Emission
spectroscopic analysis of the deposits obtained by this
technique showed traces of tantalum in the film de-
posited around the crucible but not in the deposited
film on the substrate. This is probably due to the very
low vapor pressure of tantalum compared with that of
silicon. After initiating the evaporation of silicon, the
ammonia gas was introduced into a chamber and the
rf power supply was increased until a steady glow was
observed in the chamber. No apparent changes in the
deposited film were observed depending upon the dis-
tance between the outlet of ammonia gas feed pipe
and the substrate. The shutter was then opened to
begin the deposition of nitride under various conditions
as given in Table 1. The coating was 7-10 min for most
experiments.

SILICON NITRIDE COATINGS

Fig. 2. Scanning electron micrograph of silicon nitride coating
(left; coating surface, right; fracture cross section for the same
deposit). Deposition rate was 1 um/min at a substrate tempera-
ture of 950°C.

Results

Analysis of ion-plated silicon nitride.—Visual and
scanning electron microscopic observations.—The
silicon nitride deposits were obtained at a deposition
rate of from 0.1 to 1.2 um/min depending upon
the coating conditions. Most deposits showed a dark
green color, but some were gray and/or red brown.
Figure 2 shows typical scanning electron microphoto-
graphs of silicon nitride coatings. Although large pri-
mary grains composed of many small grains were ob-
served in the coating surface, no clear grain boundaries
in cross-sectional structure were visible. This vitreous
structure seems to be characteristic of the deposits ob-
tained in the present work.

Auger electron spectroscopic analysis.—The chemical
compositions of the deposited silicon nitride films were
determined by means of Auger spectroscopic analysis
(Cylindrical Mirror Analyzer, PHI Incorporated). Con-
centrations were calculated from the peak-to-peak
Auger signal height by using relative elemental sensi-
tivity factors given in the literature (10). Table I sum-
marizes the chemical composition representative of the
various deposits together with their coating conditions.
For comparison, electron probe microanalysis (EMX-
SM Shimazu Seisakusho, Limited) was also carried out
by using BN as the standard sample for nitrogen. The
results are also shown in parentheses in Table I. In
certain cases, the results show considerable discrepancy
between the two. This can be considered due to the
difficulty of quantitative analysis of nitrogen in thin
film by electron probe microanalyzer. As for the effect
of the deposition temperature, no apparent composi-
tion changes in the film were observed in the tempera-
ture range from 400° to 1000°C. Nitrogen contents in
the film varied over a wide range depending upon the
deposition conditions. It should be noted that nearly
stoichiometric deposits were obtained in runs 73, 76,
and 78, in which silicon was vaporized with EB gun
power of about 2 kW under reactant gas pressure of as
high as 10—2 Torr. Further discussions on this point are
made later. Oxygen and carbon were prominent con-

Table I. Deposition conditions and chemical analyses of silicon nitride films formed on molybdenum

Reactant Electron RF Substrate Substrate Composition (weight percent)
Run gas pres- beam gun power voltage temper-
no. sure (Torr) power (kW) (W) (=kV) ature (°C) Si N o C
18 9.0 x 103 1.0 190 0.5 —(b) 49 45 0 59
39 5.5 x 102 1.0 200 0.3 — 61 37 0.8 12
69 5.0 x 103 1.2 150 0.3 800 97 2.6 0 —{(€)
72 5.0 x 103 1.5 150 0.3 —_ 68 29 1.0 2.0
(58) @ (42) 0) (=)
73 15 x 10-2 20 210 0.3 700 51 42 3.0 4.0
(51) (49) 0) (—)
76 1.0 x 10-3 18 200 0.4 950 62 35 1.0 2.0
(42) (56) (2.0) (=)
8 8.0 x 10~ 18 220 0.4 —_ 59 39 1.0 2.0

) Value obtained by EPMA analysis is in parenthesis.

(»Not heated but the temperature rises to ~400°C because of ion bombardment.

() Not analyzed.
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taminants in these deposits, Presumably, they come
from the impurities in the reactant gas. As the forma-
tion of nearly stoichiometric silicon nitride has been
so far ascertained by the compositional data in Table
I, the chemical state of silicon in deposits is hereafter
examined in some detail. Figure 3 shows an example of
Auger spectra for the silicon nitride coatings obtained
in this study. After 3 min Ar-sputtering (removing
~300A), AES signals from silicon and nitrogen in-
creased in intensity, while those from oxygen and car-
bon became very weak, with an additional peak from
argon atoms implanted during sputter cleaning. A de-
tailed comparison of our Auger electron spectra with
published data (10-12) revealed that the chemical shift
and Auger electron peak shape from silicon in the
spectra given in Fig. 3 are completely different from
those of elemental Si and SiOs, but showed a signifi-
cant agreement with those from silicon in Si3Ny and in
Sig.54No.46 (10, 12).

Infrared spectroscopic analysis.—Infrared absorption
of the deposits was measured by using a double-beam
spectrophotometer (JASCO A-3, Japan Spectroscopic
Company Limited). The silicon nitride layer removed
from the molybdenum substrate was ground to micro-
size with potassium bromide and the mixture was
pressed into a pellet. In a typical infrared absorption
profile shown in Fig. 4, a strong, broad band with its
center at 830 em~—! was observed and was identical
with the Si-N stretching band reported by many other
investigators (1-3, 5). The very weak absorption peaks
for N-H and Si-H also were discernible. This hydro-
gen contamination seems to come from ammonia gas
used.

X-ray analysis.—In the as-coated condition, all the
coatings obtained in this study proved to be amorphous
because no peaks except for the molybdenum substrate
were obtained. For further confirmation of the forma-
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Fig. 3. Auger spectra from a) os coated surface; b) sputter-
cleaned surface of silicon nitride coating (Run no. 76).
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tion of silicon nitride, the coating layer removed me-
chanically from the substrate was heat-treated at 1400°
and 1500°C for about 2 min under 10—6 Torr. This
caused the crystallization of amorphous deposits. Fig-
ure 5 shows the x-ray diffraction profile obtained with
Ni-filtered CuKea radiation. All peaks corresponded to
those of silicon and Si;N reported in the ASTM powder
diffraction data. The latter substance was originally
obtained by Decker (13) together with free silicon
when commercial silicon nitride was arc melted. It is
obvious from this and previous studies already de-
scribed that silicon in ion-plated films is present as the
nitride. In addition, the deposits were nearly stoichi-
ometric compounds.

Oxidation test of silicon nitride coated molybdenum.
—The oxidation resistance of coated specimens was ex-
amined by thermogravimeter. Coated specimens of
about 1 X 0.5 X 0.07 cm were heated at a rate of 20°C/
min in the Ar 1% O, gas mixtures with a flow rate
of ~200 ml/min. Figure 6 shows the results of oxidation
tests for typical coated specimens. Uncoated specimens
which were oxidized under the same conditions show a
drastic weight decrease at about 790°C. This is because
the MoOj formed begins to melt at this temperature and
has a high vapor pressure. In this test, the edges of the
specimens were painted with Al,Oj slurry to protect
the cut edges and the film defect in the vicinity of
edges in specimens. Observation of specimens after
oxidation test, however, showed that film failure as-
cribed to the unprotected cut edges still existed. The
oxidation test profiles shown in Fig. 6, therefore, give
a rough estimation for the oxidation resistance of sili-
con nitride coatings. In the coated specimens which
showed a marked decrease in weight at relatively low
temperature, typical pitting corrosion shown in Fig. 7
was observed. On the other hand, the film adherence
to the substrate generally plays an impottant role in
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Table I1. Variation of Si/N (atomic ratio) in deposit with EB power and the deposition site
Electron Evaporation A B (o]

Run beam gun rate of Si

no. power (kW) (g/min) Si/N m Si/N n Si/N o

51 1.2 0.07 0.9 2.5 1.0 ~1 1.6 ~1

53 1.1 0.1 1.4 3.5 1.9 ~1.5 39 ~1

78 1.8 0.3 0.7 9.9 0.6 6.8 13 2.3

protective coating technology. On this point, silicon
nitride layer obtained in this study showed compara-
tively poor adherence to molybdenum substrate. The
bonding was improved to some extent when the sub-
strate was heated during coating. It can still, how-
ever, be removed by bending the specimens, even
though not as easily as in specimens obtained without
the substrate heating. Further investigations concern-
ing the pitting corrosion and the film adherence are
needed to obtain more protective silicon nitride coat-
ings for molybdenum.

Discussion

Table I indicates that the ion-plated films vary con-
siderably in their chemical composition, depending
upon the coating conditions. For the purpose of exam-
ining the several factors affecting the stoichiometry
of deposits, another ion-plating experiment was under-
taken using a long strip-shaped molybdenum sub-
strate. As shown schematically in Fig. 8, the substrate
length is large enough compared with the diameter of
rf coil. Evaporation rates of silicon were varied from
0.07 to 0.3 g/min. After the coating experiment, silicon

Fig. 7. Scanning electron microphotograph of typical film failure
after oxidation test.
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Fig. 8. Schematic illustration of ion-plating experiment using
a long strip-shaped substrate.

nitride deposits from three different places on the sub-
strate were analyzed by Auger electron spectroscopy.
The atomic ratio between silicon and nitrogen in the
deposits and the coating thickness measured by scan-
ning electron microscopy are summarized in Table IIL
A, B, and C in Table II correspond to the three places
on the substrate, i.e., directly above the center, close
to, and outside of the rf coil, respectively. In each run,
as the deposition site was moved closer to the center
of the rf coil, namely site A, a smaller value of Si/N
was obtained and the deposit became nearly stoichi-
ometric. This is probably because the concentration of
ionized reactants is largest in the center of rf coil. On
the other hand, when the EB gun power input was
increased to as high as 1.8 kW, the deposition rate
noticeably increased. Furthermore, the film became
close to stoichiometric silicon nitride. This result is
consistent with those of run 73 and 76 in Table I. This
high rate deposition of nearly stoichiometric silicon
nitride can be attributed to the fact that the power of
EB gun as well as that of rf discharge is highly effective
for the ionization or activation of reactants. The ad-
vantage of the use of electron beam evaporation tech-
nique for ion plating which was introduced by Cham-
bers and Carmichael (14) has been pointed out by
other investigators too (15, 16). From the fact men-
tioned above, it is concluded that nearly stoichiometric
silicon nitride can be ion plated with a rather high
speed, as long as the reactants are sufficiently ionized
or activated.

Conclusions

Nearly stoichiometric silicon nitride coatings on mo-
lybdenum can be prepared by rf reactive ion plating
from Si and NH;. The most important factors affecting
the stoichiometry of the deposit seemed to be an elec-
tron beam power into the Si evaporation source and
the condition of rf glow discharge region, where most
of the ionized or activated species of the reactants
might be produced. The oxidation tests performed on
coated specimens showed that the silicon nitride layer
restrained the oxidation of molybdenum up to approxi-
mately 1200°C, but typical pitting-like failure in the
deposited film occurred at the higher temperature.
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Precipitation-Induced Currents and Generation-Recombination
Currents in Intentionally Contaminated Silicon P'N Junctions

H. H. Busta® and H. A. Waggener
Teletype Corporation, Skokie, Illinois 60076

ABSTRACT

The effects of impurities such as gold, iron, copper, nickel, tantalum, and
tungsten on junction reverse I-V characteristics were investigated using
DLTS (deep level transient spectroscopy), TSCAP (thermally stimulated ca-
pacitance), I-V, C-V, and I-T measurements. In almost all cases, the reverse
I-V characteristics consisted of two components; a normal Shockley-Read-
Hall (SRH) generation component and a soft leakage component which
dominates the SRH component above a given onset voltage. Only the SRH
component can be detected with the DLTS and TSCAP methods. The soft
leakage currents were ascribed to the presence of impurity precipitates lying
near the metallurgical junction of the devices. Soft leakage currents measured
at 80°K were fitted to a Fowler-Nordheim field-emission model. Localized
electric field values near the precipitates of the order of 106-107 V/cm were
obtained by this analysis. These values could be correlated with the possible
shape of the precipitates. The distribution of the SRH generation centers
within the active regions of the devices and the activation energies of the
emission rates of above-mentioned impurities were measured using the DLTS
technique. The following results were obtained: Au 0.55 eV (c), Fe 0.57 eV
(c); Cu 0.2 eV (c), 049 eV (v), 0.41 eV (v); Ni 0.19 eV (c), 0.36 eV (c¢);
Ta 0.21 eV (c); and W 0.25 eV (c), 0.28 eV (c), respectively. Here ¢ and v
represent measurements from the conduction band and valence band, re-

spectively.

It is well known that point defects distributed in the
bulk or at the surface of pn junctions can act as gen-
eration centers for electron-hole pairs and thus cause
diode leakage. These defects can be process-induced
defects, dislocations, radiation-induced defects, or im-
purities such as gold, iron, copper, manganese, nickel,
sulfur, etc. They are characterized by activation ener-
gies which lie within the forbidden bandgap of the
semiconductor, and by their thermal capture and emis-
sion rates for minority and majority carriers, respec-
tively. Their contribution toward diode leakage is gov-
erned by the Shockley-Read-Hall generation-recom-
bination theory (1). The most effective centers, in
terms of the generation component, lie near the midgap
of the semiconductor.

Detection of these defects can be achieved, for in-
stance, by using thermally stimulated current (TSC)
(2, 3) measurements. Identification of a given genera-
tion center with the above techniques can be achieved
in certain cases. Complications arise due to the fact that
for some impurities such as gold, iron, copper, sulfur,
manganese, etc., the near midgap energy levels are
separated by only a few millielectronvolts, which in
terms of temperatures, corresponds to only a few de-
grees difference in the position of the measurement
signals. When using the TSC and TSCAP methods,

! Present address: Gould Laboratories, Rolling Meadows, Illinois
0008.

Key words: junction leakage, defects in pn junctions, field emis-
sion, tunneling, deep level transient spectroscopy.

the position of the signals is strongly dependent on
heating rates. Therefore, for identification purposes,
these rates have to be known precisely. Lang has re-
cently published a paper on deep level transient spec-
troscopy (DLTS) measurements (4). The advantage
of this method is that it is heating rate independent.
For a given fixed emission rate window, the position of
the signals occurs at the same temperature, Another
advantage of the DLTS method is that it is spectro-
scopic in nature, which means that it has a zero base
line. However, this can also be achieved by using the
differential TSCAP method (5)

The intention of this work was to identify leakage
mechanisms of some diodes fabricated in our facilities
using DLTS, TSCAP, I-V, C-V, and I-T measurements.
These measurements were performed on planar diodes,
gate-controlled diodes, and MOS capacitors. In the
course of this work, some devices with known charac-
teristics {(6) were intentionally contaminated with gold,
iron, copper, nickel, tantalum, and tungsten. It was
found that for gold- and tungsten-doped diodes the
generation components increased by three orders of
magnitude as compared to the precontamination level.
This gave rise to large DLTS signals (N; ~ 104 cm—3).
The reverse I-V characteristics of these diodes were
almost ideal over the entire voltage range, with I vary-
ing as V'%. For all the other elements, the generation
components increased only moderately, giving rise to
weak DLTS signals (N ~ 10!1-10!3 cm—3). However,
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these diodes showed soft characteristics. In some ex-
treme cases, the onset of the soft current component
occurred at voltages as low as 1V. Goetzberger and
Shockley (7) attributed this softness to the formation
of metallic precipitates, and conjectured that Zener
tunneling at localized high field points was responsible
for the observed soft leakage currents. They reported
leakage currents proportional to V#, with n ranging
from 3 to 7. However, no attempts were made to ex-
plain the exponent n in terms of a physical model.

In this paper, the soft component of leakage current
is modeled in two ways and experimental results are
compared to these models, First, a tunnel or field-emis-
sion model is considered. From analysis of the data,
values of the electric field at localized high field spots,
information about the shape of the precipitates, and
estimates of the local extension of the emission sites
are obtained. The information gained from this anal-
ysis has to be considered more qualitatively than quan-
titatively, since the expression used for the tunneling
current density is only applicable to direct gap tun-
neling. In the indirect case, such as silicon, effects due
to momentum conservation and multiple band effective
masses should be included. Second, the possibility that
these currents arise from SRH centers is presented.
There are other mechanisms which might explain soft
leakage currents. Charge multiplication due to impact
ionization at localized areas of high electric fields
might be one possibility. The reason why a tunneling
approach is chosen in this work is due to the experi-
mentally observed fact that leakage currents have a
negative temperature coefficient, i.e., at a given voltage
the current increases with increasing temperature.
Also, in all cases, a temperature-independent compo-
nent was observed at liquid nitrogen temperatures.
Impact ionization has a positive temperature coeffi-
cient, i.e,, at a given voltage the ionization rate in-
creases with decreasing temperature (8).

Device Fabrication

The diodes were fabricated using Czochralski-grown
n-type (111) wafers having an uncompensated phos-
phorus concentration of approximately 1 X 1015 cm—3,
BN disks were used for the p* diffusion. Diodes from
different stages during the common p-channel MOS
process were used for this experimentation. Before
testing, all devices were either nitrogen annealed or
forming gas annealed at 450°C in order to reduce the
surface component of the leakage.

Before the devices were subjected to the impurity
diffusion, reverse I-V control measurements were per-
formed. After appropriate cleaning of the slices, the
elements under investigation were either filament or
electron beam evaporated on the back of the wafers,
and diffused in a nitrogen atmosphere. In most cases, a
new quartz furnace tube was used for each element.
Diffusion temperatures ranged from 800° to 1150°C.

Experimental Results

Leakage mechanisms.—Figure 1 shows the current-
reverse voltage characteristics of two diodes. The mea-
surements of Fig. 1 were taken at room temperature
and 80°K, respectively. The room temperature plots
consist of two distinct regions: a region where the cur-
rent varies approximately as V', followed by a region
of very strong voltage dependence. For both junctions,
the leakage currents below the onset of the soft knees
are governed by Shockley-Read-Hall generation cen-
ters. At low temperatures, these currents decrease, due
to the exponential temperature dependence of the elec-
tron-emission and hole-emission rates (1, 2). The soft
component of diode A is almost temperature indepen-
dent in the range from 80° to 300°K. Diode B does
show some temperature dependence of its soft charac-
teristics, however, measurements showed that from 80°
to 130°K this component is also temperature indepen-
dent. Experimentally, it was observed that for a given
impurity, both type A and B behavior were present for
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a given wafer. Also, the onset voltages of the soft knees
varied over wide ranges. In some cases values ranging
from 1 to 40V were observed. Due to these reasons, no
attempt was made to rank order the influence of the
individual impurities upon diode leakage. However,
based upon the limited sample size which was investi-
gated, some general comments can be made. Iron,
nickel, copper, and tantalum gave rise to the formation
of soft diodes with low SRH generation components.
The concentrations of generation centers ranged from
101! to 1013 em~3. Tungsten-doped diodes showed soft-
ness occurring at voltages of larger than 20V. A large
generation component was observed with a concentra-
tion of generation centers larger than 104 cm—3, No
softness was observed for gold-doped diodes. Their
concentration of SRH centers was approximately 1014
cm—3, As mentioned, the existence of a temperature-
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independent soft leakage component and of a negative-
temperature coefficient led to the consideration of a
tunnel or field-emission mechanism.,

Tunnel or field emission.—Before discussion of the
data, some of the expressions which are used in the
analysis of the data are summarized. In this work, only
the temperature-independent components of soft leak-
age currents are analyzed.

The basic law governing field emission is given by
the Fowler-Nordheim equation. The current density
at temperature T = 0 is given by (9)

q3E2 ( 4(2m*)1/2(qep) 32 v (y) )
= ————— €X] —_
16n21 q pt2(y) B 3hqE

[1a]

with t and v being tabulated functions of the argument
Y, which is given by

y = (q®E)1/2/q¥p [1b]

Here E is the applied electric field, g®g is the barrier
height, and m* is the tunneling effective mass. The
function t(y) in Eq. [1a] is almost independent of y.
It monotonically increases from 1.00 to 1.11 as y varies
from 0 to 1. The barrier-lowering factor v (y) decreases
monotonically from 1 to 0 as y varies from 0 to 1. To
test if a field-emission process can be used to describe
soft leakage currents, the data is plotted in the form
In J/E2? vs. E-1 (Fowler-Nordheim plot). A straight
line should be obtained, the slope of which is given by

4(2m*)1/2 (q@p)3/2 v (y)
3T q '
Near a precipitate it is assumed that the electric field
E is enhanced by a factor of g above the unperturbed
background field of the junction. A similar assumption
was made in Ref. (10), where Fowler-Nordheim field
emission from protruding whiskers on nickel cathodes
was considered. The electric field is then given by
E= ﬁEunperturhed [3]
Using the abrupt junction approximation (11)
ZqN D

[2]

Ya
Eunperturbed = Emax = ( ) (Vbi + VRr) %2 [4]

€s
Here Np is the donor-doping concentration, ¢ is the di-
electric constant of the semiconductor, Vy; is the built-
in voltage, and Vg is the reverse bias voltage. Two fur-
ther conditions are invoked. It is assumed that one end
of the precipitate is located near the maximum field,
while the other end of the precipitate extends into the
heavily doped region. Therefore, only a small voltage
drop can exist between the precipitate and the heavily
doped region. With these conditions, the unperturbed
field at the tip of the precipitate is the maximum field
in the junction, Emax. Since under these conditions E
is proportional to (Vy; 4+ VRr)*, a Fowler-Nordheim
plot should be of the form In J/(Vy; + Vgr) vs. (Vi +
V&) ~*% with a slope of

4(2m*)1/2 (q¥p)3/2 v(y)
2gNp \1/2
S“Hq( q D) B

€s
By using Eq. [5], it is possible to obtain estimates of
the field-enhancement factors at the precipitates. From
these values, information about the shape of the pre-
cipitates can be deduced.

Since the devices were contaminated with metals, it
is assumed that the precipitates are either metallic or
in the form of conductive silicides such as CuSi, Ni.Si,
FeSi, TaSi», WSis, etc. Assuming a spherical precipitate
imbedded in a dielectric medium, the field inside the
sphere is zero; the field outside the sphere is given by
(12)

(5]

A A A
E(r,8) = E(1 4 2a3/r3)cosgr — E(1 — a3/r3)sing ¢
[6]
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Here E is the uniform background field, a is the radius
A
of the sphere, r and ¢ are the polar coordinates, and r

A
and 6 are the unit vectors. For » = a and ¢ = 0, ﬁ'(a, 0)
= 3E. This means that the field-enhancement factor at
the precipitate has a value of 3. As can be seen from
Eq. [6] the field-enhancement factor has a strong spa-
tial dependence. In the case of a conducting prolate
spheroidal-shaped precipitate, the field-enhancement
factor depends strongly on the c¢/b ratio (10). Here ¢
is the extension of the precipitate in the direction of
the field, and b is the diameter. For ¢/b = 1, 8 reduces
to 3, the value of the field-enhancement factor for a
sphere. It should be mentioned that field enhancement
also occurs for noncontacting precipitates. For instance,
the field enhancement for a spherical SiO: precipitate
is approximately 1.5 (12).

Fowler-Nordheim plots of the temperature-indepen-
dent components of the two diodes shown in Fig. 1, as
well as of one other diode, are shown in Fig. 2 where
Vr~% is used as the abscissa. From the slopes corre-
sponding to large reverse voltages, (i.e., Vg + Vi ~
VRr), values of g’ = (me/m*)*%v—1 g can be obtained.
Here m, is the free electron mass. Using Eq. [5] and
taking for q®g = 0.5 eV and for Np = 1 x 1015 cm~3,
these values ranged from 9.4 to 114 for the diodes
shown in Fig. 2. Similar values were obtained for iron-,
nickel-, and copper-doped diodes. Using Eq. [3] and
[4] and assuming that m* ~ m,, and v(y) ~ 1, values
of the electric field at the precipitates of 0.82 x 106 V/
cm for — Vg = 25V and of 1.33 x 108 V/cm for —Vpg
= 65V were obtained for diode B of Fig. 1 and 2. This
is close to the reported value of 106 V/cm for silicon
where currents due to tunneling become significant
(13). Taking g ~ 114 for diode A, values of the electric
fields of 2 X 108 V/cm for —Vr = 1V and of 6.32 X
108 V/em for — Vg = 10V were obtained. The actual
field values are reduced somewhat since v (y) = 1, and
since it is expected that m* < m.. Since these field val-
ues are one to two orders of magnitude larger than the
avalanche breakdown field in a junction of approxi-
mately 5 X 105 V/cm, they have to be restricted within
a small volume, otherwise localized charge multiplica-
tion due to impact ionization would take place giving
rise to a discontinuous slope in the current-voltage
characteristics whenever the multiplication factor
reaches the value of one. Using the conditions invoked
above, a field-enhancement factor of 9.4 corresponds to
a ¢/b ratio of 3. For g — 114, the ¢/b ratio is approxi-
mately 20. Again, due to the unknown values of m*,
qop, and v(y), the ¢/b ratios have to be viewed more
qualitatively than quantitatively. However, by com-
paring the c¢/b ratios of diodes A and B of Fig. 1 and 2,
it can be concluded that the current contributing pre-
cipitates in diode A are more needle-like than the pre-
cipitates in diode B. Bearing in mind that the enhanced
field at a precipitate can only occur over a small frac-
tion of the junction area, Eq. [1] was used to check
if the calculated current densities are consistent with
this assumption. The emission area can be estimated
from

I(VR) =J(T =0, Vr)A, [7]

where I is the measured temperature-independent cur-
rent at a given reverse bias voltage, J is the current
density given in Eq. [1], and A, is the emission area at
a precipitate. The results are: A, ~ 10-10 A4; for diode
A, and A, ~ 10~%A; for diode B. Here A; is the junc-
tion area. The value for diode B seems quite large, but
since these junctions were intentionally contaminated,
it is conceivable that in some cases quite a few pre-
cipitates of similar emissivity formed during the cool-
ing cycle.

From Fig. 2 it can be seen that for diode A devia-
tions from a straight line occur at voltages below 3V.
This is expected since according to Eq. [4] the electric
field is only proportional to Vi for Vz > V. Incor-
porating Vi and plotting In I/(Vy + VRr)3/2 vs. (Vi
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soft leakage component of several diodes.

+ V&) %, however, did not result in a straight line fit
at voltages below 3V,

Detection and distribution of SRH generation cen-
ters.—During the early stages of this work, the possi-
bility was considered that the soft leakage component
might be due to nonuniform distribution of generation
centers or due to field-enhanced emission rates. To in-
vestigate this, DLTS measurements were taken at dif-
ferent voltage ranges. Examples of such measurements
are given in Fig. 3 and 4. Figure 3 shows the I-V char-
acteristics of a soft diode which was contaminated with
tantalum. DLTS 1 was obtained for a quiescent reverse
bias of —3V which was momentarily reduced to 0V.
DLTS 2 was obtained for a quiescent reverse bias of
—10V which was momentarily reduced to —6V. The
width of the bias reduction pulse was 400 usec. These
two spectra are shown in Fig. 4. From the analysis of
the data, the concentration of the near midgap levels
were N (DLTS 1) = 1.2 X 1013 ecm~—2 and N;(DLTS 2)
= 1.5 X 1013 cm~3, respectively. This moderate in-
crease in N; from DLTS 1 to DLTS 2 cannot be the
cause of the sharp increase in the leakage current from
—3 to —10V. From Fig. 4 it can be seen that the max-
ima of the near midgap peaks of the two spectra occur
at the same temperature. This means that the emission
rate in the two cases is the same. Therefore the ob-
served large leakage current cannot be explained by a
field-enhanced emission rate. The soft leakage com-
ponent measured at 80°K was subsequently fitted to the
precipitation model. From the analysis, a field-
enhancement factor of 28 was obtained, It should be
mentioned that the near midgap peak in Fig. 4 is due
to gold contamination. This was established from con-
trol measurements. Therefore only the low tempera-
ture peak (0.21 eV, Table I) is associated with tan-
talum,

DLTS measurements were also used to measure the
lateral distribution of generation centers. For this pur-
pose, gate-controlled diodes and in some cases MOS
capacitor structures, were employed. In some cases it
was observed that up to 40 times more impurities in
the form of generation centers were present in the de-
pletion region of the field-induced junction of a gate-
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which DLTS spectra were obtained in order to measure possible
nonuniform impurity distributions and/or field-enhanced emission
rates.

controlled diode as compared to the depletion region
associated with the metallurgical junction. This was
seen for iron- and tantalum-doped diodes, both of
which showed soft I-V characteristics. Either getter-
ing effects in the p+* region or formation of precipi-
tates near the metallurgical junction might be re-
sponsible for the depletion of generation centers near
the metallurgical junction. In the case of the tungsten-
doped diodes, an almost uniform distribution of the
near midgap impurities in those two regions was ob-
served. An example of such a measurement is given in
Fig. 5. It shows the I-Vg characteristics of the metal-
lurgical junction and of the field-induced junction of a
tungsten-doped gate-controlled dipde. Over most of the
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Fig. 4. DLTS spectra of the tantalum-doped diode C-4 of lot
4321, W-8, chip D-4. The spectra were measured at different re-
verse bias voltages and at different pulse heights.

voltage range the current of the metallurgical junction
and of the field-induced junction varies as Vgr%. The
current of the metallurgical junction was measured at
a gate voltage Vg = 0. The current of the field-induced
junction was obtained by taking the difference of the
currents measured at strong inversion and at Vg = 0
(or for weak accumulation). Vg was held at a constant
value, The measured current change Iryy/ (Iriy 4+ Ins)
at Vg = —1V is 23.2%. Assuming that the leakage is
caused by the near midgap center, a similar change in
the height of the DLTS peak should be expected. The
DLTS spectra are shown in the insert of Fig. 5. The
observed change in the amplitude of the signals is
22.2%. This is in excellent agreement with the above
value. It should be mentioned that none of the ob-
served soft leakage currents of gate-controlled diodes
could be accounted for by surface generation-recom-
bination centers. The surface recombination velocity s,
of the diodes investigated ranged from 5 to 100 cm/sec.

In the usual treatment of junction leakage it is as-
sumed that the entire contribution of SRH leakage
comes from the depletion region which is associated
with the lighter doped side of a junction. In practical
cases, however, there is a nonzero depletion width
which extends into the more heavily doped side of a
junction. An indication that SRH centers lying in the
p* regions contribute to diode leakage was obtained
for copper-doped diodes. Figure 6 shows the DLTS
spectra of a copper-doped diode and of a MOS capaci-
tor lying adjacent to the diode. (Copper was filament
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Fig. 5. I-Vr characteristics of the tungsten-doped diode D-1 of
lot 4521, W-7, chip G-17. The insert shows the near midgap DLTS
spectra for gate voltages Vg = O (designated as MJ) and for
Ve = —100V (designated as MJ 4 F1J), respectively.

evaporated on the backs of the wafers and diffused at
1050°C in N for 2 hr. The wafers were then fast pulled
to room temperature.) Three peaks are discernible for
the p*n junction. Only one peak is obtained for the
MOS capacitor. The increase of the signal of the MOS
capacitor spectrum above 200°K is due to the fact that
at the temperature where reemission of the trapped
electrons would occur, thermal bulk and/or surface
generation of minority carriers can invalidate the deep

Table I. Deep energy levels in silicon

This work* A. G. Milnes
Impurity (DLTS) (15)**
Au 0.55(c) 0.54(c) 0.54(c) 0.30(c)
0.35(v) 0.35(v) 0.83(v)
Fe 0.14(c)
0.57(c) 0.55(c) 0.51(c)
0.40(v) 0.40(v) 0.40(v)
Cu 0.20(c) 0.26(c)
0.49(v) | or process in- 0.52(v) 0.52(v) 0.53(v)
0.41(v) } duced, (¢)? 0.37(v) 0.37(v) 0.40(v)
0.24(v) 0.24(v)
Ni 0.19(c)
0.36(c) 0.35(¢) 0.35(¢c)
0.23(v) 0.22(v)
Ta 0.21(c) <0.14(c)
0.43(c)
w 0.25(c) 0.22(c)
0.28(c) 0.30(c)
0.37(c)
0.34(v)
0.31(v)

* Measurements by DLTS methods.

** Conventional techniques and surface capacitance studies.

(c) Measured from the conduction bandedge.
(v) Measured from the valence bandedge.
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Fig. 6. DLTS spectra of the MOS capacitor C-3 and p*n junc-
tion C-4 of lot 5173, chip M-15. The wafer was doped with copper.

depletion condition by forming an inversion layer near
the insulator-semiconductor interface. The two extra
signals in the diode spectrum could also be process-
induced defects (3, 14), but since the measured energy
values are close to the published values for copper (see
Table I), it is believed that these signals come from
generation centers which are located in the more heav-
ily doped p region. In principle, soft leakage currents
could be explained by assuming a highly nonuniform
distribution of SRH centers in the p+ region. However,
the experimentally observed temperature-independent
current component does not agree with the exponen-
tially dependent temperature dependence of the emis-
sion rates of SRH centers. It should be mentioned that
for the chosen biasing conditions of the DLTS mea-
surements (no minority carrier injection), only traps
lying in the upper half of the bandgap can be cbserved
with p*n junction structures, assuming that the signals
come from the more lightly doped side of the junction.
For n+p diodes and the same assumptions, only traps
lying in the lower half of the bandgap can be detected.
Therefore, the energy values of the additional signals
coming from the p region of the ptn diodes have to be
measured from the valence band. Table I summarizes
the energy values obtained by the DLTS method and
compares them to published values (15).

Summary

The effects of impurities such as gold, iron, copper,
nickel, tantalum, and tungsten on junction reverse I-V
characteristics were investigated. In all cases, exclud-
ing gold, the reverse I-V characteristics consisted of
two ccmponents; a normal Shockley-Read-Hall (SRH)
generation component and a soft leakage component
which dominates the SRH component above a given
onset voltage. Only the SRH component can be de-
tected with the DLTS and TSCAP methods. In many
cases, when the soft leakage component dominated
over almost the entire voltage range, only weak DLTS
signals were observed (N; ~ 10!1-1013 ¢cm—3). In none
of the cases investigated could soft leakage currents be
associated with SRH centers. They were ascribed to the
presence of impurity precipitates lying near the metal-
lurgical junction of the devices. These currents, mea-
sured at 80°K, were fitted to a tunneling or field-emis-
sion model. It was found that the onset voltage of the
soft leakage current depends on the magnitude of the
field-enhancement factors and on the magnitude of the
SRH component. Assuming that the precipitates are in
the form of prolate spheroids and other conditions with
regard to their position within a junction, information
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about the geometry (sphere-like to needle-like) could
be obtained from the field-enhancement factors. Local
electric fields of the order of 108-107 V/cm were ob-
tained by this analysis.

DLTS measurements were used to obtain the distri-
bution of the SRH centers within the active region of
the devices by employing gate-controlled diode struc-
tures and MOS-capacitor structures. Activation ener-
gies of the emission rates of electrons and, in some
cases, of holes, were measured. Hole emission was ob-
served from impurities lying in the heavily doped p
regions of the junctions.

It is expected that soft leakage currents will arise
whenever conditions exist in fabrication where impuri-
ties are introduced in quantities exceeding the solid
solubility at temperatures where sufficient impurity
mobility permits precipitation. Clearly, the nature of
impurity introduction, stresses, kinetics of precipita-
tion, density, and location of nucleation sites will in-
fluence the effects of a given precipitate on junction
leakage. For these reasons it has not been possible to
systematically determine the relative effects of various
contaminants with respect to precipitate-induced leak-
age.
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Properties of CdS Films Prepared by Spray Pyrolysis

Yale Y. Ma! and Richard H. Bube*

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305

ABSTRACT

A detailed investigation has been made of the properties of CdS films
deposited on amorphous glass substrates by the technique of spray pyrolysis.
The variation of the electrical transport properties of these films as a function
of substrate temperature has been correlated with variations in orientation,
cubic/hexagonal phase ratio, and morphology. Additional effects of cooling
rate, spraying rate, heat-treatment in hydrogen, and variations in substrate
are also considered. By heat-treatment in hydrogen it is possible to produce
films on amorphous glass substrates with an electron density in excess of 1018
em—3 and an electron mobility of 90 cm2/V-sec at 300°K.

The method of spray pyrolysis (or solution spraying)
is a convenient and economical method for the deposi-
tion of materials suitable for this technique. The pro-
duction of CdS films by spraying a solution of CdClz
and thiourea was described by Chamberlin and Skar-
man (1) following a patent by Hill and Chamberlin
(2). The electrical properties of films produced by
spray pyrolysis (SP) have been investigated by
Micheletti and Mark (3), and by Wu and Bube (4).
Solar cells have been produced by the deposition of
n-CdS films by SP on p-CdTe single crystal substrates
with a solar efficiency of over 6% (5), and SP films of
n-CdS are also being used in p-CuzS/n-CdS hetero-
junctions for solar energy conversion (6). The SP
technique is convenient for the deposition of ternaries
involving sulfides and selenides, and the properties of
CdS,Sej—; and Zn;Cd;—.S films prepared by this
method have been described (7).

There is therefore ample motivation to understand
the deposition of CdS films by the SP technique. We
report here the results of a detailed investigation of
the preparation and properties of such films as a func-
tion of substrate temperature, cooling rate, spraying
rate, postdeposition heat-treatment in hydrogen, and
choice of a substrate. By combining measurements of
film orientation, cubic/hexagonal phase ratio, morphol-
ogy, and optical transmission with analysis of electrical
transport through thermoelectric and photothermo-
electric measurements, it is possible to define some of
the correlations between structure and electrical prop-
erties of these films.

Preparation of Films

All the films prepared in this paper were prepared
by spraying an equimolar (0.1M) solution of CdCl; and
thiourea onto a heated substrate. The solution was
sprayed by an atomizer spray nozzle and the liquid
spray rate was controlled by a flow meter and the air
pressure applied to the nozzle. After the solution is
sprayed onto the substrate, thermal decomposition of
the complex ion Cd(CNoH4S),Cl, takes place, and uni-
form CdS films are grown on the substrate.

For most of the experiments described in this paper,
amorphous glass substrates were used. In order to have
a systematic investigation of the effect of substrate
temperature on the properties of the films, a series of
CdS films was prepared with all the parameters fixed
except the substrate temperature. The spray rate used
was fixed at 4.2 cm3/min, and the films were removed
from the substrate heater immediately after deposition
of a 2 um thick film. Subsequent portions of the in-
vestigation involved wusing crystalline substrates,
changing the spraying rate, or allowing the films to
cool slowly on the substrate heater. All spraying was
done under air pressure and in an air environment.

* Electrochemical Society Active Member.

1 Present address: Optical Coating Laboratory, Inc., Santa Rosa,
California 25400.

Key words: cadmium sulfide, films, spray pyrolysis, solution
spraying, transport in films, thermoelectric power of films.

It is well known that the electrical properties of CdS
films prepared by SP can be affected by chemisorbed
oxygen (3, 4). Our previous work, however, has shown
that heat-treatment in air lowers the conductivity com-
pared to an as-deposited film, and that subsequent heat-
treatment in vacuum restores the conductivity to ap-
proximately the same as the as-deposited condition
(4). Measurements reported here are primarily on as-
deposited films, rapidly cooled and without subsequent
heat-treatment in air, and measured by thermoelectric
power in 10—5% Torr vacuum. For such films oxygen ad-
sorption effects should be minimized.

Effect of Substrate Temperature

A series of films was deposited for substrate tem-
peratures between 320° and 570°C. The room tempera-
ture electrical conductivity of these films is shown in
Fig. la. The dark conductivity is a striking function of
substrate temperature, exhibiting fluctuations by three
orders of magnitude for differences in substrate tem-
perature of 20°-30°C. Although this conductivity is so
strongly temperature dependent, it is still possible to

CONDUCTIVITY
(ohm-cm)™', 300°K

ELECTRON MOBILITY
cm?%V-sec, 300°K

ELECTRON DENSITY

300 350 400 450 " 500
SUBSTRATE TEMPERATURE, °C

Fig. 1. Dependence of electrical conductivity, electron density,
and electron mobility at 300°K on the substrate temperature dur-
ing CdS film deposition. Solid curves are in dark; dashed curves
are under illumination,

1430



Vol. 124, No. 9

prepare highly reproducible films by carefully con-
trolling substrate temperature, spraying rate, film
thickness, cooling rate, etc. Most of the maximum and
minimum conductivity points of Fig. 1la have been re-
peated several times in order to establish that the vari-
ations shown are not the consequence of uncontrolled
preparation variables. Films prepared at 461°C, for ex-
ample, have been repeated many times under the same
spraying conditions; the reproducibility in conductivity
in these films is within a factor of two.

In order to determine the relative contributions to
these conductivity variations by changes in electron
density and electron mobility, thermoelectric power
measurements were made as a function of temperature
in the dark and under photoexcitation. Samples sub-
jected to this measurement were mounted on a sample
holder, which consisted of two aluminum strips with
heaters inserted into each strip. The heaters were used
not only to heat the sample above room temperature,
but also to establish a temperature gradient across the
sample. Cooling of the sample below room temperature
was controlled by a Joule-Thomson cryotip system.
The temperature gradient and the thermoelectric volt-
age were measured by thermocouples and electrical
leads mounted at the ends of the sample. The electron
density n and the electron mobility x» of the CdS films
were calculated from the equations

k
a= —?[A+1n(N¢/n)] [1]
p=oa/ne [2]

where « is the thermoelectric power obtained from the
slope of the thermoelectric voltage vs. temperature
gradient curve at each sample temperature, A is a
constant taken equal to 2.5 for CdS (4), N. is the ef-
fective density of states in the conduction band, and
¢ is the measured conductivity of the film.

The variation of the measured electron mobility at
300°K as a function of substrate temperature during
deposition is given in Fig. 1b, and the variation of the
electron density at 300°K in Fig. lc. It is evident that
the dependence of the electron mobility on substrate
temperature is the determining factor in the depend-
ence of the electrical conductivity on substrate tem-
perature. All of the films have relatively high electron
densities because of chlorine donors incorporated dur-
ing preparation from the CdCls.

Typical light and dark electron density and mobility
values as a function of temperature are shown in Fig.
2 as calculated from thermoelectric power measure-
ments for the 441° and the 507°C samples. For both
samples the electron density is relatively independent
of temperature in both dark and light, as would be
expected for totally ionized chlorine donors. The dark
electron mobility for both samples is thermally acti-
vated with a larger activation energy in the higher
temperature range than in the lower, and the activa-
tion energies are larger for the lower conductivity
507°C film than for the 441°C film. Under photoexcita-
tion the electron mobility for the 507°C sample ceases
to be temperature dependent.

These measured mobility variations can be described
at least formally by the fairly universal expression
3.4

[3]

where ¢ can be physically interpreted as the barrier
height to electron transport between grains of the film.
A summary of values of ¢ as a function of substrate
temperature is given in Fig. 3a, and a summary of
values of wo, in Fig. 3b. Comparison of Fig. 1b with
Fig. 3a shows that large values of mobility are in gen-
eral associated with small values of barrier height ¢.
The major conductivity maxima near 350° and 450°C
are associated with values of ¢ approaching zero.

b= o €Xp (—¢/KT)
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The higher temperature portion of the mobility
curves of Fig. 2 can be interpreted as resulting {from
thermal excitation over the intergrain barriers, and
the lower temperature portion of these curves can be
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Fig. 2. Temperature dependence of the electron density and
electron mobility in CdS films sprayed at 441°C (¥, V) and
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Fig. 3. Values of mobility activation energy ¢ and preexponential
term uo as a function of substrate temperature during deposition
of CdS films, assuming p — po exp(—o¢/kT). Where different
values are found at high and low temperatures, both are indi-
cated. Solid curves are in dark; dashed curves are under illumi-
nation,
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interpreted as caused by thermally assisted tunneling
through these intergrain barriers. Under photoexcita-
tion, tunneling without thermal activation dominates
in the 507°C film of Fig. 2.

The effect of photoexcitation is to make the varia-
tion with substrate temperature less pronounced, in
every case causing variations that tend to equalize dif-
ferences in conductivity, electron density, electron mo-
bility, mobility activation energy, and u, over the
whole substrate temperature range explored. Such be-
havior is consistent with the effect of photoexcitation
being both to decrease the barrier height and to en-
hance tunneling through the barrier, as previously re-
ported (3, 4).

A correlation between the physical properties of the
various films produced at different substrate tempera-
tures and these electrical transport properties has been
sought with results described as follows.

Orientation effects.—The structure of these films was
analyzed by x-ray diffraction techniques. The pre-
ferred orientation of the films was determined by using
the modified Debye-Scherrer x-ray camera (8) for
qualitative analysis, to be compared with the quantita-
tive data obtained from diffractometer patterns. These
diffractometer patterns indicate that for substrate tem-
peratures between 322° and 414°C, (11,2) and (10,1)
reflections increase in intensity with substrate tem-
perature, whereas (00,2) reflections decrease. Above
441°C the reverse trend is seen with (00,2) reflections
increasing and (11,2) and (10,1) decreasing. The
Debye-Scherrer patterns of films prepared below
350°C show uniform intensity in (00,2), (11,2), and
(10,1) reflections, indicating that the crystallites in
the films are randomly oriented. Preferred orientation
occurs in the films deposited above 350°C, the degree
of preferred orientation depending on the substrate
temperature during deposition.

The intensities of the major x-ray reflections, 1(10,1),
1(00,2), and I(11,2), measured from diffractometer
patterns, are plotted as a function of substrate tem-
perature, and are compared with the electrical conduc-
tivity of the films, in Fig. 4. It is convenient to divide
the temperature range into four regions as indicated.
Orientation effects appear to be strongly correlated
with conductivity variations in regions II, III, and IV.
Between 400° and 483°C, the variation of the conduc-
tivity is similar to the variation of the I(10,1), and
almost exactly inverse to the variation of 1(11,2). In
region II between 346° and 376°C, it can be speculated
that the inverse variation of conductivity according to
1(11,2) dominates over the direct variation according
to I (10,1) because of the larger variation of the former
with substrate temperature. In region IV, only the
(00,2) orientation remains at 507°C; in this range the
presence of the cubic phase also affects the conductiv-
ity, as described in the following section.

Cubic-hexagonal phase ratio.—CdS can exist in an
hexagonal (wurtzite) structure or in either zincblende
or rocksalt cubic structures. Cubic phases may be ex-
pected in films produced by SP for two reasons: The
cubic phase is stable below about 400°C, and may
therefore be expected in the films prepared with lower
substrate temperatures; and the fast-cooling process
can induce stacking faults with cubic structure be-
cause of the difference in thermal expansion coefficients
of the CdS and the substrate. Such stress-induced
stacking faults have been found in the films by ob-
servation of the (220) rocksalt cubic reflection in the
x-ray diffractometer patterns for films prepared at
397°, 414°, 483°, and 490°C. These rocksalt reflections
can also be observed in the modified Debye-Scherrer
patterns. The probability of finding the zincblende
structure reflections in the diffraction patterns is small
since most of the zincblende reflections are superim-
posed on reflections of the hexagonal hcp phase.

The proportionality of hexagonal hcp phase in the
films, called “hexagonality” H, can be calculated from
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the intensity ratio R of (10,1) to (00,2) reflections in
the x-ray pattern, according to

159R — 8.1 33.2 — 25R
H(%) = + [4]
13.5R 4 25.1 = 325 4 T1.2R

This equation was derived by following the suggestions
of Smith (9) and Short and Steward (10) in their de-
rivations of the proportion of cubic phase in ZnS and
CdS powders. The constants in Eq. [4] are calculated
by using the x-ray diffractometer patterns of the SP
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films prepared from 322° to 507°C. Detailed derivation
of the equation is given elsewhere (11).

Values of H from Eq. [4] are plotted in Fig. 5 as a
function of the substrate temperature. In the range of
substrate temperatures between 322° and 346°C, H in-
creases from 46 to 71%. Since there is no large change
in crystallite orientation in this region the increase of
conductivity appears to be associated with this change
in phase composition. In region IV, the decrease of
conductivity is again associated with an increase in
cubic phase. Since the 507°C films are highly oriented
in the (00,2) direction, the energy required to gener-
ate stacking faults in the close-packed (00,2) plane
is small, and thermal or internal stress in the film can
generate large proportions of cubic phase.

Surface morphology—The surface morphology of
films prepared at different substrate temperatures was
investigated by TEM replica techniques. Figure 6

CdS FILMS 1433
shows photographs of the surface microreliefs of films
prepared at four different substrate temperatures, with
different values of H. For the films prepared at 397°
and 441°C, for which H ~ 100%, the microreliefs show
distinct grains with uniform size. For the films pre-
pared at 332° and 507°C, however, with appreciable
proportions of the cubic phase, the microreliefs show a
range of grain sizes from less than 0.1 um to 0.5-0.9 xm.
By comparing the electron diffraction patterns of
evaporated CdS films to x-ray diffraction patterns of
the same samples, Shalimova et al. (12) and Galkin
et al. (13) discovered that the larger grains were
hexagonal, while the smaller grains were a mixture of
cubic and hexagonal phases. The microreliefs of Fig. 6
are consistent, therefore, with the conclusion that rela-
tively high proportions of the cubic phase are present
even at the higher substrate temperature of 507°C.

Fig. 6. TEM microreliefs showing surface morphology of CdS films deposited on substrates at (a) 332°C, (b) 397°C, (c) 507°C, and (d)
441°C. Magnification: X44,000.
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Optical transmission.—Optical transmission measure-
ments as a function of substrate temperature are sum-
marized in Fig. 7. The film prepared at 332°C has the
lowest optical transmittance as well as the lowest elec-
trical conductviity. Auger analysis (14) of this film
shows a high concentration of chlorine inside the film,
which may contribute to the low optical transmission.
Alisoukas et al. (15) have also reported that the spec-
tral distribution of photoconducting CdS sintered layers
depends on the concentration of CdCls used in the sin-
tering and on the sintering temperature. The highest
values of optical transmission are for the films pre-
pared at 441° and 451°C, which also exhibit the highest
values of electrical conductivity.

Effect of Cooling Rate

The effect of cooling rate was investigated for films
prepared at 461°C. One sample was fast-cooled as de-
scribed above, a second sample was cooled slowly from
461° to 100°C in 80 min, and a third was cooled slowly
from 461° to 100°C in 115 min.

Figure 8 compares the electron density and mobility
as a function of temperature for these three samples.
The slower cooling decreases both the electron density
and the mobility compared to the faster cooling, and
increases the intergrain barrier height as determined
from the mobility activation energy.

X-ray diffraction patterns indicate that the slow-
cooled films have a reduced intensity for the (11,2)
and (10,1) reflection, and an increase in the intensity
of (00,2) reflections, indicating growth of (00,2)
crystallites at the expense of others during slow cool-
ing. Since the slow-cooled samples were exposed to
air during the long period of cooling, it is likely that
the slow-cooling procedure is equivalent to an air bake,
causing the chemisorption of oxygen as discussed in
the previous section on preparation of films, with re-
lated decrease in electron density and increase in
intergrain barrier heights.

Effect of Spray Rate
Sensitivity of film properties to the spray rate ap-
pears to vary critically with substrate temperature, At
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Fig. 7. Optical transmission of CdS films for various substrate
temperatures during deposition.
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Fig. 8. Temperature dependence of the electron density and
the electron mobility of CdS films deposited at a substrate tem-
perature of 461°C for a fast-cooled sample (A, A), and two slow-
cooled samples (@, () and (M, 7). Solid curves are in the dark;
dashed curves are under illumination.

322°C, for example, the conductivity is relatively inde-
pendent of changes in spray rate from 1.6 to 8.4 cm3/
min. At 464°C, the effect is small but detectable; a
variation in the spray rate from 4.2 to 10.3 em3/min
produced a decrease in conductivity by a factor of
four, attributable to a decrease in mobility by a factor
of four because of an increase in the barrier height
between grains from 0.016 to 0.049 eV. At 346°C, how-
ever, the eflect of spraying rate is very strong; the
conductivity increases from 5.8 X 10-5 to 6 x 10-2
(Q-cm) —! as the spray rate is increased from 1.6 to
4.0 em?/min, and then decreases again to 4.7 X 10-¢
(Q-cm) ~! as the spray rate is increased further to 8.3
cm3/min.

The major effect of a fast spraying rate is to intro-
duce defects, such as stacking faults, dislocations, and
vacancies into the films. Since 350°C is reported to be
the phase transition temperature from cubic CdS to
hep (16), these defects generated by the fast spraying
rate may increase the internal stress in the films and
hence affect the phase transformation, particularly for
films deposited at 346°C, close to this critical tempera-
ture. The hexagonality for these films shows a dramatic
decrease from 83 to 43% as the spray rate is increased
from 4.0 to 8.3 cm?/min. Increased spray rate also
causes a decrease in grain size observed in TEM micro-
graphs, and a slight peak broadening in x-ray diffrac-
tion patterns indicating decreased crystallinity.

Effect of Heat-Treatment in Hydrogen

Heat-treatment of SP CdS films after deposition can
increase their conductivity by as much as three orders
of magnitude. The results of thermoelectric power
measurements on films prepared under the same con-
ditions with and without heat-treatment are given in
Fig. 9. After 5 min heat-treatment in H, at 400°C, the
films become partially degenerate with an electron
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electron mobility of CdS films before and after heat-treatment
in Hy for 5 min at 400°C. Before heat-trcatment (@, (), and
after heat-treatment (B, []). Solid curves are in the dark; dashed
curves are under illumination. No effects of illumination on the
electron density are observed in these films.

density of 1.5 X 1018 cm—3. The electron mobility is
also increased by about an order of magnitude to a
value of 90 ¢cm2/V-sec in the dark at 300°K. The dark
mobility activation energy decreases from 0.083 eV to
0.015 eV as a consequence of the Hy heat-treatment.
X-ray diffraction patterns indicate both a growth in
crystallites with the same orientation as in the non-
heated film, and a growth of certain orientations at the
expense of others. Heat-treatment in hydrogen is also
expected to increase the nonstoichiometry of the film,
producing excess cadmium donors, increasing the free
electron density in the grains, and reducing intergrain
barrier heights. Heat-treatment in H, should also re-
move any vestige of chemisorbed oxygen with similar
consequences.

Effect of Substrates

A very limited survey was made of the electrical
properties of CdS films deposited on a variety of crys-
talline substrates, to compare with those prepared on
amorphous substrates and described at some length
above. In this comparison a single deposition tempera-
ture of 461°C was used, together with a fixed spraying
rate, cooling rate, etc. Substrates chosen included single
crystal CdTe with (110) and (111) orientations, single
crystal sapphire with (0001) and (1102) orientations,
single crystal quartz, and a (100) oriented polycrystal-
line film of indium-tin oxide.

All of these films deposited on single crystal sub-
strates have a strong (00,2) orientation, indicaling
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that the c-axis of the film is perpendicular to the sub-
strate, regardless of the specific orientation of the sub-
strate. In spite of this difference, the measured 300°K
conductivity of the films sprayed at 461°C was about
the same on the crystalline substrates as on the amor-
phous substrates.

The only additional investigation carried out fo date
has been the preparation of n-CdS/p-CdTe hetero-
junctions by the SP deposition of CdS films on single
crystalline p-CdTe substrates. As described more fully
elsewhere (5), SP-deposited CdS films on substrates
at 450°C had an as-deposited conductivity of about
102 (Q-cm)—1: This conductivity could be increased
to 102 (Q-cm) —! by heating for 5 min in Hy at 420°C.

Conclusions

The method of spray pyrolysis for the deposition of
thin films of materials like CdS is attractive for its
technological ease and economy. This investigation
shows that the optical and electrical properties of these
films can be strongly influenced by substrate tempera-
ture, cooling rate, spraying rate, and postdeposition
heat-treatments. It is therefore essential to have care-
fully controlled preparation conditions in order to
achieve reproducible high quality films. With such
care it is possible to prepare a wide variety of films
with 300°K conductivity between 10—¢ and 102 (Q-
cm) —1, corresponding to electron mobilities between
10-3 and 102 cm2/V-sec.
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Photoelectrolysis of Water with Semiconductor Materials

Micha Tomkiewicz and Jerry M. Woodall*
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

ABSTRACT

In an effort to find a semiconductor electrode with a bandgap in the
visible part of the spectrum that can serve in the catalytic photodecompo-
sition of water, different systems were explored. The first was sputtered thin
films of wide bandgap semiconductor materials such as TiOz, SnOg, Nb2Os,
Al,O3, and SisNy on low bandgap, n-type semiconductors such as GaAs and
GaAlAs, Scanning electron micrographs showed that corrosion is greatly re-
duced but continues by diffusion of the electrolyte through the film, under-
mining the film by pit formation in the low bandgap semiconductor. There
was no evidence for hole conduction through the film. The second system em-
ployed p-type GaP as the cathode and Pt as the anode. It was observed that
this cell catalytically photoelectrolyzes water with conversion efficiency of
0.1%. The efficiency of the device is a strong function of crystal orientation,
surface treatment, and purity of the crystal. The results are explained in terms
of an energy diagram of the entire system. Areas for possible improvement

are mentioned.

Photoassisted electrolysis of water using illuminated
semiconductor electrodes has been demonstrated re-
cently in several systems (1-14). In order for such de-
vices to make significant contributions in the conver-
sion and storage of solar energy they must meet two
criteria. First, it is essential that a significant fraction
of the solar radiation be absorbed by the semicon-
ductor and efficiently converted to electrical energy
in the form of charge separation. Second, this electrical
energy must be converted into chemical energy that
can be stored and then used in any required mode.
The first reported photoassisted electrolysis by Fuji-
shima and Honda (1) employed n-type TiO» as the
anode and Pt as the cathode using either a two-com-
partment or single compartment device. Since then,
many other n-type materials have been tried as anodes.

Two other basic configurations have also been stud-
ied. In the first one, a p-type semiconductor is used as
the cathode and Pt as the anode (15). This is discussed
in the last part of this paper. The other configuration
employs n-type semiconductor anode and p-type semi-
conductor cathode (6, 14, 16) with light being absorbed
by both semiconductor electrodes. This last configura-
tion seems very attractive at first glance, since it
avoids the highly restrictive condition of matching the
flatband potential and the bandgap energies with the
potentials of both the hydrogen and the oxygen elec-
trodes. However, it appears that the efficiency of such a
device is going to be limited to the lower efficiency of
the separate electrodes. This is due to a charge imbal-
ance and, hence, a loss which occurs as a result of the
different efficiencies of the two electrodes.

In this paper, we describe some experiments in
which we attempted to identify semiconductor systems
which absorb visible light, photoelectrolyze water, and
will not photocorrode. Our experiments involved both
n- and p-type semiconductors. We discuss separately
devices based on each kind of semiconductor.

n-type materials.—It has been observed that most
small bandgap n-type materials (smaller than 3 eV)
tend to corrode in a photoelectrolytic cell, whereas
some large bandgap n-type semiconductors will pho-
toelectrolyze water and remain stable. Recently, Fe:O;
(9) and WO3 (13), both with bandgaps smaller than 3
eV, have been shown not to photocorrode. A natural
consequence of this is to try to coat the low bandgap
semiconductor with a thin protecting film to prevent
direct contact between the semiconductor and the elec-
trolyte, and thus prevent corrosion (7). At the same

* Electrochemical Society Active Member.
Key words: photoelectrolysis, semiconductor electrolyte, inter-
face, photocorrosion.

time, it was hoped that such a film would not prevent
holes from reaching the aqueous interface.

One choice for such a film is a thin, inert, semitrans-
parent metal film. This approach was tried, (17) and
the main conclusion was that light was converted to
electrical energy by providing a “negative overpoten-
tial” (18) to various electrochemical reactions includ-
ing water electrolysis. The stability of this electrode
system was vaguely mentioned and details about test-
ing this aspect were not given. In our opinion the main
drawback in this solution is that it does not appear to
offer any advantage over the combination of two
already well-established techniques, namely, a stan-
dard electrolytic cell connected to Schottky diode pho-
tovoltaic device. The reported (17) negative overvolt-
age is well within the capacity of the direct voltage
delivery of metal/semiconductor junctions.

Another choice and the device we investigated will
be called the semiconductor insulator electrolyte (SIE)
device. This device employs a thin film of photoelectro-
lytically stable insulator or wide bandgap semiconduc-
tor on an efficiently solar absorbing material, with the
hope that photogenerated holes, created by illuminat-
ing the solar absorbing material, can be transported to
the electrode-electrolyte interface.

p-type materials.—Photoinduced hydrogen evolution
on p-type semiconductor electrodes has been previ-
ously observed (19). However, the potential of this
phenomenon in solar energy utilization was realized
only recently (14-16). In solar-absorbing n-type mate-
rials, photogenerated holes are expected to migrate
through the interface to interact with water. Instead
they usually break up the crystal structure and form
the thermodynamically very stable oxygen-metal
bonds that will eventually cause dissolution in the
electrolyte and corrosion of the surface. If a chemical
change is to take place on p-type materials it will be
through reduction of the surface by the minority car-
riers generated in the conduction band. Those reduc-
tion products are in most cases less stable than the
parent semiconductor, and the electrons have a greater
probability of interacting on the semiconductor electro-
lyte interface without permanent damage to the crystal
lattice.

Experimental
A standard three-electrode electrochemical cell was
used with a switch to monitor separately the current-
potential and the current-voltage curves. The samples,
which were usually in the form of thin wafers, were
etched and cleaned. An ohmic contact was then ap-
plied. Au-In alloy was used for the n-type materials
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and Zn-Au was used for the p-type samples. The con-
tacts were alloyed at ~ 400°C under a forming gas
atmosphere. A copper wire was attached to the ohmic
contact with silver epoxy. All the nonilluminated areas
were masked with polyvinyl ketone. This mask proved
to be resistant to both chemical attack and photochemi-
cal degradation. This material maintained also constant
density even after prolonged exposure to highly basic
or acidic solutions. The sample thus prepared was
mounted on a Teflon holder and placed in the cell. A
4 cm? platinum sheet was used as the counterelectrode,
and calomel electrode was used as reference. The light
source was a water filtered 75W xenon lamp. Cali-
brated neutral density filters were used to change the
light intensity. Corning, 300A bandpass intereference
filters were used for the spectral measurements. After
each measurement, an Eppley thermopile was placed
at the same position as the working electrode to moni-
tor the light intensity.

The SIE devices were prepared by either sputtering
the insulator (or the high bandgap semiconductor) on
the low bandgap material (TiO,, Al>O;, and SisNy on
GaAs and GaAlAs) or by anodic deposition (SnOy and
Nb2Os on GaAs). The ohmic contact was made to the
low bandgap material. The samples were washed with
ethanol and distilled water prior to use.

The bulk GaP wafers used throughout this work
were prepared by the liquid encapsulation method
(20), cleaned with HF: HNO3: H20 in the ratio of 1:3:4,
and polish etched by mechanical polish in Bre-meth-
anol solution. The epitaxial GaP was grown on n-type
GaP by liquid phase epitaxy. Orientations were deter-
mined by x-ray and doping levels by Hall measure-
ments.

Results and Discussion

SIE devices.—The small bandgap, solar absorbing
semiconductors that were studied were n-type GaAs
and GaAlAs, and the wide bandgap semiconducting
films were SnO;, NbyOs, Al»Os, TiOs, or SisNy. In all
cases except TiOy, the corrosion, as measured by photo-
current of the low bandgap semiconductors (a few uA/
cm? for 500 mW/cm? xenon lamp illumination), was
reduced by a few orders of magnitude compared with
unprotected samples. For TiO,, the photocurrent was
about 100-200 xA/cm?2. However, corrosion was never
completely eliminated. At first we believed that the
corrosion was initiated by pinholes in the film which
enabled the electrolyte to diffuse through localized
spots. Corrosion could then continue through lateral
diffusion of the electrolyte. However, optical micros-
copy revealed that the corrosion sites were not local-
ized around presumed pinholes but were scattered
uniformly all across the semiconductor surface. In
order to reduce the contributicn of pinholes to the cor-
rosion, we took special care to prepare films which
were pinhole free. This was done by sputtering multi-
layers of the films and checking them by SEM at mag-
nifications up to 20,000 times.

After determination that within a 300A resolution,
there were no pinholes, the sample was put in the
electrolytic cell and the current-voltage characteris-
tics measured. If oxygen and hydrogen were observed,
the system was kept electrolyzing water for a short
time. Then the electrode was taken out, washed with
distilled water, and examined with SEM. The results
at two different magnifications are shown in Fig. 1.
These pictures suggest that the corrosion can be ex-
plained by a mechanism involving diffusion of some
species in the electrolyte through the intact film, which
then corrodes the surface underneath the film by form-
ing pits in the low bandgap semiconductor. This occurs
while the film above the pit is still intact. Eventually
the film forms a bubble above the pit which collapses
due to surface pressure with the collapsed film hanging
toward the interior of the pit. This finding indicates
that more care and sophistication in the deposition of
the film are not likely to eliminate this problem. Next,
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it was determined whether or not photogenerated holes
were actually being transported to the electrolyte from
the small bandgap material, This was done by com-
paring the photoinduced electrolytic current, using light
with photon energies higher than the bandgap of the
insulator film with that produced by photon energies
less than the bandgap of the film. Specifically, for a
400A TiO; film on GaAs and GaAlAs a cutoff filter of
480 nm was used to distinguish between direct absorp-
tion by the film and charge transport due to absorption
of light by the low bandgap semiconductor. We found
that except for a small corrosion photocurrent, all the
observed photocurrent is produced by direct absorption
of light by the film. This does not preclude the possi-
bility that a pair might be found with band matching
that will allow minority carriers to diffuse through
much thicker films than 400A.

p-type materials.—Current-potential and current-
voltage curves were studied on a number of p-type

B B 4

Fig. 1. SEM photomicrograph at two different magnifications of
a 400A TiO, film, sputtered on n-type GaAs, after 3 hr of
photoelectrolysis in 0.33M phosphate buffer at pH = 7 at an
average current density of 0.1 mA/cm2



1438

semiconductors which included GaAs, GaAsP, GaP,
and InP. It was found that in all cases except GaP the
external bias which was needed to start photoelec-
trolysis exceeded the ‘thermoneutral potential’ (21),
thus making the energy conversion efficiency negative
regardless of the generated photocurrent. Only in the
case of GaP did we find positive energy conversion
efficiency. Thus, this discussion is limited to this semi-
conductor.

The current voltage behavior of a cell with a p-type
(111) GaP wafer as the cathode and platinum foil as
anode in cell with 0.5M NaxSO; + 10-2M NaOH is
shown in Fig. 2. When current is flowing through the
cell, hydrogen and oxygen could be seen bubbling from
the electrode/electrolyte interface for a light intensity
as low as 50 mW/cm?. Figure 2 also shows the conver-
sion efficiency of such a cell when the conversion effi-
ciency is defined as (15)

I X (1.48 — V) x 100
= I

where I. is the current flowing in the system, expressed

in mA/cm?, V is the cathodic bias on the GaP electrode,

1.48 is the “thermoneutral potential” (21), and I, is the

intensity of the light incident on the sample, expressed
in mW/cm?2,

The current voltage behavior of a GaP (111) wafer

from the same crystal is shown in Fig. 3. In this case,

[1]

T T T
< o
ool 4
% p=GaP <III> O'ZN
o 0100r B FACE 0.4 §
Y pH=13 S
Y oors- Hos ﬁ
(<] CONVERSION 4
@ 00501 EFFICIENCY 08 ¥
y DARK [ [LIGHT &
z 0025- 65mw/ 410 ©
o cm?2

0 [ 1.2
1 1 1 |
20 15 | 08 0

APPLIED VOLTAGE-V

Fig. 2. Current-voltage and conversion-efficiency-voltage diagram

for a cell made of Zn-doped GaP (111) as cathode and Pt foil
as the anode. The electrolyte was 10~2M NaOH - 0.5M NaSO..
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the bias voltage needed to produce current under il-
lumination is somewhat higher than that needed for

(111) wafers, and, hence, according to Eq. [1], the
efficiency will be lower.

The dependence of the light-induced current with
light intensity at two different bias conditions is shown
in Fig. 4. Above the saturation voltage the current is
proportional to the light intensity, while at lower bias
the current tends to saturate with light intensity.

Figure 5 shows the spectral response of the quantum
efficiency of the photocurrent. The quantum efficiency
peaks near 40% at a wavelength which is ~ 150 nm
shorter than the bandgap. We have normalized this
spectrum to the condition where only those photons
that are absorbed within the first 0.2 um from the
electrolyte interface will lead to charge separation.
Any photon that will be absorbed deeper than that will
be lost, presumably due to charge recombination. This
behavior is not an inherent property of GaP but a very
strong function of the particular crystal that is being
used.

Figure 6 shows normalized spectrum of two different
samples of GaP, one grown by the liquid encapsulation
technique and the other epitaxially on GaP. There is a
shift of 70 nm in the action spectrum in those two
samples. The decline in efficiency at shorter wave-
lengths is probably caused by increased surface re-
combination of carriers generated near the surface. If
this is so, then the action spectrum should be time de-
pendent, because hydrogen diffusion through the sur-
face is known to have strong effects on the surface re-
combination rate in semiconductor electrodes (26).

Stability.—The stability of the electrode was checked
by passing 100C of electricity through a 1 cm?2 sample
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Fig. 4. Dependence of the photocurrent on the light intensity
under two different bias conditions.
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Fig. 6. Normalized spectral response of the photocurrent for
two different GaP crystals. One was grown epitaxially on GaP and
the other is a liquid encapsulation grown (LEC) wafer.

at an average current density of 5 mA/cm? in 0.5M
H2S04. Under these conditions the sample did not show
any signs of dissolution or ccrrosion. Optical micros-
copy did not show any visual change in the surface,
and atomic absorption spectroscopy of the electrolyte
did not detect any presence of gallium with sensitivity
better than 1.5 X 10—7 moles. One additional criterion
for the stability of the semiconductor electrode is the
stability of the photocurrent with time (14). Figure 7
shows the variation of the photocurrent with time of
illumination, under potentiostatic conditions, and under
constant bias conditions. It can be seen that under po-
tentiostatic conditions the current is stable, at least for
the time period shown here. We found some irregular
variations with time over longer periods of illumina-
tion. These variations were caused mainly by accumu-
lation of hydrogen bubbles on the electrode. The situa-
tion is different when we work under constant bias
conditions. The time variation is evident there, but the
current could be restored to its original value by turn-
ing the light off for a short period of time and then on
again. Surface conditions and surface treatment have
strong influence on this time behavior. The reversibility
of the process indicates that it is not due to any perma-
nent damage to the electrode. The probable cause is
formation of surface states due to the hydrogen or
metal impurities (22, 23). More studies are needed to
explore this important aspect in the performance of
the cell.

Energy diagram.—The current potential curve of GaP
was measured against standard calomel electrode and
agrees with results published earlier (24, 25). The cur-
rent potential of the platinum electrode was measured
and found to be independent of the light. The value
of the flatband potential was taken from the work of
Memming (24) after correction for the pH. Based on
this information, a simplified energy diagram of the
cell, under short-circuit conditions and under cathodic
bias at the maximum conversion efficiency, was drawn
and is shown in Fig. 8. From an examination of Fig. 8,
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Fig. 7. Variation of the photocurrent with time, at a standard
calomel electrode potential of 1.0V. A. under constant bias; B.
under potentiostatic conditions. Conditions similar to Fig. 2: 1 in-
dicates light on; | indicates light off.
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Fig. 8. Energy diagram of the combined cell. All energies are
with respect to a standard hydrogen electrode. F.L. is the GaP
Fermi Level. 1) under no bias and no photoelectrolysis conditions;
2) under conditions for which the maximum conversion efficiency
was obtained.

it appears that the bias which is needed to get the
maximum conversion efficiency is divided between the
need to raise the potential of the platinum electrode
from rest around 0.0V vs. a standard hydrogen elec-
trode (SHE) to +0.9V vs. SHE. The position of the re-
versible oxygen electrode is ~ +0.5V vs. SHE and the
difference is the overvoltage which is required for the
evolution of oxygen. This overvoltage could be reduced
by platinizing the platinum. The rest of the bias is be-
ing applied to increase the band bending of GaP from
~ 0.5V at zero bias to 1V when the light limiting quan-
tum conversion is observed. This relatively high band
bending is required to ensure efficient charge separa-
tion. A considerable increase in efficiency should be
realized if efficient charge separation would occur with
smaller band bending.

Conclusions

Two photoelectrolytic devices were discussed in this
paper. The first one employed n-type semiconductors
as anodes which were embodied in a structure that
involved a thin film of insulator or a large bandgap
semiconductor, deposited on a solar absorbing n-type
wafer. It was shown that in this configuration, even
intact films as thick as 400A could not prevent corro-
sion of the semiconductor. Furthermore, it was found
that these films did not transport charges which were
created by absorption of light in the lower bandgap
material. It was also shown that p-type semiconductors
can serve as stable photocathodes in a photoelectrolytic
device. However, among the materials that were stud-
ied only p-type GaP showed a positive energy conver-
sion efficiency. The maximum yield that was found was
0.1%. The yield is limited largely by the minority car-
riers diffusion length and the quality of the crystals
used, and by the large overvoltage on the oxygen
electrode.

Manuscript submitted Oct. 5, 1976; revised manu-
script received May 2, 1977.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1978 JOURNAL.
All discussions for the June 1978 Discussion Section
should be submitted by Feb. 1, 1978.
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IBM Corporation.
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Variation of GaAs Epitaxial Growth Rate with Distance
along Substrate within a Constant Temperature Zone

J. Komeno, S. Ohkawa, A. Miura, K. Dazai, and O. Ryuzan

Fujitsu Laboratories, Limited, Kamikodanaka 1015, Nakahara, Kawasaki, Japan

ABSTRACT

On the basis of a model which assumes a laminar boundary layer, a rate
equation is derived for the vapor phase epitaxial growth of GaAs within a
constant temperature zone. The equation can be used to predict the variation
of growth rate with distance along the substrate. The predictions of the equa-
tion are shown to be in excellent agreement with the experimental results
obtained with the open-tube AsCl3-Ga-Nj system. It is also shown both
theoretically and experimentally that the variation of growth rate decreases
with increasing gas velocity and also with decreasing substrate temperature,
whereas the initial AsClz mole fraction has no effect on the growth rate

variation.

One of the requirements for many GaAs devices is
to prepare epitaxial layers uniform in thickness. Since
a vapor phase epitaxial (VPE) growth method for
GaAs was first proposed by Effer (1), many investi-
gations have been reported on VPE growth of GaAs
(2-6). However, very little has been published on the
variation of growth rate with distance along the sub-
strate. It is of considerable importance for preparing
uniform thickness epitaxial layers to understand the
growth rate at various positions on the substrate. In
order to understand this in the case of growth in a
graded temperature zone, which is usually employed
in the VPE growth of GaAs, it is convenient to investi-
gate the growth rate variation on the substrate in the
gas flow direction in a constant temperature zone.

In the present study, a rate equation for epitaxial
growth is obtained from a model based on a laminar
boundary layer, and is applied to the calculation of
the rate of GaAs epitaxial growth. The epitaxial
growth within a constant temperature zone was car-
ried out in the diffusion-limited region using the
AsCl3-Ga-N, system (7). Good agreement between cal-
culated and experimental values is obtained.

Theory

In the VPE growth of a binary semiconductor, the
growth rate, R, can be written as (8, 9)

Key words: VPE, binary semiconductor, reacting species,
boundary layer, diffusion coefficient,

R = [kshg/ (ks + hg) 1(Ct/N1)nMs 1]

where ks is the surface-reaction rate constant, hg is
the mass transfer coefficient, n is the number of crys-
tal component atoms in a molecule of the rate-limiting
reacting species, M; is the mole fraction of the rate-
limiting species, C; is the total number of molecules
per cubic centimeter in the gas, and N; is the number
of gallium or arsenic atoms incorporated into unit
volume of the epitaxial layer. The value of N; for
GaAs is 2.22 x 1022 ¢m~3,
The mass transfer coefficient hg is defined as

hg = D/d [2]

where D is the diffusion coefficient of the reacting
species and & is the thickness of the boundary layer
(9, 10).

Substitution of Eq. [2] into Eq. [1] leads to

R = ksDCnM;/ (ksd + D)N; [3]

Figure 1 shows a schematic diagram of a horizontal
reactor with a boundary layer. According to Schlich-
ting (11), the thickness of the boundary layer along
a thin flat plate, 6(x), is given by

d(x) = 5.0 (ux/pV) % [4]

where x is the distance from the leading edge of the
substrate, x and p are the viscosity and density of the
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Fig. 1. Schematic diagram of a horizontal reactor with a bound-
ary layer.

gas, respectively, and V is the velocity of the gas
outside the boundary layer.
Substitution of Eq. [4] into Eq. [3] yields

R(x) = ksDCenM¢/[5.0 ksN1(ux/pV) ¥ + N1D] [5]

In order to apply this equation to the actual growth,
it is necessary to obtain the temperature dependences
of D and ks.

The temperature dependence of the gaseous diffusion
coefficient can be expressed as

Ds = Do(Ts/To)™ [6]

where Ts and T, are the substrate temperatures (°K)
and 273K, respectively, Ds and D, are the diffusion co-
efficients of the reacting species in nitrogen at T and
To, respectively, and m has a value between 1.75 and
2 (12). In the present study, a value of m = 2 is used
because most gases difiuse in nitrogen with this m
value (13, 14). Thus, Eq. [6] is expressed by

Ds = Dn(Ts/To)2 [7]

In the low temperature region, the growth rate in-
creases with increasing substrate temperature. This
region is identified as a kinetically or surface-reaction
limited region where the over-all epitaxial growth rate
is limited by some slow surface process (15). In the
case of present system, the apparent activation energy
measured in the kinetically limited region is about 1.2
eV. Therefore, the surface-reaction rate constant ks
can be written as

ks = A exp(—1.2eV/kTy) [8]

where A is a frequency factor and k is the Boltzmann
constant (9).
Using Eq. [7] and [8], Eq. [5] can be rewritten as

R(x) = nMK/[(x/V) "% + K;] [91
where

Ki = CtDo(Ts/To) 2p%2/5.0 Nyu'e [10]
and

Ky = Do(Ts/To)%%/5.0 n'2A exp (—1.2€eV/kTs) [11]

Normalizing R (x) by dividing by the growth rate at
the point x = L cm, it follows that

R(x)/R(L) = [(L/V)% + K»]/[(x/V)*% + K; [12]

Experimental

Figure 2 shows the growth apparatus and the tem-
perature profile used for this series of experiments.
The apparatus consists of a quartz reactor tube, a Ga
source boat, an AsCls bubbler, a substrate holder, and
a doping tube. The reactor tube had an inside diameter
of 44 mm. The purity of Ga and AsCl; was seven nines
and six nines, respectively. The nitrogen gas was puri-
fied by a USD nitrogen purifier.

The temperature of the AsCly bubbler was varied
from 293° to 303°K. The Ga source temperature was
held at 1123°K. Constant temperature growth zones of
973°, 987°, and 998“K were employed in the study. The
flow rate of nitrogen through the AsCl; bubbler was
kept to 300 cm?/min, and that of nitrogen through the
bypass tube was varied from 300 to 1500 cm’/min. It
was confirmed that the nitrogen carrier gas was satu-
rated with AsCl; for the flow rate of 300 cm3/min.
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Fig. 2. Schematic diagram of the apparatus and the temperature
profile for the epitaxial growth of GaAs.

The substrates used were tellurium-doped GaAs
with a resistivity of approximately 2 x 10~3 Q-cm.
Their surfaces were oriented 2° off (100) toward
<110>, and the area was 20 X 30 mm. The substrate
was placed on a substrate holder in a direction parallel
to the gas flow, with a distance between the source
and substrate of 20 cm.

The thickness of the grown layer was measured by
the infrared interference method (16, 17). The infra-
red spectrophotometer used was a Beckman IR-18
with a wavelength range of 2.5-16 um.

Results and Discussion

Diffusion coefficient of reacting species.—In the case
of epitaxial growth of GaAs, both gallium- and arsenic-
bearing reacting species must arrive at the GaAs sur-
face before the reaction can take place. In the present
study, it is assumed that the reacting species bearing
both components diffuse through the boundary layer
and react at the surface. If, however, one is trans-
ported to the surface at a significantly slower rate, it
will control the over-all growth rate. Since Asy is the
principal arsenic species and is the largest molecular
species in the present GaAs epitaxial growth system,
it is reasonable to assume that its diffusion through the
boundary layer will be the rate-limiting process. In
the present system, GaCl, Asy, and As4 are considered
as the principal reacting species. However, the fluxes
of these molecules are in the order

Fgac1 > Fasg > Fasy [13]

over the entire range of growth conditions (18, 19). It
is apparent that the process is limited principally by
arsenic transport. Thermodynamic considerations (20),
however, indicate that Fas, is approximately fifty times
as great as Fas, over the range of temperatures em-
ployed. Thus, it is reasonable to assume that the over-
all growth rate is limited by the process of Ass diffu-
sion through the boundary layer. Therefore, in order
to apply Eq. [9] to the actual growth, the mole frac-
tion of As; in the reaction tube must be calculated.
The Asy; mole fraction can be calculated from the ini-
tial AsClz mole fraction; assuming that above approxi-
mately 970°K complete reduction of AsClz occurs ac-
cording to the following reaction (20, 21)

2AsClz = % Asg + 3Cl; [14]

A typical plot of growth rate vs. distance along the
substrate under a diffusion-limited growth condition
is shown in Fig. 3. Values of K; and K; in Eq. [9] are
calculated, by least squares analysis of this plot, to be
7.441 X 10-5 cm/sec: and 1.535 sec'z, respectively.
The gas viscosity wx and its density p at 973°K are
taken to be 3.19 x 10—¢ g/cm sec and 3.51 X 10—¢
g/cm3, respectively (13). Using these values, the dif-
fusion coefficient D, and the frequency factor A are
calculated as follows
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Fig. 3. Growth rate as a function of distance from the leading
edge of the substrate. Initial AsCl; mole fraction 11.20 X 103,
growth temperature 973°K, gas velocity 2.2 c¢m/sec.

D, = 0.083 cm2/sec and A = 2.34 x 105 cm/sec

It is evident that the value of D, obtained approxi-
mately represents the diffusion coefficient of Asy in
nitrogen. On the basis of the molecular weight of Asy,
this value of D, seems reasonable (13, 22).

Effect of initial AsCl; mole fraction.—Figure 4 shows
the experimental and the calculated results of R(x)/
R(0.3) vs. distance x for different initial AsClz mole
fractions (M) at fixed substrate temperature and gas
velocity. Variations in the initial AsCls mole fraction
were obtained by varying the AsCls temperature. As
can be seen in the figure, there is good agreement be-
tween the experimental results and the curve calcu-
lated from Eq. [12].

Figure 4 also shows that the variation of growth rate
with distance along the substrate is independent of the
initial AsClz mole fraction M; This is because both
mass transfer coefficient hg and surface-reaction rate
constant k¢ are independent of My, since the thickness
of the boundary layer is insensitive to variations in
Mg, as is evident from Eq. [4]. However, it should be
noted here that according to Eq. [9], the growth rate
is proportional to the initial AsCl; mole fraction.

Effect of gas velocity—The experimental and the
calculated results of R(x)/R(0.3) ws. x for different
gas velocities (V) at a fixed substrate temperature are
shown in Fig. 5. The gas velocity was varied by chang-
ing the bypass flow so that the efficiency of source
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Fig. 5. Comparison of calculated and experimental results of
R(x)/R(0.3) as a function of distance from the leading edge of
the substrate for different gas velocities (V). Growth temperature
973°K.

reaction did not change. Also given in the figure are
the values of hy at * = 1.5 cm for each gas velocity
and, as can be clearly seen, there is good agreement
between the experimental results and the predictions
of Eq. [12].

Figure 5 also reveals that the variation of growth
rate along the substrate decreases as the gas velocity
is increased. This can be explained by the fact that
the mass transfer coefficient hg increases in propor-
tion to the square root of the gas velocity, which is
evident from Eq. [2] and [4], while the surface-reac-
tion rate constant ks is independent of the gas veloc-
ity. It is also evident that further increase in hy would
lead to the kinetically limited region where the growth
rate is limited by some relatively slow surface process
(adsorption, surface reaction, or desorption). In the
kinetic region the growth rate is independent of dis-
tance x, as shown by the broken line in Fig. 5. It
should also be noted here that the growth rate at each
distance x increases as the gas velocity is increased,
due to a reduction in the thickness of the boundary
layer, provided that the initial AsCls mole fraction is
held constant.

Effect of substrate temperature.—In Fig. 6 the ex-
perimental and the calculated results of R(x)/R(0.3)
vs. x for different substrate temperatures (Ts) at fixed
initial AsCl; mole fraction and gas velocity are shown.
As is evident from the figure, the agreement between
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Fig. 4. Comparison of calculated and experimental results of
R(x)/R(0.3) as a function of distance from the leading edge of
the substrate for different initial AsCl; mole fractions (Ms). Growth
temperature 973°K, gas velocity 2.2 cm/sec.

Fig. 6. Comparison of calculated and experimental results of
R(x)/R(0.3) as a function of distance from the leading edge of
the substrate for different substrate temperatures (Ts). Initial
AsCl3 mole fraction 6.71 X 1073, gas velocity 3.67 cm/sec.
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the experimental and the calculated values is very
good.

In the figure the variation of growth rate along the
substrate is observed to decrease as the substrate tem-
perature is decreased. This tendency is due to the fact
that, according to Eq. [8], the surface-reaction rate
constant ks rapidly decreases with decreasing sub-
strate temperature while the mass transfer coefficient
hg is nearly independent of the substrate temperature.
Further decrease in ks would also lead to the kineti-
cally limited region where the growth rate is inde-
pendent of distance .

Conclusions

The present investigation has resulted in the fol-
lowing:

1. A rate equation for the epitaxial growth of GaAs
has been derived from a model based on a laminar
boundary layer. Use of this equation permits the de-
scription of the variation of growth rate with distance
along the substrate in a constant temperature growth
zone. The validity of this equation has been demon-
strated by comparison of the calculated growth rate
variation with that obtained experimentally.

2. The effects of the initial AsClz mole fraction, gas
velocity, and substrate temperature on the variation of
growth rate with distance along the substrate, in a
constant temperature growth zone, have been deter-
mined. The variation of growth rate is dependent on
the gas velocity and on the substrate temperature, but
not on the initial AsClz mole fraction.
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Oxygen Sensing with Co.-.Mg.O Ceramics

Kwansuh Park and E. M. Logothetis
Ford Motor Company, Dearborn, Michigan 48121

ABSTRACT

Use of Co;—,Mg,O ceramics for fabrication of oxygen sensors is reported.
The phase stability, electrical conductivity, and thermoelectric power of these
solid solutions with x < 0.85 have been investigated in the range 700°-1100°C
and for oxygen partial pressures in the range 1-10—20 atm. The nonstoichio-
metric defects appear to be singly and doubly ionized cobalt vacancies and
give rise to a p-type conductivity. These materials have properties, including
stability over a wide range of oxygen pressures and temperatures, that make
the Co;-:Mg.O oxygen sensors particularly suited for monitoring and control
of combustion processes. Some results on sensor performance in an internal

combustion engine are presented.

In recent years there has been an increased interest
in oxygen sensors, particularly those that can be used
for the monitoring and control of the combustion proc-
ess in an internal combustion (IC) engine or a furnace
(1-4). The objective of this control is the optimization
of the combustion process with respect to fuel econ-
omy, emissions, and system performance. Monitoring
of the combustion process by means of oxygen sensing
is possible because there is a direct relationship be-
tween the equilibrium oxygen partial pressure in the
exhaust from an engine or furnace and the air-to-fuel

Key words: oxygen sensing, combustion process control, ce-
ramics, electrical properties, oxide solid solutions.

ratio (A/F)1! of the burned mixture. Sensor character-
istics that are necessary or desirable for these applica-
tions, especially the control of IC engines, include fast
response time (generally 1 sec or less), the ability to
operate at high temperatures, and the ability to with-
stand corrosive or contaminating environments. For
most furnaces and several IC engine systems, optimiza-
tion of the combustion process is achieved with air-to-
fuel mixtures corresponding to “lean-burn” combus-
tion, i.e., there is more than enough oxygen in the mix-
tures to convert all the hydrocarbons of the fuel to

1 A/F is defined as the ratio of the mass of air to the mass of
fuel that make up the mixture before combustion,
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water and carbon dioxide. Under these conditions, the
oxygen partial pressure (Po,) of the exhaust gas from
an engine or furnace is generally in the range of 10—3
to 10— 1 atm.

In a previous publication (5) we reported the use
of CoO ceramics as oxygen sensors for lean-burn ap-
plications. Pure, stoichiometric CoO is a wide-gap
semiconductor with very high resistivity. However,
deviations from stoichiometry result in structural de-

»fects (cobalt vacancies) that strongly influence elec-

" tronic conductivity. These properties make the con-
ductivity of CoO at high temperatures depend on the
ambient Pg, (5-8). Although CoO ceramic sensors
heated at temperatures 900°-1000°C were shown (5)
to possess characteristics that make them well suited
for lean-burn applications, their usefulness is limited
by the fact that CoO decomposes to metallic Co at low
Po,; for example, at 1000°C, the CoO/Co phase bound-
ary occurs at Pgy, ~ 10~12 atm (Fig. 1); this corre-
sponds to an equivalent air-to-fuel ratio (A/F) of
about 14, i.e., a value slightly rich of the stoichiometric
A/F ratio. The CoO decomposition does not allow the
prolonged exposure of the sensors to very low Po, such
as those corresponding to very rich air-to-fuel mix-
tures. In the present paper we report the use of solid
solutions of CoO with MgO to obtain oxygen sensors
with characteristics similar to CoO but without the
rich-mixtures-exposure limitation. Since systems op-
erating at high Po, (lean A/F mixtures) may experi-
ence prolonged exposures to very low Po, (e.g., those
corresponding to very rich A/F mixtures) either ac-
cidentally or as the result of a certain normal operat-
ing mode, the use of Co;-:Mg:O materials greatly in-
creases the usefulness of these oxygen sensors. Fur-
thermore, the Co;—Mg,O sensors can be operated at
temperatures lower than CoO.

Properties of Co;—.Mg.O Materials

The Co;-:Mg,O materials have been prepared by
high temperature reaction of CoO and MgO. Powders
of the two oxides were milled together and then fired
at temperatures in the range 1400°-1600°C for a few
hours. This process was repeated several times until
x-ray diffraction measurements indicated that a single
phase material was obtained. Ceramic specimens of
Co1-:Mg:O were prepared by standard ceramic tech-
niques involving cold pressing, with or without binder
and subsequent sintering,

Figure 1 shows a portion of the Po,-T phase dia-
gram for the Co-Mg-O system (9). This diagram is
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Fig. 1. Approximate Po,-T phase diagram for the Co-Mg-O system.
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only approximate because of difficulties arising from
hysteresis phenomena at each phase change; for exam-
ple, at a given Pg,, the temperature of the phase
change from monoxide to spinel is lower than the tem-
perature for the reverse change. The hystereses be-
come more pronounced at lower temperatures and
higher rates of change of T (or Poy). The transition
temperature (or Pg,) from one phase to another was
determined by monitoring the electrical resistance; this
is possible because all three phases (metallic, monox-
ide, and spinel) have very different resistivities. As
Fig. 1 shows, the addition of small amounts of MgO
(e.g., x < 0.10) into CoO increases the stability range
of the monoxide phase by a corresponding suppression
of the spinel phase without a noticeable shift in the
Co0O/Co phase boundary; this boundary, however,
shifts substantially to lower Pg, (at a given tempera-
ture) for large MgO content (e.g., x > 0.50). The wider
stability range of the Co;-,Mg.O materials allows safe
exposure of those with x > 0.5 to Po, considerably
lower than that for which CoO is decomposed; in ad-
dition, at high Pg, (e.g., 0.1 atm) these materials can
be maintained at lower temperatures than CoO with-
out transforming to spinel. The spinel composition de-
rived from pure CoO is Co304; however, w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>