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CATHODIC CHRONOPOTENTIOMETRY OF PEROXYDI- 
SULFATE AT PLATINUM ELECTRODES 

The electro-reduction of the pcroxydisulfate anion has been studied 
chronopotentiometrica1ly. I t  was found that two distinct sets of po- 
tential oscillations or fluctuations occurred in the wave under certain 
conditions in the absence of a supporting electrolyte. The effects of 
electrode pre-treatment, electrode material, pH, and supporting 
electrolyte on the wave characteristics are described. A possible 
explanation of the types of reactions involved in the reduction me- 
chanism is proposed. 
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THE EFFECT OF THE CONCENTRATION OF LIGAND ON 
THE POLAROGRAPHlC REDUCTION WAVES PALLADIUM 

The effect of the ligand concentration on the polarographic reduction 
waves of the platinum metals has been studied using pyridine as the 
ligand and palladium as a representative of the platinum metals. The 
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to calculate formation constants of the complexes formed in solution. 
The results obtained are discussed on the basis of statistical, symmetry- 
and d-level splitting-considerations. 
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CHARACTERISTICS AND PROPERTIES OF A PLATINUM 
IMMERSION ELECTRODE I 

( i n  French) 

We have studied the instantaneous values of the currents set up when 
a platinum electrode which can be raised and lowered is used as the 
anode in 10-3 M KbFe(CN)a and 0. I N NaOH solutions. 

I t  has been established that only diffusion currents are produced 
when the electrode is totally immersed. When the electrode is being 
levelled, and emerges from the solution, currents due to localised 
convectional movements near the electrode are associated with these 
diffusion currents. 

The results obtained under different working conditions have been 
compared. I t  has been shown that it is possible to calculate the cur- 
.rents formed when the electrode is totally immersed only if the area 
of the small platinum sphere in contact with the solution is known. 
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CHARACTERISTICS AND PROPERTIES OF A PLATINUM 
IMMERSION ELECTRODE I1 

(in French) 

We have investigated the behaviour of hemispherical bubbling plati- 
num electrodes of surface areas 0.02-0.08 cm2 a t  different rates of 
bubble formation. Results are given for an electrode of surface area 
0.049 cmz. I t  was found that the relationship between the value of the 
instantaneous current and 11Vt was in approximate agreement with 
the theoretical relationship calculated on the basis of the equation 
governing spherical diffusion. We have calculated from experimental 
and theoretical values of the limiting diffusion currents, a value to  for 
each electrode. This value expresses the difference between experimen- 
tal and theoretical behaviour. 
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THE CHRONOPOTENTIOMETRIC REDUCTION OF OXYGEN 
AT GOLD ELECTRODES 

Oxygen reduction a t  gold cathodes was studied chronopotentiometric- 
ally. In sodium hydroxide solutions two waves are observed. The first 
of these, due to the reduction of oxygen to hydrogen peroxide, is lon- 
ger than the 2-electron value due to the surface-catalyzed disproporti- 
onation of hydrogen peroxide which regenerates more oxygen. This 
effect is most pronounced a t  an electrode which has been recently ano- 
dized and cathodized (pre-treated). The effect diminishes as the elec- 
trode is allowed to stand in contact with the test solution. The total 
transition time for the two waves is unaffected by electrode treatment. 
In sulfuric acid a single wave due to the 2-electron reduction is observed 
a t  a pre-treated electrode. In other media of pH between 1.6 and 12, 
two oxygen reduction waves are observed. 
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THE EFFECT OF ELECTRICAL MIGRATION ON THE 
CHRONOPOTENTIOMETRIC TRANSITION TIME 

Sand's theory of electro-migration in chronopotentiometry has been 
re-derived and extended. The theorv, although approximate, satisfac- 
torily describes the enhancement bf cathodic Ginsition times. The 
behavior of thallous sulfate in the presence of little or no supporting 
electrolyte agrees well with that predicted by the equation itlle/AC = 
(nln'lzFD111I2/2(1 - TI)). The enhancement of the cupric ion transi- 
tion time for the reduction of cupric sulfate in the presence of little or 
no supporting electrolyte is less than predicted by this equation. As 
expected, the transition time for the reduction of benzoquinone is 
little affected by the concentration of supporting electrolyte. 
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SOME APPLICATIONS OF ULTRA-VIOLET SPECTROPHOTO- 
METRY TO STUDIES OF ADSORPTION AT COPPER, 

NICKEL AND SILVER ELECTRODES 
.4 spectrophotometric method developed previously has been applied 
to the examination of the adsorption of several organic adsorbates in 
neutral and ionic form a t  various solid electrode materials. Standard 
free energies and isosteric heats of adsorption have been evaluated 
and their apparent dependence on coverage examined. The behaviour of 
the adsorbates a t  the solid metals is compared with that of similar 
compounds at  the mercury electrode. As in previous work, difficul- 
ties are encountered when adsorption at  non-noble metals is studied 
over a range of potentials. 

R. G. BARRADAS AND B. E. CONWAY, 
J .  Electroanal. Chem., 6 (1963) 314-325 

RADICAL ION INTERMEDIATES IN THE ELECTRO- 
REDUCTION OF TRIPHENYLMETHANE DYES 

The existence of radical intermediates in the reduction of several 
triphenylmethane dyes has been proved by observation of their EPR 
spectrum. Certain solvation effects concerning the reduction of the 
dyes have also been substantiated. Under equivalent conditions how- 
ever, the expected spectra from the reduction of othersimilar triphenyl- 
methane dyes have not been produced. 

T. MILLER, B. LAMB AND R. N. ADAMS, 
J .  Electroanal. Chem., 6 (1963) 326-327 

CURRENT-VOLTAGE CURVES FOR ZIRCONIUM AND 
URANIUM IN MOLTEN FLUORIDES 

(Short Commztnication) 

D. L. MANNING AND G. MAMANTOV, 
J .  Electroanal. Chem., 6 (1963) 328-329 

ERRATUM 

The Summary of the paper published in the September issue 
on pages 245-249 should read: 

THE CATALYTIC REDUCTION OF NITRITE IONS DURING 
POLAROGRAPHIC REDUCTION OF VANADIUM(V) 

Enhanced limiting currents for the polarographic reduction of vanadi- 
um(V) in NH3-NH4Cl electrolyte are observed in the presence of 
nitrite ions. The limiting current is independent of the head of mercury 
and is proportional to the square root of the nitrite ion concentration. 
The enhanced current is attributed to the catalytic reduction of nitrite 
ion, involving the following reactions: 

V(I1) + NOz-+ V(1V) + reduction of products of NOz- 

V(IV) + 2 e +  (VII) 

F. BAUMANN, 
J .  Electroanal. Chem., 6 (1963) 245-249 
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INTRODUCTION 

The polarographic reduction of the peroxydisulfate anion, SzO82-, has received a 
great deal of attention in the past few yearsl-10 because the current-voltage curves, 
under certain conditions, exhibit a pronounced potential minimum and the apparent 
transfer coefficient can become negative. 

There has been no published report of a chronopotentiometric investigation of 
SzO82- reduction and thepresent studywas undertaken to see if the behavior to be ex- 
pected on the basis of the polarographic data would be observed. The chronopotentio- 
metric behavior obtained at  platinum electrodes was quite unusual and could not be 
readily correlated with the polarography of SzOsZ-. Periodic oscillations of potential 
are observed under certain conditions. Similar periodic electrochemical and chemical 
phenomena have been reported in the literature, but the mechanisms of these reac- 
tions is not well understoodll-26. 

This paper reports our experimental observations. Thus far the data hasproved too 
complicated for more than a qualitative interpretation but, because of the unusual 
phenomena observed, we considered it would be worthwhile to present our findings in 
their present state. 

EXPERIMENTAL 

Apparatus 
The chronopotentiometric circuitry followed the standard practice, and complete 

descriptions of the circuit components have been previously reported28.29. A Moseley 
Authograph Model 3-S recorder was employed. 

A standard two-compartment (working and auxiliary electrode in one, reference 
electrode in the other) H-cell was used. The platinum electrode was a 0.020 in. diam. 
platinum wire sealed in soft glass with an exposed surface area of approximately 0.1 

cm2. The gold electrode was a 0.030-in. diam. wire sealed in soft glass (exposed surface 
area w. 0.7 cm2) and the palladium electrode was a 0.040-in. diam. wire extending into 
the solution (surface area in solution m 0.6 cmz). 

* Contribution No. 2976 from the Gates and Crellin Laboratories of Chemistry. 
** Present address: Department of Chemistry, The University of Michigan, Ann Arbor, Michigan. 
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Preparation of solutions 

All solutions were prepared with triply distilled water, and reagent grade chemicals 
were used without further purification. 

Procedure 
The sample solutions were de-aerated in the electrolysis cell by bubbling nitrogen 

gas through the solution prior to the experiment. A nitrogen atmosphere was maintain- 
ed over the surface of the solution during the actual determination. The solutions were 
allowed to become quiescent for I min before measurement. Between successive 
trials with thesame solution, stirring was carried out for I min by means of a magnetic 
stirrer (Nz gas was also bubbled through the solution) and the solution was then allow- 
ed to stand I min. before measurement. 

All potentials were measured with respect to the saturated calomel electrode (S.C.E.) 
and all measurements were made at room temperature (25' & 2.0'). 

As the condition of the surface of the platinum electrode appears to be an important 
factor in the characteristics of the reduction of SzOgz-, it is necessary to define the 
procedures employed to obtain three types of reproducible electrode surface conditions 
(a) an active electrode, (b) a $re-oxidized electrode, and (c) an aged electrode. An active 
electrode is one which has beensuccessively anodized and cathodized to + 1.6 and-o.zV, 
respectively in approximately I F in a cyclic manner, about 1e2o times. The 
final cycle is cathodic and the current is interrupted as soon as the potential reaches 
the background potential (approximately -0.2 V vs. S.C.E.). This pre-treatment results 
in the formation of finely divided platinum on the surface33. A $re-oxidized electrode 
is one treated in the same manner as the active electrode except that it is anodized in 
the sample solution for a duration of 0.5-5 sec. This treatment produces a film of pla- 
tinum oxide(s) on the surface of the electrode16.28-33. An aged electrode is obtained 
by soaking the active electrode in I F HzS04 for a period of 24 h16.33. The pre-treated 
electrodes were always submerged in the sample solution I min prior to measurement. 

Unless otherwise stated in the text, all measurements were made in the absence of 
supporting electrolyte. The potential oscillations are observed only in the absence of 
supporting electrolyte. 

EXPERIMENTAL RESULTS 

General observations 

Active electrodes were partially oxidized when soaked in 0.1-0.001 F K2SzOs solu- 
tions. The electrodes were soaked in the solutions for periods varying from one second 
to half an hour, removed and washed quickly with distilled water, and then placed in 
a cell which contained a de-aerated 0.1 F Na2S0.1 electrolyte at pH 7. The electrodes 
were allowed to stand a few minutes in the stirred electrolyte and then a cathodic 
current (0.4 mA/cm2) was passed. Waves were obtained whose quarter-wave potentials 
(-0.3 V vs. S.C.E.) corresponded to those for platinum oxide. The extent of surface 
oxidation (150-300 pcoulombs/cm2) did not correspond to total surface oxidation 
(about 500-1000 pcoulombs/cm~) for a fully oxidized surface16.31-33). Experiments 
indicated that most of this oxide formed very rapidly (within one or two sec) and that 
the quantity of oxide did not then increase appreciably with further exposure. I t  was 
found qualitatively that the extent of surface oxidation of the platinum by S20s2- 
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was not appreciably changed by the addition of either nitrate or sulfate salts to the 
Sz082- solution. 

The pH of Sz082- solutions initially at p H s  7 slowly drifted to more acidic values 
over a period of a few hours (pH 2 4 after 3-4 h) ; the decomposition of SzOs2- in 
aqueous medium produces HS04- and 0234-36  which explains this slow change in pH. 
The rate of pH decrease was accelerated by the presence of the platinum electrodes. 

Experiments showed that the potentials as well as the characteristic shapes of the 
S2O82- chronopotentiograrns were affected by pH (these effects will be explained in 
detail below) even though the overall electrochemical reduction reaction does not 
involve protons8 : 

The discussion of the characteristics of the chronopotentiograms given below, unless 
otherwise stated, refers to results obtained for neutral solutions (pH = 7 f 0.3). It 
was necessary to monitor continuously the pH of the test solution in order to obtain 
reasonable reproducibility. NaOH was added when necessary in sufficient quantity to 
bring the pH slightly above 7 and measurements were made when the pH had drifted 
back to7. The smallamount of SzOa2- decomposed during the 10-40 min of the measure- 
ments did not result in a detectable change in Sz082- concentration. The addition of 
the small quantities of NaOH did not affect the chronopotentiograms. 

Effect of the electrode condition 
The general characteristics of the cathodic chronopotentiograms of a 0.01 F KzSzOe 

solution are shown in Fig. I. The chronopotentiograms were recorded successively 

I I 
TIME,  seconds 

Fig. I .  The reduction of 0.01 F KsSzOs, current density 2 mA/cm2, pH = 7. The measurements 
were made successively with the same solution (see text for procedure). Curve (I)  represents an 

aged electrode. Curves 5-11 of series are omitted. 

using the same solution in the manner described above. The applied current was 
2 rnA/cm2. Curve (I) represents the wave obtained for an aged electrode. The potential 
drops immediately to the background potential and S2O82- does not, therefore, 
appear to be reduced before the background, a t  an aged electrode. In curve (z), the 
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potential drops rapidly to about -0.45 V us. S.C.E. and then b e g i ~ s  to rise until the 
wave reaches a potential of about -0.2 V. At this point, the potential shifts very 
rapidly to about S o . 2  V and then undergoes a few oscillations before reaching a 
steady value of about 0.0 V. Curve (3) is similar to curve (z), except the transition time 
t, has increased. In  curve (4), a second set of oscillations (b) are observed and t is 
slightly larger than that of curve (3). In  waves 2-4 a small wave (indicated by the arrow 
in curve (4)) is observed, a t  -0.35 V just prior to the minimum potential of the initial 
dip.  In the successive chronopotentiograms (curves-11, whicharenot shown) the gener- 
al characteristics of curve (4) are repeated. Although t remains constant for all suc- 
cessive waves after (4), in general the frequency of the oscillations increases while the 
initial amplitude decreases. 

Eventually after several successive chronopotentiograms (10-15 in most cases), 
a chronopotentiogram of SzOsz- was obtained which did not exhibit either set of 
oscillations, (see curve (12) of Fig. I). All subsequent successive measurements yield- 
ed identical waves. The minimum potential of the d i p  is more positive than that of the 
other curves of Fig. I. Also, a small wave, indicated by the arrow, is observed a t  about 
the potential where the second set (b) of oscillations was previously observed. Active 
electrodes always yielded waves similar to curve (12). Thus, successive cathodic chro- 
nopotentiograms seem to result in an electrode condition similar to that obtained by 
cycling in I F HPSOI. 

The potential fluctuations of set (a), (see Fig. I),  oscillated around the smooth po- 
tential value observed when the electrode was in the active condition. Set (b), however, 
oscillated between a cathodic potential limit corresponding to the potential observed 
during the latter portion of the wave of an active electrode and an  anodic potential 
which is approximately the most positive limit of a wave obtained with an  active 
electrode. In  general, as shown in Fig. I, the amplitude andthe frequencies of bothsets 
of fluctuations decreased with time during a wave in a manner simiIar to a damped 
oscillation. Whiiz the qualitative characteristics of the sequence of measurements 
shown in Fig. I as well as the initial amplitude of both sets of fluctuations were more or 
less reproducible, the number of oscillations per set, initial frequency, rate of change 
of frequency and the rate of change of amplitude (damping) were not reproducible. It 
was not possible, therefore, to determine with any degree of certainty how the oscil- 
lations varied with current density. 

A pre-oxidized electrode gave initial waves which were somewhat different from the 
initial waves obtained for active electrodes. Figure 2 compares the characteristics of 
the first portion of the initial waves of (i) an active electrode, (curve I) ; (ii) an electrode 
which had been anodized for a period of about 0.5 sec a t  acurrent density of 2 mA/cm2 
to cover the surface partially with a film of platinum oxide33, (curve 2) ; and (iii) an 
electrode which was anodized for 5 sec at a current density of 2 mA/cm2 to cover its 
surface completely with platinum oxide33, (curve 3). In each case a small cathodic 
wave (indicated by arrow) is observed before the potential reaches the minimum value 
at  the dip.  The magnitude of this wave increases with the extent of surface oxidation 
and the potential ( N  - 0.3 V vs. S.C.E.) corresponds to the potential for platinum 
oxide reduction in neutral unbuffered electrolyte32. The rate of the anodic potential 
rise after the initial potential dip  decreases with increasing extent of surface oxidation. 
Also, the maximum potential reached by the anodic rise is always o.x-o.2 V more ne- 
gative than that observed for an  active electrode. 
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1.0 I 
TI ME. seconds 

Fig. 2. The initial portion of chronopotentiograms of 0.01 F K2S208 employing electrodes which 
have different extents of surface oxidation. Current density 2 mA/cm2, pH = 7. Curve ( I ) ,  an 
active electrode which was in contact with sample solution 2 min; curve ( 2 ) ,  a Preoxidized elec- 
trode which was anodized in the sample solution for 0.5 sec; curve (3), as for curve (2) except that 

the anodic current was passed for j sec. 

A series of active electrodes were potentiostated during the two-minute interval be- 
tween successive runs, at  potentials more cathodic than the normal rest potential of 
the electrode (about + 0.6 V vs. S.C.E.). Potentia1sfromo.o to +0.5 Vvs .  S.C.E. were 
employed. I t  was found that the characteristics of the potential dip changed as the 
initial controlled potential was varied. Although the minimum potential reached dur- 
ing this dip did not appear to change appreciably, the rate of the anodic potential 
shift following the minimum, increased as the potential was controlled at  more catho- 
dic values. 

Details of the initial portion of the chronopotentiogram and first set of fluctuations 
obtained with a 2 .IO-3 F K ~ S B O ~  solution are shown in part A of Fig. 3. The current 

A .  Solution quiet - 2 0 r c c - - 2 1  

T I  ME. seconds 

Fig. 3. The reduction of 2.10-3 F KzSzOs solutions a t  a current density of 0.4 mA/cmz a t  a pla- 
tinum electrode, pH 6 . 5  A,  solution a t  rest; B, solution stirred. 

density was 0.4 rnA/cm2. The anodic portion of the oscillation is very rapid, while the 
cathodic portion resembles a miniature chronopotentiogram. Part B of Fig. 3 shows 
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the initial portion of a chronopotentiogram obtained under the same conditions ex- 
cept that the solution was stirred with a magnetic stirrer. The anodic shift of poten- 
tial after the initial potential dip is now rapid. The potential oscillation starts imme- 
diately after the initial dip and the oscillations in the stirred cases have the same ge- 
neral characteristics as  in the unstirred cases, except the frequency has increased. To 
determine if this frequency increase was the result of two different surface conditions 
or the result of stirring, several measurements were made in which the rate of stirring 
was varied. Qualitatively it was found that the frequency of oscillationvariedinversely 
with the rate of stirring. Also the amplitude of oscillation slowly decreased and the fre- 
quency increased steadily with time even though constant stirring was continued. The 
oscillations usually ceased after a few minutes (4-10 min). All subsequent measure- 
ments showed no potential oscillation. In unstirred solutions this electrode then be- 
haved like an active electrode. In both stirred and unstirred solutions, the potential os- 
cillated between approximately the rest potential of the electrode and the potential 
a t  the bottom of the initial dip. 

Effect of p H  

The chronopotentiograms of SzOs2- were measured at  different pH values varying 
from 9.5-4.0 Oscillations were found to occur at  all pH values in this range. The 
only effects observed were that the rate of the anodic shift of potential following the 
initial potential d i p  increased, and the overpotential for the reduction of SzOs2- and 
the potential of the small wave preceding the minimum potential of the dip  decreased 
as the pH decreased. The magnitude of the shift of this wave with pH is identical 
to the shift of the reduction potential of platinum oxide with pH32. 

Effect of variation of electrode material 

The reduction of 0.01 F KzSzOs solutions at  gold and palladium electrodes was also 
studied. Potential oscillations were observed to occur with both electrodes. 

Two distinct sets of fluctuations were observed with gold at  a constant current den- 
sity of 1.4 cmA/cm2. The fluctuations had the same characteristics as the two sets of 
oscillations observed for platinum electrodes (see Fig. I). The cathodic limit of oscil- 
lation was about 0.0 V vs. S.C.E. at  the gold electrode compared to about -0.3 V vs. 
S.C.E. for the reduction at platinum electrodes. Experiments showed that the poten- 
tial pause in the cathodic wave for the reduction of gold oxide, occurred at  about 
0.0 V vs. S.C.E. in neutral NazS04 solution. The initial portion of the chronopotentio- 
gram always exhibited a brief potential d i p  similar to that found for platinum elec- 
trodes. The d i p  in the case of gold electrodes was considerably sharper and the mini- 
mum potential reached was about -0.05 V vs. S.C.E. 

Potential oscillations were observed on palladium only when the solution was stir- 
red. Figure 4 illustrates the initial portion of the chronopotentiograms obtained for 
the reduction of a 0.01 F K2SzOs solution (pH = 6) at  a palladium electrode using a 
constant current density of 3 mA/cm2. Curve (I) was obtained for the solution at  rest 
(electrode cycled once), curve (2) for a stirred solution (note that the potential oscil- 
lations slowly decrease in amplitude and increase in frequency until they finally cease, , 
which is similar to the behavior of a platinum electrode), and curve (3) represents the 
wave obtained either for the measurement subseqeunt to curve (2) (2 min interval be- 
tween measurements) in a stirred solution or the wave obtained with an active elec- 
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trode in a stirred solution. Experiments showed that there were two potential pauses 
in the cathodic wave of a +re-oxidized palladium electrode in a 0.1 F NazS04 solution 

Fig. 4. The reduction of 0.01 F KzSzOs at a current density of 3 mA/cmz a t  a palladium electrode, 
pH = 6.0. Curve ( I ) ,  solution a t  rest; curve (2), solution stirred; curve (3). solution stirred, me- 

asurement made subsequent to curve (2). 

(pH 6) occurring at  about + 0.20 and - 0.30 V vs. S.C.E., which is in reasonable 
agreement with values reported in the literature for the reduction of palladium 
oxides37. 

Effect of supporting electrolyte 
The general characteristics of the cathodic chronopotentiograms of a 0.01 F KzSzOs 

solution in 0.1 F NaN03 are shown in Fig. 5. The chronopotentiograms were recorded 

TIME. seconds 

Fig. 5. The reduction of 0.01 F KzSzOs in 0.1 F NaN03 a t  a current density of 2 mA/cmz, pH = 7. 
The measurements were made successively with the same solution (see text for procedure) Curve 

(I) represents an aged electrode. Curves (5)-(8) of the series are omitted. 

successively using the same solution in the manner described in the experimental 
section. The applied current was 2 mA/cmz. Curve (I) represents the wave obtained 
for an aged electrode. The potential drops immediately to the background potential 
and SzOs2- does not, therefore, appear to be reduced before background at  an aged 
electrode even in the presence of a supporting electrolyte. In curve (z), a wave is ob- 
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served. The potential drops rapidly to about - 0.45 V vs. S.C.E. and then begins to 
rise until the wave reaches a potential maximum of about - 0.3 V vs. S.C.E. The 
potential then falls off slowly a t  first and then rapidly drops to background. During 
the successive measurements, curves 3 through 8 (curves 5-8 not shown), the potential 
of the sharp minimum and of the rounded maximum move anodicwitheachsuccessive 
run. The transition time of each successive wave increases. Curve (9) represents the 
reproducible wave obtained after the electrode had undergone the series of successive 
measurements. A small second wave (indicated by arrow) is observed just before the 
potential drops to background. The potential of the wave is about - 0.4 V vs. S.C.E. 
and corresponds closely to the potential minimum observed at  the beginning of the 
wave. Curve (10) represents the initial portion of the wave obtained using an electrode 
which was in a reproducible condition (same history as the electrode of curve (g)), but, 
the sample solution was stirred vigorously by means of a magnetic stirrer. The po- 
tential drops rapidly to about the same minimum value as in curve (9) but the sub- 
sequent anodic shift in potential is much faster. The potential reaches a maximum of 
about + 0.3 V vs. S.C.E. and then drops somewhat more slowly to a constant value 
of + 0.05 V vs. S.C.E. 

The chronopotentiograms of 0.01 F KzSZO~ solutions in 0.1 F H2S04 a t  pH w 7 
were found to be almost identical to those described above for 0.1 F NaNOs (see Fig. 5) .  

DISCUSSION 

The experimental results have shown that the SzO82- anion is capable of partially 
oxidizing the surface of the platinum electrode. The magnitude of the cathodic po- 
tential attained during the platinum oxide wave (potential pause observed immedia- 
tely prior to the potential minimum of the dip, see Figs. I, 2 and 3) indicates that most 
or all of the surface oxide film must be removed before SzO$- can be electrochemical- 
ly reduced. ANSON AND  KING^^ and D A V I S ~ ~  have reported similar potential dips in 
the reduction of vanadium(V) and iodate ion in the presence of supporting electro- 
lyte. 

When the oxide has been essentially removed from the electrode, the surface con- 
sists of finely divided platinum metal (partially active) a t  which reduction of the SzO82- 
ion can proceed more rapidly. As a result the potential becomes more anodic. This rise 
in potential is relatively slow in unstirred solution (as can be seen by curves 2-12 of 
Fig. I and 1-9 of Fig. 5) but is rapid when the solution is stirred (curve B of Fig. 3 and 
curve (10) of Fig. 5). The slow anodic rise appears, therefore, to be caused by the 
presence at  the electrode of some chemical species that is produced during the initial 
portion of the wave and which causes thereduction of SzO82- to occur at  this more 
cathodic potential. Hydroxide ion produced from the reduction of platinum oxide37 
is probably the substance in question. The pH dependence of the rate of the slow anodic 
potential shift following the potential dip  and its instantaneous shift when the solu- 
tion is stirred supports this possibility. The potential rises more slowly in unstirred 
solutions because of the much longer time needed for the hydroxide to diffuse away 
from the electrode surface. 

I t  seems reasonable to postulate a mechanism for the oscillations which is based on 
two of the properties of Sz08z- observed in this study: (i) the ability of Sz082- to 
oxidizetheplatinumelectrode surface to a finite extent, and (ii) the ability of this oxide 
film to inhibit completely the reduction of Sz082-. The surface of the electrode follow- 
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ing the initial potential dip, is probably free of all or most ot the platinum oxide and 
the potential of the electrode rises to the value at  which S Z O ~ ~ -  is reduced on an oxide- 
free (active) electrode. This shift (as argued above) is not instantaneous because of the 
diffusion of the OH- at  the electrode produced by the reduction of the platinum oxide, 
but as the OH- concentration at  the electrode drops, the potential climbs to +0.3 to 
+ 0.5 V vs. S.C.E. At these potentials the electrode surface is oxidized by the SzOs2- 
a t  the electrode surface in excess of that necessary to carry the constant current. 
Thus, the surface area of the electrode available for the electrochemical reduction of 
SzO& at  the more anodic potentials rapidly decreases (current density increases 
rapidly) and a very short SzO82- wave is observed (see Fig. I). The potential then falls 
to the reduction potential of the platinum oxide, at  which point the oxide film is 
reduced to form the active metal surface. The SzO82- can now react at  the oxide-free 
electrode, the potential climbs back to +0.3 to 0.5 V, and the cycle starts over again. 

The damping of the first set (a) of potential fluctuations (see curve (4) of Fig. I) 
may result from the accumulation of ions at  the electrode (two sulfate ions are 
produced for each SzOsZ- reduced, see eqn. I) because the addition of supporting 
electrolyte was shown to eliminate the potential oscillations. 

At the conclusion of the first set (a) of oscillations, the steady potential probably 
represents the reduction of SzOsZ- a t  a very slightly oxidized electrode (the controlled 
potential experiments showed that a finite quantity of oxides is present at  + 0.05 V). 
The reduction of SzO82- on this surface continues until the surface concentration of 
Sz0e2- approaches zero. At this point the potential starts to become more cathodic 
until the platinum oxide potential is reached. The residual oxide is then reduced (see 
wave marked with arrow in Fig. I) which results in new metal surface available for 
the reduction of SzO82- and effectively decreases the current density. The transition 
time corresponding to this lower current density having not been reached, the poten- 
tial again becomes more anodic. A few oscillations are again seen a t  this point (set (b) 
of curve (4), Fig. I) which corresponds to the re-oxidation of the platinum and sub- 
sequent reduction of the oxide. The oscillations rapidly become damped because the 
total surface concentration of SzO82- a t  all sites soon becomes zero near the end of the 
wave and the potential is forced to background reduction potential. 

The observations that the potential at  the initial dip and the cathodic limits of 
the oscillations for platinum, gold, and palladium electrodes all coincide with the 
potentials at  which the corresponding oxides are reduced in neutral NazS04 solution 
support this theory for the mechanism of the oscillations. 
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SUMMARY 

The electro-reduction of the peroxydisulfate anion has been studied chronopotentio- 
metrically. I t  was found that two distinct sets of potential oscillations or fluctuations 
occurred in the wave under certain conditions in the absence of a supporting elec- 
trolyte. The effects of electrode pre-treatment, electrode material, pH, and supporting 
electrolyte on the wave characteristics are described. A possible explanation of the 
types of reactions involved in the reduction mechanism is proposed. 
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INTRODUCTION 

One of the problems in the polarographic determination of the platinum metals is 
that the reduction peaks are often very close together' but this difficulty can be over- 
come if the analyst can find a means of controlling the position of a reduction peak. 
I t  is well known that the E, of the reduction peak of a platinum metal becomes more 
positive as the concentration of ligand is increased and quantitative investigation of 
the effect of the ligand concentration was therefore considered to be worthwhile. 

The platinum metal and ligand chosen, were palladium and pyridine, respectively. 
There were a number of reasons for this choice. The palladium-pyridine complex gives 
a good reduction wave2 ; pyridine is probably the best complexing agent for the polaro- 
graphic reduction of palladium. Further, reductions of organic compounds (steroids) 
are often carried out in a pyridine medium using a palladium catalyst ; it is of value to 
the organic chemist to know the nature of the attacking species. Finally, it was found 
that no data are available for the palladium-pyridine complex in tables of equilibrium 
constants3. 

THEORY 

DE FORD AND H U M E ~  devised a method of correlating the shift in Et with the for- 
mation constants of complexes in solution; E+ is measured in varying concentrations 
of ligand, and the results substituted in the relevant equation. This equation, refined 
by Irving5 may be stated as follows: 

where I, and I ,  are the values of I,,, for the simple ion and a mixture of complexes 
respectively. The expression on the right hand side is a function of X and is given the 
symbol FO(X) .  I t  may be expanded in the following way: 

If the ionic strength is not affected by complexing, the activities remain constant. 
Such a situation would obtain where the ligand has no charge and for this reason 
pyridine was chosens. 

The simplest way to solve eqn. (2)  is graphically as shown by DE FORD AND HUME~.  
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If CM denotes the total amount of metal present in solution, and [MI the concen- 
tration of simple metal ions, then 

c M  = [MI  + [ M X ]  + [ M X z l .  . . [MX-I 

[M]/CM = l /FO(X) = fraction present as simple metal ion5. 
Similarly, [MXj ] /C~  = /?j(X)/FO(X) = fraction present as the complex MXp. 
Using this approach it is possible to determine cumulative formation constants of the 
reducible species in solution, and hence the effect of the concentration of the ligand. 
Before following this approach experimentally, however, it is important to consider 
the case where the ligand has basic or acidic properties, e.g., 

X  + H+ + XH+, where X  is a ligand. 

which means that the amount of complexing agent initially dissolved (apparent con- 
centration L), and the amount remaining in solution are different (the difference 
being equal to XH+). 

If the acid dissociation constant of XH+ equals K, then 

1, 

X  (true ligand concentration) = 
I O - P H  X 1 0 - P K  + I 

Thus, knowing the pH of the solution, and the acid dissociation constant, the activity 
of the complexing agent in the solution can be determined. 

EXPERIMENTAL 

All the work in this paper was carried out on an oscillographic polarograph in which 
the independent variable is varied periodically, and the cathode ray oscilloscope is 
used as the measuring instrument because of its low response time. In this method the 
potential applied to the cell is allowed to rise linearly, but more rapidly than in con- 
ventional d.c. polarography. This voltage sweep commences at  a pre-determined time 
in the life of a mercury drop. With a drop time of 7 sec, for example, the voltage sweep 
takes place during the last 2 sec of the life of the drop, i .e. ,  when the change in surface 
area is negligible. Variations in cell current during the voltage sweep are shown on the 
screen of the cathode ray tube. For a depolariser the method produces a polarographic 
wave withamaximum, E, (peakpotential), whichis different fromthat in conventional 
polarography. Resolution is such that it allows measurements of peaks differing by 
0.1 V; a derivative circuit incorporated in the instrument reduces this limit to 0.04 V. 

Ten 25-ml volumetric flasks were prepared, and varying amounts of pyridine 
ranging from 0.01-1.84 ml were placed in each. A fixed amount of Pd(N08)~ was dissol- 
ved in water and made up to 20 ml with water. One ml of this solution was pipetted 
into each of the 25-ml flasks which were then made I M with NazS04 as base electro- 
lyte (Table I). 

The pH of each solution was measured taking the pK of PyH+ as 5.21~; ( X )  was 
calculated for each solution. Finally, each solution was polarographed at  25" and the 
values of Ep, Et and I ,  determined. 

The value of E* at zero pyridine concentration cannot be obtained experimentally, 
since it is masked by the current due to dissolution of mercury. The extrapolated value 
was, therefore, used. This method has been successfully used by other worked. 
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TABLE 1 
-- 

Ml of Apparent pH of True 
No. of soln. pyridine molarity of each molarity E,  

added pyridine ( L )  solution f x )  (S .C.E. )  E"c-E*a 

* extrapolation value 

RESULTS 

The recorded results were substituted into eqn. ( I )  (see Table 2 )  and the graphical 
solution obtained; the pertinent graphs of (F i (X) ,  j = I . . . 4) as ordinate, and [XI 
as abscissa are shown in Figs. I ,  2,  3 and 4. From the curves, the following values for 

are obtained : 

TABLE 2 

Soln, 0.4343NF 
No. - ' A E ,  IajIe FOX K ( X )  Fz(X) F3(X) Fa ( X )  

RT 

Experimental errors in the determination of E* are magnified in successive calcula- 
tions of the Fi(X)  functions, especially for low concentrations. Fortunately, however, as 
has been pointed out by DE FORD AND HUME~,  the accumulated errors are in one 
direction and it is not too difficult to see the pointswhich have deviatedfromthe smooth 
curve. Further, a t  this juncture a knowledge of the initial slope of one graph indicates 
the intercept of the following graph. This is very useful in deciding which points must 
be ignored. 

An anomaly was noticed in connection with the plot of F 4 X ) .  The appropriate 
equation 
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Fig. I. Graphical solution for formation constantl. Fig. 2. Graphical solution for formation constantz. 

( X  1 

Fig. 3. Graphical solution for formation constants. 
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indicates a straight line relationship, whereas in practice a shallow curve was obtained. 
However, the deviation from the true cannot be great, since the limiting slope is ap- 
proximately of the same order of magnitude as the p4 constant, i.e., 105. 

Using eqns. (4) and (5) the percentage of the total metal present as the different 

Fig. 4. Graphical solution for formation constantr. 

Fig. 5. Percentages of various complexes present at different pyridine concns. 

complexes was calculated. These results are given in graphical form in Fig. 5. Most of 
the results for the highest complex were unreliable, due to the accummulation of errors, 
as already pointed out. In such cases, indirect results can be calculated by subtract- 
ing the sum of the percentages of the lower complexes from loo. 

DISCUSSION 

The relation between the cumulative formation constant and the stepwise constant K 
is given by /?4 = KI x KZ x K3 x K4 and b3 = K1 x K2 x K3. The following values for 
the stepwise constants were obtained: 
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The first three constants display the usual feature, in that theyprogressivelydecrease 
in magnitude. They may be explained on statistical considerations, viz., the complex 
Pd(Py)2+ has three vacant ligand positions and is, therefore more likely to catch a 
further ligand than Pd(Py)22+ which has only two vacant positions. The constant K4 
indicates however, that the complex Pd(Py)42+ismuchmore stable than its predeces- 
sor Pd(Py)s2+ which is never in excess of 10% of total metal present (Fig. 5). The im- 
plication is that statistical considerations are of minor importance and the stability is 
determined by the symmetry of the ion and by the greater splitting in the d-level 
electrons due to the increased complexation of the ion Pd(Py)42+. Therefore, once the 
complex Pd(Py)32+ has formed, there is a strong tendency to catch another pyridine 
molecule and make a completed co-ordination number of 4. COZZI AND PANTANI' 
determined some cumulative constants for rhodium chloro-complexes. If the stepwise 
constants are calculated from these, it will be observed that there is an increase at  
RhCb in agreement with the results above, although the constants of the complexes 
RhC15 and RhCls begin to the decrease again. 

CONCLUSION 

From the analytical point of view there are two implications in the investigation 
above. The first is that where a metal is spontaneously reduced, it may be possible, 
by the addition of a complexing agent, to endue the ion with sufficient stability to the 
extent of obtaining a reduction wave. The above work has clearly outlined the signi- 
ficance of this in a quantitative way. The second point is that it is possible to exercise 
in a limited way, control over the position of the reduction wave by varying the con- 
centration of ligand. This is important in the situation where there is interference from 
other waves which are not affected by the concentration of ligand. 

SUMMARY 

The effect of the ligand concentration on the polarographic reduction waves of the 
platinum metals has been studied using pyridine as the ligand and palladium as a 
representative of the platinum metals. The shift in the reduction peak with increase 
in ligand concentration is used to calculate formation constants of the complexes 
formed in solution. The results obtained are discussed on the basis of statistical, 
symmetry- and d-level splitting-considerations. 
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(Requ le 2 juillet, 1963) 

Lors d'un travail prhckdentl ont CtC mises en Cvidence les possibilitCs d'emploi de l'Clec- 
trode de platine 2 barbotage dans l'ktude de systkmes oxydo-rCducteurs 2 haut po- 
tentiel d'oxydo-rCduction, principalement en vertu de sa passivitC et de la carac- 
tCristique apprkciable dJCmettre un courant 2 impulsions facilement mesurable grhce 
aux mCmes moyens que la polarographie classique. 

Fig. I .  (A),  L'dlectrode de platine it barbotage telle qu'elle apparaissait dans l'dtude prCc6dente. 
(B) et  (C), L'Clectrode de platine A barbotage utilide dans la prCsente Ctude. 

Aprb avoir effectuC quelques modifications du modcle originel (Fig. I) uniquement 
en vue de rendre plus constante la pCriode entre l'expulsion d'une bulle et l'autre, et 
plus prCcis le rCglage de la position de l'klectrode par rapport au niveau minimum de la 
solution A llintCrieur du tube au cours des diverses phases qui accompagnent le bar- 
botage, il a 6th possible de vCrifier que les processus oxydo-rCducteurs qui se dCroulent 
sur cette Clectrode, m&me si la solution est pkriodiquement renouveleC A la surface de 
celle-ci, sont substantiellement contr6lds par la diffusion. 
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Dans ce but, on a employ6 une solution de NaOH 0.1 N contenant ferrocyanure et 
ferricyanure de potassium selon des rapports divers, et des concentrations diverses, 
A 25' 0.1'. On a constat6 (Fig. 2) la constance du potentiel de demi-vaguedans les 
polarograrnmes obtenus dans la rkduction de solutions contenant seulement du ferri- 

Fig. 2. Ondes polarographiques de [Fe(CN)6]4- e t  [Fe(CN)eI3- dans NaOH 0.1 N B 25" f 0.1": (a), 
I . I O - ~  M [Fe(CN)6]3-; (b), 5 .10-~ M [Fe(CN)6]3-, 5 .10 -~  M [Fe(CN)6]4-; (c) I . I o - ~ M  [Fe (CN)eI4-. 

Fig. 3. Analyse mathCmatique de l'onde polarographique obtenue avec 1-10-3 M [Fe(CN)6]4- 
dans NaOH 0.1 N B 25" + 0.1". 
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cyanure (a), ou bien dans l'oxydo-reduction d'un mClange de ferri-et ferrocyanure (b), 
ou bien dans l'oxydation de ferrocyanure (c) ; on a constat6 que le courant limite est 
proportionnel A la concentration et A la tempCrature de la solution et l'on a prouvd 
(Fig. 3) l'exacte coincidence des donnCes experimentales avec celles calculCes au moyen 
de : 

gtant donnCes ces prCmisses de caracthre exp6rimenta1, 1'Clectrode de platine A 
barbotage se rCvhle caractCrisCe par des propriCtCs dignes d'ktre mises en relief. Pour 
cette raison, nous avons voulu Ctudier son fonctionnement, sa parfaite connaissance 
pouvant confirmer et expliquer des rCsultats d'un certain inter&, soit dans le domaine 
de la recherche, soit dans celui de l'application. 

La recherche s'est effectuCe en employant des Clectrodes qui, pendant les phases de 
barbotage, permettent de faire varier avec continuit6 la position de la sphhre de 
platine par rapport au niveau minimum de la solution. Les divers types (Fig. IC: 
diam6tre a compri entre 5 et 10 mm; distance b comprise entre 8 et 15 mk; trou c de 
section comprise entre 5 et I5 mm2; petite boule de diamhtre d compris entre I et 
2.5 mm) montrent entre eux des analogies notables. Par consCquent nous ne croyons 
pas nCcessaire de relater le comportement de toutes les electrodes ex@rimentCes, car 
nous nous exposerions A de trhs nombreuses rCpCtitions; nous pensons plutbt qu'il suffit 
de considCrer pour l'instant les rCsultats obtenus avec une sCrie d'klectrodes qui toutes 
dCrivent d'une unique Clectrode de type moyen, et de relater le comportement de 
celle-ci, certains d'englober les propriCtCs gCnCrales de toutes les autres. L'Clectrode, 
choisie c o m e  modhle reprksentatif, ayant les dimensions: a 9 mm, b 13 mm, c 10 mm2, 
d 1.67 mm, a 6th expCrimentCe selon les procCdCs suivants: 

(i) La petite sphhre de platine pendant le barbotage demeure constamment plongCe 
dans la solution. La position est telle que la calotte sup6rieure reste A 4 mm sous le 
niveau minimum de la solution. L'oscillation totale de celui-ci est de 8 mm. 

(ii) La petite sphhre de platine demeure constamment immergCe, toutefois sa haw 
teur par rapport au trou c est,telle qu'elle effleure la surface de la solution lorsque cette 
dernihre atteint son niveau minimum. Les oscillations de ce dernier sont encore de 
8 mm. 

(iii) La petite sphhre de platine demeure plongCe dans la solution pendant 75/100 du 
temps de barbotage et Cmerge pendant 251100 sans se dCtacher delasolution. L'oscilla- 
tion du niveau de la solution est de 8 mm. 

(iv) La petite sphhre de platine demeure dans la solution pendant 641100 du temps 
de barbotage, Cmerge pendant gz /~oo sans se dCtacher de la solution, se dCtache de la 
solution pendant 41100. L'oscillation du niveau de la solution est de 8 mm. 

Dans les quatre procCdCs, les variations du courant en fonction du temps A partir 
du dCtachement d'une bulle, sont reprCsentCes par la Fig. 4. La solution employCe est 
0.1 N dans NaOH et I -10-3 M dans K4Fe(CN)s. Les mesures ont CtC effectuCes A 
25" f 0.1". L'Clectrode fonctionne en tant qu'anode, polarisCe A + 0.450 V (E.C.S.). 

L'oscillogramme (a) correspondant au procCdC (i) rCvhle que le courant prCsente un 
minimum immbdiatement avant et un maximum immCdiatement aprhs la formation 
d'une bulle. L'intensitC du courant pendant l'intervalle de temps sCparant unebulle de 
l'autre dCcroit d'une f a ~ o n  caracthristique, qui devrait ktre rCgie par les lois dela dif- 
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fusion sphdrique. L'hypothbe se trouve justifiCe par le fait qu'entre la formation d'une 
bulle et l'autre l'blectrode se trouve plongCe dans une solution qui peut &tre considCrCe 
stationnaire, en ce sens que le lCger mouvement de celle-ci, de haut en bas, n'a pas une 
action perturbatrice sensible sur la couche de diffusion existant sur llClectrode, du 
moins tant que son Cpaisseur demeure relativement mince. 

Analysant la courbe (a) de la Fig. 4 nous devrions donc noter une Ctroite dCpendance 

Fig. 4. Oscillogrammes de I .  10-3 M [Fe(CN)s]-4 dans NaOH 0.1 N 1 25' f 0.1" obtenus avec 
electrode de platine ?I barbotage polarisee 1 + 0.450 V (E.C.S.) : (a), La petite sphere de platine est 
co'nstamment plongee dans la solution, procede (i) ; (b). La petite sphere de platine effleure la sur- 
face de la solution lorsque celle-ci atteint son niveau minimum, procede (ii) ; (c), La petite sph6re 
de platine emerge partiellement de la solution pendant n5/1oo du temps total de barbotage, 
procCdC (iii) ; (d), La petite sphere de platine se dCtache de la solution pendant 41100 du temps total 
de barbotage, procede (iv). En abscisse sont report& les temps (I  sec par division) et en ordonnee 
les intensites de courant (2 PA par division). La valeur i = o est reprbentee par la ligne en t r a ~ t  

appuy6, au bas de chaque figure. 
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du courant it du temps t, mesurC 1 partir du moment oh se produit l'expulsion d'une 
bulle, selon l'Cquation : 

oh 
it courant instantand, au temps t, exprime en PA, 
n nombre de Faradays d1Clectricit6 consomm6s par la rbaction A 1'Clectrode par mole, 
F Faraday (96500 coulombs), 
A aire de 1'Clectrode en cm2, 

Fig. 5. Variations de i ten fonction de ~ / l / t :  (a), . valeurs exp6rimentales correspondant au procdd6 
(i), o valeurs expdrimentales correspondant au proc6d6 (i) imm6diatement a p i b  polarisation de 
I'dlectrode; (b), . valeurs experimentales correspondant au procede (ii); (c), valeurs exp6ri- 
mentals correspondant au proc6d6 (iii) ; (d), valeurs exp6rimenrales correspondant au procede (iv). 

1.a courbe en pointill6 est calcul6e p i c e  I'dqn. (2). 
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C concentration exprimCe en moles/ml, I. 
D coefficient de diffusion en cm2sec-1, 
r rayon de la petite sphere de platine en cm, 
t temps en sec. J 

Dans la Fig. ga sont reportCes les variations thCoriques de it ,  selon 1'Cqn. (2 ) .  en 
fonction de 11Vt (courbe a) et les variations de i t  exp6rimentales (courbe b) d'aprb 
la courbe (a) de la Fig. 4. La confrohtation[~rCv&le que .les intensitCs de courant ex- 
pbrimentales, les hypotheses Cvoqu6es di-dessd9 redtant vblides, sont de valeur nette- 
ment infCrieure B celle calculCe. Le fait peut Ctre attribuC B l'existence d'un dqaut de 
renouvellement de la solution dii B un renouvellement incomplet de 1'Clectrolyte 9. la 
surface de 1'Clectrode au moment de l'expulsion de la bulle. Cette explication a CtC 
confirmde par l'dtude des variations ,du courant immCdiatement apres polarisation de 
1'Clectrode. : I 

Fig. 6 .  Oscillogramme de I . I O - ~  M [Fe(CN)a]4- dans NaOH o.  I N h 25" + o.  I"  immCdiatement 
aprhs polarisation de 1'6lectrode. Chaque division, en absisse = 5 sec; chaque division, en ordonnee 

= 2 PA. 

Dans la Fig. 6 on remarque que le courant, durant la pCriode prCcCdant la formation 
de la premiere bulle, A CgalitC de temps t, est plus intense que celui relev6 durant les 
pCriodes oh a lieu la formation de la seconde bulle. Au bout de la 36me ou 4eme 
pCriode, on atteint la stabilisation. Les intensit& de courant, enregistrCes aussitbt 
apres insertion de la diffdrerice de potentiel entre cathode et anode, sont reportCes en 
fonction de 11Vt sur la Fig. ga. Dans ces conditions de fonctionnement de l'hlectrode, 
les valeurs du courant de diffusion trouvCes et calculCes selon 1'Cqn. (2) sont bien en 
accord. 

L'oscillogramme (b) de la Fig. 4, correspondant au procCdC (ii), rCv&le un comporte- 
ment analogue au procCdC (i) exceptCe une augmentation sensible de l'intensitC du 
courant et l'existence d'un petit pic peu avant le dCtachement de la bulle (r/Vt = 0.43). 
Le pic, qui se manifeste au moment oh la petite sphere de platine affleure B la surface 
de la solution, est la consCquence de l'action de perturbation exerde sur la couche de 
diffusion par le liquide fuyant la zone d'affleurement. Cette action de perturbation, 
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suivie de la destruction de la couche de diffusion, est Cgalement la cause de SamClio- 
ration de la rCponse de SClectrode pendant le temps oh celle-ci se trouve totalement 
immergde (Fig. 5b, courbe b, expdrimentale; courbe a, thdorique). 

Sur l'oscillogramme (c) de la Fig. 4, correspondant au procCdC (iii), on relbve une 
notable exaltation des effets signalCs lors du cas prCcCdent: plus proches des niveaux 
calculCs les variations du courant dans l'intervalle qui prCc6de l'affleurement (11Vt > 
0.48), bien Cvident le pic au moment de l'affleurement de 1'Clectrode (~ / l / t  = 0.48). 
Aprb le pic (11Vt < 0.48) est nettement visible la forte chute du courant Ala suite de 
l'dmersion partielle de la petite sphbre. 

Le rapprochement des intensitCs du courant, des valeurs calculCes durant la PC- 
node oh 1'Clectrode se trouve complbtement immergCe (Fig. 5c, courbe b, expCrimen- 
tale; courbe a, calculCe) analoguement L ce qui a 6th CvoquC lors du procCdC (ii), est 
dQ un renouvellement meilleur de la solution sur la surface de 1'Clectrode aprbs 
1'Cmersion partielle de la petite sphbre. 

Une amClioration ultCrieure de la rCponse de l'blectrode, en se limitant A la pCriode 
durant laquelle la petite sphbre de platine est complbtement immergee, a lieu dans 
le procCdC (iv), oscillogramme (d). Dans ces conditions, le renouvellement de la solu- 
tion est encore meilleur. Pendant la pCriode oh la sphbre est complMement immergCe 
se manifeste seulement un dqaut de renouvellement nCgligeable et les rCsultats expC- 
rimentaux sont bien en accord avec les valeurs calculCes (Fig. 5d). D'aprb l'examen 
des rCsultats expbrimentaux, on peut dCduire que 1'Clectrode de platine A barbotage 
peut prCsenter trois phases. La premibre phase, qui correspond L la pCriode pendant 
laquelle l'Clectrode fonctionne complMement immergde dans la solution, est prCsente 
dans chacun des quatre proddds expkrimentaux dCcrits. Elle reprCsente 100% du 
premier, 94% du second et respectivement 75.2 et 63.5% du troisibme et du quatribme 
(Tableau I). C'est la phase la plus intCressante du fonctionnement de I'dlectrode, car les 
courants, au cours de sa dude, sont dQs exclusivement A la diffusion et sont calculables 
grgce i une formule simple. Les quantitCs d'ClectricitC qui traversent la cellule au cours 
de cette premi6re phase sont trhs ClevCes, et, dans tous les cas, supCrieures ?I 90% de 
la quantitC totale. Ceci se vCrifie Cgalement dans le procCdC (iv) oa la premibre phase 

TABLEAU 1 

P ~~~p~ Premzbre phase Seconde phase Troisibme phase 
Coulombs de barbo- p P P 

totaux tage Coulombs t% Coulombs t% Coulombs t% 
(set) % % 0 1 

/o 

Procdd6 (i) 47.142 5 .6  roo 100 - - - 

Proc6d6 (ii) 48,220 5.65 98.2 94 1.8 6.0 - - 

Proc6d6 (iii) 45,819 5.45 91.3 75.2 8.70 24.8 - 
Procede (iv) 42,636 5.75 90.34 63.5 9.66 32.2 o 4.3 

occupe seulement 63.5% de la durCe. La seconde phase, qui correspond A l'intervalle 
de temps pendant lequel SClectrode affleure et Cmerge partiellement de la solution, 
est prCsente dans le second procCdC pendant 6% de la durCe totale, dans le troisibme et 
le quatribme respectivement pendant 24.8% et 32.2%. Elle se manifeste par un ac- 
croissement initial rapide du courant (dQ ?I l'action de perturbation et A la rupture de 
la couche de diffusion sur la sphbre de platine) et par une rapide chute du courant 
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ensuite. Au cours de cette phase la cellule est traversCe par des quantitCs de courant 
qui ne dCpassent pas 10% du total. Les intensitCs de courant ne sont pas aisCment 
calculables car elles rCsultent de la somme d'un courant de pure diffusion et d'un 
courant de convection, relatifs aux surfaces de la petite sphere (respectivement imrner- 
gCe et affleurant) variant avec rapidit&. 

La troisieme phase, prCsente seulement dans le procCdC (iv) pendant 4.3% de la 
pCriode, est caractCrisCe par le dCtachement de la petite sph6redelasolution. Pendant 
toute la durCe de cette phase le courant d'Clectx+olyse est zCro. 

L'Clectrode de platine Q barbotage, en conclusion, fonctionne exclusivement sur 
deux phases. La premiere est fondamentale. Les courants observCs au cours de cette 
phase sont soumis Q un dqaut de renouvellement qui les rend considCrablement infCrieurs 
B ceux qui sont calculCs en considdrant les processus Q 1'Clectrode regis par la diffusion. 

Cet effet, maximum lorsque la petite sphhre de platine demeure constamment 
immergbe dans la solution, procCdC (i), s'attCnue en prdsence de la seconde phase de 
f a ~ o n  d'autant plus Cvidente que la durCe de celle-ci est plus longue. 

Pour obtenir les meilleurs rCsultats, il semblerait donc prCfCrable d'employer des 
electrodes oh la seconde phase soit prCsente au maximum de sa dude. Effectivement, 
dans ces conditions, 90% de la quantitC d'ClectricitC traverse la cellule avec des in- 
tensitCs trhs proches de celles qui ont CtC calculCes. 

On ne peut cependant nCgliger le fait que I'amClioration remarquable de la rCponse 
de llClectrode, apportCe par la prCsence de la seconde phase, est atteinte par l'intro- 
duction d'actions de perturbation de forte importance qui intdressent 10% de la 
quantitC d'ClectricitC totale. Ainsi, mCme si les donnCes expCtimentales ne sont pas 
aussi bonnes que celles obtenues dans le procCdC (iv), nous pensons prCfCrable aux 
autres procCdCs, le procCdC (i) oh est prCsente seulement la premiere phase. Le dqaut de 
renouvellement, Ctant donnCe la simplicit6 de fonctionnement de l'Clectrode, peut Ctre, 
Q notre avis, facilement CvaluC ou mieux encore CliminC, en apportant Q 1'Clectrode 
quelques lCghres modifications. 
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R ~ S U M ~  

On a CtudiC les intensitCs instantanCes des courants relevCes au cours du fonctionne- 
ment de 1'Clectrode de platine B barbotage comme anode dans une solution de 
K4Fe(CN)a I 'o-~ M en NaOH 0.1 N. 

I1 a MC possible de relever que pendant le temps d'immersion totale 1'Clectrode pro- 
duit des courants qui sont diis exclusivement B la diffusion. Pendant le temps oh 
elle affleure et Cmerge de la solution, aux courants de diffusion s'associent des courants 
diis Q des mouvements de convection qui se localisent dans les zones d'affleurement. 

On a confront6 les rCsultats atteints dans diffQentes conditions de fonctionnement, 
et on a d6montrC que seuls les courants s'obtenant avec Clectrode totalement immergCe 
peuvent Ctre calculCs quand on connaZt l'aire de la petite sphhre de platine en contact 
avec la solution. 
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CARACTI?RISTIQUES ET PROPRIETES DE L'ELECTRODE DE PLATINE 
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( R e p  le 20 juillet, 1963) 

Dans deux travaux prCcCdentsll2 on a dCj& attirC l'attention des chercheurs sur les 
caractbristiques et les propriCtCs de lJClectrode de platine A barbotage qui tout en 
prCsentant un comportement identique A celui de 1'Clectrode k goutte de mercure offre 
sur cette dernibre l'avantage de permettre la recherche sur les systbmes & hauts 
potentiels d'oxydo-rbduction. 

Dans le premier de ces travaux, lJClectrode employCe Ctait constitube par une petite 
sphkre de platine alternativement immergCe dans la solution ou partiellement CmergCe 
durant le fonctionnement. Dans le deuxikme travail, on a examin6 le comportement 
de 1'Clectrode en fonction de la position donnCe B la sphhre de platine par rapport & la 
surface de la solution durant son fonctionnement. On ne rapportera pas ici les con- 
sidCrations dCj& exposCes et l'on se bornera & rappeler la conclusion de la recherche 
poursuivie alors: il est nCcessaire que la petite sphbre de 1'Clectrode soit immergCe de 
faqon permanente dans la solution durant le fonctionnement pourque l'on enregistre 
des intensitCs de courant limite dues exclusivement & la diffusion sans actions per- 
turbatrices provenant de l'agitation. Ces intensitCs sont toutefois infCrieures aux 
valeurs thdoriques par suite du renouvellement insuffisant de 1'Clectrolyte sur la 
surface de 1'Clectrode au moment de l'expulsion de la bulle de gaz ("dCfaut de renouvel- 
lement"). Afin d'attCnuer ce dCfaut et de dCfinir les conditions expCrimentales garan- 
tissant la rCponse la plus satisfaisante de la part de 1'Clectrode par rapport au com- 
portement thCorique valable pour la diffusion sphdfique, on a voulu examiner le 
comportement d'un type d'tilectrode fonctionnant dans des conditions d'immersion 
totale et permanente de la sphQe et prCsentant quelques 1CgGres modifications de 
construction par rapport aux modbles prCcCdents. L'hCmisphGre supCrieur de la boule 
de platine a en effet 4th recouvert d'une couche de verre de sorte que le tube qui porte 
soudCe & son extrCmitC infCrieure la petite sphGre se contracture en elle sans brusques 
variations de diambtre et que seul YhCrnisphkre infCrieur, ou une partie de celui-ci, 
demeure en contact avec la solution. Cette modification a MC apportCe dans le but 
d'Climiner les zones de la sphkre qui se trouvent moins exposCes, durant le fonctionne- 
ment de I'Clectrode, au lavage de la solution au moment oh sort la bulle de gaz. On a 
en outre fix6 & 1'extrCmitC infCrieure du tube trois petits obstacles afin de favoriser 
l'homog6nCisation de la solution. Dans la Fig. I, on a report6 en (A) la zone terminale 
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des Clectrodes sphCriques utilisCes aux cours des recherches prCcCdentes et en (B) et 
(C) celle des Clectrodes hCmisphCriques utilisCes au cours du prCsent travail. 

Pour simplifier l'exposition et offrir une vue d'ensemble des rCsultats obtenus avec 
la drie des Clectrodes ex@rimentCes, dont la surface est comprise entre 0.02 et 0.08 

Fig. I .  (A), partie terminale de l'dlectrode sphBrique de platine & barbotage utiliske dans le 
travail prdcBdent2. (B) et (C), partie terminale de 1'6lectrode hBmisphirique de platine & barbotage 

utilisBe dans la prBsente Btude. 

cm2, nous rapporterons les r6sultats obtenus avec une Clectrode ayant une surface 
utile de platine Cgale B 0.049 cm2 f 0.001 cm2. Les caractCristiques du fonctionne- 
ment ont CtC maintenues constantes pour toutes les Clectrodes: diamMre intCrieur du 
tube, 9 mm; oscillation totale du liquide, 8 mm; section du trou latCral, 9.4 mm2; 
extrCmitC infQieure de 11hCmisph6re tangente au centre du cercle de base du tube 
ext6rieu.r; Clectrode polarisCe Zi $0.450 V (E.C.S.) dans une solution I -10-3 M de 
KaFe(CN)6 en NaOH 0.1 N, B 25" f 0.1". 

Les intensitCs de courant i t  de chacune des oscillations ont CtC confrontCes avec les 
i t  calculCes suivant 1'Cquation : 

i t  = nFADC - + - e ,&I (1) 

oh : 
it: courant limite instantan6 au temps t ,  exprim6 en PA; 
n:  nombre de Faraday d'ClectricitC consommCs dans la rCaction k l'dlectrode pour 

chaque mole; 
F: Faraday (96500 C) ; 
A : surface de l'klectrode exprimbe en cm2 (0.049) ; 
C : concentration exprimhe en moles/rnl (I .IO-6) ; 
D: coefficient de diffusion (0.74 x I O - ~  cm2 sec-1) ; 
Y :  rayon de la petite sph&re de platine exprimhe en cm (0.1) ; 
t :  temps en sec; 
oh t  est mesure B partir du moment m&me oh se produit l'expulsion d'une bulle. 

Dans la Fig. 2 sont reportCes: les variations thCoriques (ligne a) de la i t  pour 
1'Clectrode hCmisphCrique, obtenues grhce A 1'Cqn. (I), en fonction de I@; les it expCri- 
mentales pour des temps de barbotage de 9.72.6.12 et 3.00 secondes, auxquelles on com- 
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Fig. 2. i t  en fonction de I/+ obtenues avec 1'6lectrode h6misph6rique et I'dlectrode sph6rique dans 
l'intervalle o d 11Jt < I .  ~lectrode h6misph6rique. Ligne (a) calcul6e au moyen de 1'5qn. ( I ) ;  
valeurs expdrimentales correspondant B tt.1. 9.72 sec ( C ) ;  6.12 sec ( e ) ;  3.00 sec ( x ) .  Electrode 
sph6rique. Ligne (c) calcul6e au moyen de 1'6qn. ( I ) ;  valeurs experimentales correspondant it 

t t . t .  = 5.6osec (a). 

Fig. 3. i t  en fonction de 11Jt obtenues avec 1'6lectrode h6misphCrique dans I'intervalle I < 11fi < 4.  
Ligne (a) calcul6e au moyen de 1'6qn. ( I )  ; valeurs expirimentales correspondant B t t  . 9.72 sec (0) ; 

6.12 sec ( e ) ;  3.00 sec ( x ) .  
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pare les variations des it expbrimentales en fonction de r/Vt pour un temps de barbotage 
de 5.6 sec (courbe b) obtenues avec la m&me Clectrode avant l'isolement de l'hCmisphbre 
supCrieur de la petite boule de platine. On peut remarquer que les i t  exp6rimentales 
obtenues en utilisant 1'Clectrode sphbrique prbsentent une valeur nettement infCrieure 
A la valeur calculCe (ligne c), ceci A cause de la prCsence d'un important "dCfaut de 
renouvellement". Les i t  obtenues avec 1'Clectrode hCmisphCrique sont Cgales aux 
valeurs calculbes. Lorsque le rapport r/Vt augmente (Fig. 3)  les valeurs ex@rimentales, 

b 

Fig. 4. (a), oscillogramme de I -  10-3 M [Fe(CN)s]4- en NaOH 0.1 N h 25' f 0.1" obtenu avec 
l'dlectrode hernispherique de platine 9. barbotage (ttOt. = 5.1 sec) polansde 9. + 0.450 V (E.C.S.). 
En abscisses les temps (I  sec/division) et  en ordonndes les intensites de courant (2 pAldivision). 
La valeur i = o est repr6sentde par la ligne en trait appuy6 au bas de la figure. (b), oscillogramme 

obtenu avec la mCme dlectrode, stationnaire dans la solution, dans les m&mes conditions. 
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mCme dans le cas de 1'Clectrode hCmisphCrique, slCloignent des valeurs calculCes (ligne 
a). Ceci est expliquC par l'examen oscillographique de chacune des pulsations. 

Dans la Fig. 4(a) on a report6 la courbe oscillographique de 1'Clectrode hCmisphCri- 
que fonctionnant avec un temps de barbotage de 5.1 sec; dans la Fig. 4(b) la courbe 
oscillographique de la m&me Clectrode stationnaire dans la solution. 

L'intensitC du courant expCrimenta1 au temps zCro, c'est-A-dire A l'instant oh la 
bulle de gaz sort par le trou latCral, est dCfinie par 1'Cpaisseur de la couche diffuse qui 
s'est formbe sur YClectrode durant la pCriode qui prCci.de la formation de la bulle. La 
bulle une fois dCtachCe, le liquide effectue une soudaineremontCe ; on a l'amincissement 
de la couche diffuse et lJintensitC du courant varie de ce fait vers des valeurs plus 
ClevCes atteignant un maximum a p r b  une fraction de seconde (t,,,,.). La variation du 
courant A proximitC du maximum peut Ctre plus aisCment observCe dans I'agrandisse- 
ment de la Fig. 5. Une fois le maximum atteint, le courant dCcroit en se maintenant A 

02 0.4 06 08 1 l2 1.4 t 

Fig. 5. Agrandissement des Figs. 4 (a) et 4 (b) dans I'intervalle de t compris entre o et 1.6 sec. 

un niveau bas par rapport au niveau thCorique pendant une durCe d'une seconde. Au 
delA d'une seconde, le courant dCcroit avec une variation trhs proche de la variation 
thCorique, c'est-&-dire t r b  proche de la variation du courant de1'Clectrodestationnaire. 

La quantitC dlClectricitC traversant la cellule durant la pCriode comprise entre la 
formation d'une bulle et celle de la suivante est Cgale B l'aire comprise entre la courbe 
de la Fig. 4(a) et l'axe des temps et s'Ctablit comme suit: 

Qexp. = 1erp.ttot. (2) 

oh : 
I,,,. valeur de YintensitC moyenne du courant, Cgale au courant limite de diffusion 

id, mesu1.6 avec les mCthodes de la polarographie traditionnelle, corrigC du 
courant rCsidu; 

t tot. temps de barbotage. 
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La quantitC dlClectricitC thCorique est reprCsentCe par: 

Qtn. = zth.ttot. (3) 

oh I t  h. est plus grand que I,,,. puisque l'aire dClirnitCe par la courbe de la Fig. 4(b) 
est plus grande que celle dClimitCe par la courbe de la Fig. 4(a). 

En effet, si l'on applique B 1'Cqn. (I) la relation: 

on obtient: 

nFADC nFADC - 
Qth. = ---. ttot. + v 2Vttot. 

r VnD (4) 

En substituant dans l'Cqn. (4) les termes connus pour llClectrode, fonctionnant avec 
t t O t .  = 5.1 sec, et  en combinant avec 1'Cqn. (3) on obtient la valuer de Ith. Cgale A 
6.77 PA. La valeur expCrimentale est I,,,.  = 5.72 PA. 

Le rapport entre llintensitC moyenne du courant exfirimental et 1'intensitC moyenne 
du courant thCorique, c'esti-dire le rapport I,,,. : Ith., n'est pas constant: il croit et 
se rapproche d'autant plus de I que la pCriode de barbotage est plus longue (Tableau I). 

TABLEAU 1 

ttot. Qtn . Q S Z P .  Ztn. Z ~ Z P .  Zcare. ttnaz. 
Zazp. /z tb .  

(set) (PC) (PC) (PA) (PA) (PA)  (set) 

A la suite de ces observations, il a CtC possible de dCduire que la quantitC d'Clectri- 
cite traversant la cellule durant la pCriode qui prCci.de la formation d h e  bulle ne 
peut pas Ctre celle calculCe B partir de 1'Cqn (4), puisque la couche diffuse n'est jamais 
entiitrement dCtruite. Si l'on ouvre le circuit B l'instant mCme oh la solution commence 
sa rapide montCe (t = o) et si on le referme B l'instant oh dCbute sa lente redescente 
(t = to) on remarque que les intensit& de courant mesurCes sur la c'ourbe satisfont 
1'Cqn. (I) B condition que les temps soient calculCs B partir du moment oh s'effectue 
l'ouverture du circuit et non au moment de sa fermeture. Ce fait prouve que 1'Clectrode 
B barbotage rCdle, au moment de la fermeture du circuit, un courant limite de diffu- 
sion &gal B celui que prCsenterait une Clectrode stationnaire non pas au moment de la 
fermeture du circuit, mais apri.s un temps Cgal B to. La quantitC d'ClectricitC qui 
traverse la cellule durant la pCriode de formation de la bulle peut Ctre calculCe en 
intkgrant 1'Cqn. (I) entre les limites to et t to t .  : 
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L'intensitC moyenne du courant dans la mCme pCriode est: 

2h ato 2 b f c  
Zcslc. = a $- - - ---- - - 

vttotl ttot. ttot. 
(6 )  

La courte pCriode de temps to est un terme caracteristique de 1'Clectrode qui dCpend 
de la f a ~ o n  dont I'Clectrode est lavCe durant la remontCe de la solution B la suite de la 
formation de la bulle. La valeur de t o  est d'autant plus petite que le dCplacement de la 
solution par rapport B la petite sph&re de platine et sa vitesse sont plus grands. Durant 
le fonctionnement normal de 1'Clectrode on ne constate aucune interruption du cou- 
rant, mais celui-ci prCsente les variations caracthristiques dCjB illustrCes B la Fig 4(a). 
La quantitC d'ClectricitC 

est reprCsentCe sur le graphique par l'aire dClimitCe pa1 la courbe de 1'Clectrode station- 
naire et celle de 1'Clectrode hCmisphCrique B barbotage. 

Le temps t o  s'identifie avec une bonne approximation au temps t,,,. Si l'on introduit 
dans 1'Cqn. (6), A la place de to ,  les temps auxquels apparait le maximum du courant 
mesurC oscillographiquement, on obtient les rCsultats reportCs au Tableau I. L'accord 
des intensit& du courant limite de diffusion mesurCes avec les mCthodes de la polaro- 
graphie traditionnelle et des intensitCs moyennes calculCes peut Ctre considCrC comrne 
satisfaisant. 
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On a exp6rimentC le comportement d'une sCrie dJClectrodes hCmisphCxiques de platine, 
caractCrisCes par des surfaces comprises entre 0.02 et 0.08 cmz, B diffCrents temps de 
barbotage. On relate le comportement d'une Clectrode ayant une surface de 0.049 cm2. 
I1 rCsulte de I'expCrience que la variation de I'intensitC de courant instantank en 
fonction de 1/1t concorde assez bien avec la variation thCorique calculCe sur la base de 
1'Cquation valable pour la diffusion sphCrique. 

On a confront6 les variations des courants limites de diffusion et les variations 
thCoriques et on a dCfini un temps t o ,  caractCristique pour chaque Clectrode, capable 
d'exprimer la diffCrence du comportement exphimental par rapport au comporte- 
ment thCorique. 

SUMMARY 

We have investigated the behaviour of hemispherical bubbling platinum electrodes 
of surface areas o.oz-o.08 cm2 at differentratesof bubble formation. Results aregiven 
for an electrode of surface area 0.049 cmz. I t  was found that the relationship between 
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the value of the instantaneous current and 1/1/t was in approximate agreement with 
the theoretical relationship calculated on the basis of the equation governing spherical 
diffusion. We have calculated from experimental and theoretical values of the limit- 
ing diffusion currents, a value t o  for each electrode. This value expresses the difference 
between experimental and theoretical behaviour. 
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The chronopotentiometric reduction of oxygen has been studied at  mercuryl, pla- 
tinum2 and palladium3 electrodes. The products and mechanism of the reaction de- 
pend on the metal used and on the electrolytic history of the electrode. In particular 
the formation and reduction of oxide films on platinum and palladium electrodes are 
found to have a profound effect on the characteristics of chronopotentiograms sub- 
sequently obtained. Although several aspects of oxygen reduction at  gold have been 
investigated4+,6, little attention has been directed to the effect of electrode pre- 
treatment on the nature of the reaction. In this communication a systematic study of 
the chronopotentiometric reduction of oxygen at  gold electrodes in various media is 
reported. 

EXPERIMENTAL 

The electrical circuit was the same as that used in a previous study7. Measurements of 
transition time were made with a Dumont 304-H cathode ray oscilloscope. In the 
manual method the electrolysis was interrupted when the oscilloscopic trace had reached 
a pre-determined transition potential. The transition time was then read directly from 
a Model S-10 electric stop-clock (Standard Electric Time Co.) which operated when 
the electrolysis circuit was closed. In the photographic methods the complete oscillo- 
scopic trace was photographed and the transition times were measured from the 
photographs. All chronopotentiograms presented in this paper were recorded with 
a Sargent Model MR strip-chart recording potentiometer whose full scale response 
time was one second. 

The electrolysis cell has already been described, see ref. 7, p. 380, Fig. 2. Gold wire 
working electrodes were constructed from pure gold wire (Eastern Smelting and Re- 
fining Co., Boston) of radius 0.0255 cm. All but a 1-3 cm portion of the gold wire was 
covered with a layer of Tygon paint (Type K-63, U.S. Stoneware Co.) thus exposing a 
cylindrical surface to the solution. An electrode sealed in glass with Varno-Cement 
(Varniton Company, Los Angeles) covered with paraffin gave results indistinguishable 
from those obtained with a Tygon-coated electrode. All experiments were carried out 
with the cell in a water thermostat with a temperature controlled to -& 0.05'. 

Chemicals for supporting electrolytes were of reagent quality. Distilled water of 
specific conductance less than 2 .IO-6 S1-1 cm-1 was used to prepare all solutions. The 
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oxygen was supplied by the Air Reduction Company and was guaranteed to be 99.5% 
pure, the major impurities being argon and nitrogen. 

OXYGEN REDUCTION IN SODIUM HYDROXIDE SOLUTIONS 

Clzaracteristics of oxygen ch~onopotentiograms 
Figure I shows a series of chronopotentiograms for the reduction of oxygen at a 

gold wire electrode in oxygen-saturated 1.0 M sodium hydroxide. Three minutes 
before curve I, Fig. I, the electrode had been anodized to oxygen evolution, forming a 
gold oxide film on the electrode. The first wave in curve I corresponds to the reduction 
of this gold oxide film, and the next two waves are due to reduction of oxygen. 
Anodization to oxygen evolution followed by a cathodization, producing a chrono- 
potentiogram identical to curve I, constituted the standard electrode pre-treatment 
used throughout this investigation. Curves 2-5 of Fig. I were recorded after curve I 
with successively longer intervals of time between trials. 

I 
TIME 

Fig. I .  Typical oxygen reduction chronopotentiograms in 1.0 M NaOH; i = 104.6 PA, electrode 
area = 0.168 cmz, temp. = 25.00". 

In Fig. I it can be seen that the first transition time is somewhat longer at an elec- 
trode which has been recently pre-treated (curve 2) than it is a t  an electrode which 
has been in contact with the solution for a longer period of time after pre-treatment. 
It will be shown later that the first transition time at  a recently pre-treated electrode 
is too long to correspond to the diffusion-controlled 2-electron reduction of oxygen to 
hydrogen peroxide. However, as the time after pre-treatment increases, the first 
transition time becomes shorter approaching the value corresponding to the 2-elec- 
tron reduction. When the electrode was again pre-treated after curve 5 ,  Fig. I, and 
3 min was allowed to elapse, a chronopotentiogram identical to curve 2 was obtained. 
The enhancement of the first transition time observed immediately after electrode pre- 
treatment (anodization followed by cathodization) will be desigrlated the activation 
effect. The subsequent decrease of the first transition time and the concomitant in- 
crease in the over-potential of the first wave will be called the aging effect. 
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The second characteristic of the oxygen chronopotentiograms is that the total 
transition time (measured from the beginning of electrolysis to the inflection in the 
second wave) remains constant and is independent of the history of the electrode. 
This demonstrates that the overall electrochemical reaction of oxygen is always the 
same. 

The overall electrochemical reaction was identified by studying the variation of the 
total transition time with the current density. The theoretical expression relating the 
transition time to current density for chronopotentiometry with cylindrical elec- 
trodes has been derived by PETERS AND L I N G A N E ~ .  

i t 1 1 2  nl12nFDl/2 I 
-- - 
AC" n1/2Dl/2rl/2 J ) T  3 n 1 / 2 D 3 / 2 7 3 / 2  I (1) 

+ - -  + ... 
4 y 0 2  32y03 

where i is the current (amp.), z is the transition time (sec), A is the electrode area 
(cmz), CO is the concentration of the electroactive species (moles/cm3), n is the number 
of Faradays of electricity per mole of reaction, F is the Faraday constant (96493 C), D 
is the diffusion coefficient of the electro-active species (cm2/sec), and ro is the radius of 
the electrode (cm). Additional terms in the denominator on the right-hand side of eqn. 
(I) have been derivedg.10 and are used in all calculations reported. 

The results of measurements of the total transition time in 1.0 M sodium hydroxide 
over a wide range of current densities are presented in Table I. The chronopotentio- 
grams were recorded at  15 min intervals with no pre-treatment between trials since 
pre-treatment does not affect the total transition time. Theoretical values of i(zl + 
z2)l12/AC0 were calculated from eqn. (I) using 1.79. 10-5 cmvsec for the diffusion coef- 
ficient of oxygen2.Thesolubility of oxygenin1 M sodiumhydroxideat 25" is 8,45.10-4M 
a t  one atmospherell. The atmospheric pressure during the experiment was slightly 
less than one atmosphere and the oxygen contained 0.5% inert gases. When correc- 
tions were made for these factors, the concentration of oxygen in the solution was 
calculated to be 8.38.10-4 M. The value of n in eqn. (I) was assumed to be four to 
correspond to the overall reaction in alkaline solution 

In Fig. 2, the data of Table I are plotted vs. transition time. The solid curve labelled 
n = 4 is the theoretical curve. 

The good agreement between the experimental results and the theoretical predic- 
tions based on an independent measurement of the diffusion coefficient and the 
assumption that n is four, demonstrates unambiguously that the total transition time 
for oxygen reduction represents the +electron, diffusion-controlled reduction to 
hydroxide ion. 

Although the total transition time is invariant, the first transition time varies 
extensively. The effect of electrode pre-treatment was investigated in a series of ex- 
periments carried out in 1.0 M sodium hydroxide. The electrode was subjected to an 
anodic-cathodic pre-treatment for a given time before a chronopotentiogram was 
recorded. The first transition time was found to be reproducible provided the time 
elapsing after the pre-treatment was carefully duplicated. In  this case the oxygen 
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concentration was 8.43 . I O - ~  M. The results of these experiments are summarized in 
Tables z and 3. The data in Table z were obtained with 15-sec stirring and a 45-sec 
unstirred period following the pre-treatment. In Table 3 the time elapsing after pre- 
treatment was 10 min (9 min stirring, I min quiet). 

I I I I I I 
4 8 12 16 2 0  

I 
TRANSITION TIME, SECONDS 

Fig. 2. i7l/2/AC0 as a function of transition time in 1.0 M NaOH. Open circles, data for total transi- 
tion time (Table I)  ; crosses, data for first transition time I min after pre-treatment (Table 2) ; solid 
circles, data for first transition time 10 min after pre-treatment (Table 3). Solid curves are theore- 

tical curves for 2- and 4-electron processes. 

TABLE 1 

CHRONOPOTENTIOMETRY OF OXYGEN AT A GOLD CATHODE I N  I M SODIUM HYDROXIDE 

(TOTAL TRANSITION TIME) 

Transition times measured by the photographic method, 15 min between trials. Times given are 
averages of three trials. Average deviation given in parentheses. Temp. = 25.00 f 0.05". Concn. 
of oxygen = 8.38 I O - ~  M. Area of electrode = 0.485 cm2. Theoretical values of i(tt  + tz)'/2/AC0 

calculated from eqn. ( I )  and assumption that n = 4. 

  TI + TZ)'/~/ACO 
(A sec1/2 cmlmole) 

obs. theor. 

r 660 I497 
I 602 1531 
1607 156.5 
1613 I 603 
1649 1641 
I 690 I 670 
1710 1713 
I794 1772 
1853 1861 
'958 I949 

The currents in Tables 2 and 3 have been corrected for the simultaneous charging 
of the electrical double-layer and the reduction of any spontaneously formed oxide 
film by means of the relation proposed and tested earlier798. 
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TABLE 2 

CHRONOPOTENTIOMETRY OF OXYGEN AT A GOLD CATHODE I N  I M SODIUM HYDROXIDE 

(FIRST TRANSITION TIME) 

Transition times were measured by the photographic method one minute (15 sec stimng, 45 sec 
quiet) after electrode pre-treatment. Times given are averages of two trials. Average deviation 
given in parentheses. Temp. = 25.00 f 0.05". Concn. of oxygen = 8.43. I O - ~  M. Area of electrode 

= 0.477 cm2. 

iMm. = iOm. - 211~1 (see text) 

itl1/2/AC0 
 OM. 71 2 COIT. (A secll2 cm/mole) 
(PA) f set) (PA) 

obs. corr. 

1408 0.96 ( f  0.002) I 190 1081 913 
789.4 0.305* 720 1080 985 
425.9 1.16 (k0.06) 408 I 136 1089 
350.0 7.79 (f 0.13) 338 I 160 I 120 

310.4 2.47 (f 0.01) 301.9 I 209 1176 
260.8 3.42 (f0.28) 254.7 1 I95 1167 
222.7 5.28 (f  0.22) 218.7 1268 I245 
188.5 8.72 (f 0.14) 186.1 I379 1361 
167.8 12.44 (k0.06) 166.1 1466 '451 
I42.3 20.88 (+0.20) 141.3 1610 I599 

* One trial only 

TABLE 3 

CHRONOPOTENTIOMETRY OF OXYGEN AT A GOLD CATHODE I N  I M SODIUM HYDROXIDE 

(FIRSTTRANSITION TIME) 

Transition times measured by the photographic method ten minutes (9 min stirring, I min quiet) 
after electrode pre-treatment. Times given are averages of two trials. Average deviation given in 
parentheses. Temp. = 25.00 f 0.05'. Concn. of oxygen = 8.43.10-4 M .  Area of electrode = 

0.477 cmz. 

ioom. = io-. - zr/tl  (see text) 

i t l l l ~ A C O  
iom. t l  Z C ~ .  (A seclla cm/mole) 

(PA ) f set) (PA) 
obs. cow. 

where Q is the quantity of electricity consumed in any process other than the reduction 
of oxygen. In this case, the quantity Q was evaluated by exposing the pre-cathodized 
electrode to the oxygen-saturated 1.0 M sodium hydroxide for 15 min. The electrode 
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was then removed and placed in oxygen-free 1.0 M sodium hydroxide for 15 rnin and 
then cathodized. I t  was found that 21 p C  was required to polarize the electrode (0.477 
cmz) to the first transition potential. In 0.10 M sodium hydroxide Q was 17 p C  The 
currents of Tables 2 and 3 have all been corrected via eqn. (3) with Q set equal to 21 

PC. For thesake of comparison both the corrected and uncorrected values of itll/2/AC0 
have been included. 

Similar corrections should undoubtedly be applied to the data obtained for the total 
transition time (Table I). However, no reliable results for Q corresponding to the total 
transition time could be obtained because the second transition potential was too 
close to the hydrogen evolution potential. 

In Fig. 2 the values of i t~ l /~ /AC'  are plotted vs. transition time. The crosses repre- 
sent data from Table 2 and the solid circles represent data from Table 3. The solid line 
labelled n = 2 is the theoretical curve for the 2-electron reduction. The experimental 
data fall considerably above the theoretical curve, i.e., the first transition time is 
greater than the n = 2 value. Furthermore, the data taken 10 rnin after pre-treatment 
are much closer to the theoretical curve than the data taken I min after pre-treatment. 
This is simply another manifestation of the aging effect illustrated in Fig. I. 

The enhancement of the first transition time above the n = 2 value at a recently 
pre-treated electrode undoubtedly is due to the disproportionation of hydrogen peroxi- 
de at the electrode surface. Oxygen is first reduced to hydrogen peroxide which in 
very alkaline solutions is present mainly as HOZ- (Hz02 + OH- = HOz- + HzO, 
K = 180)lZ 

The hydrogen peroxide anion can then disproportionate at the electrode surface 

k h  
2 HOz- + 0 2  + 2 OH- (5)  

where k h  is the heterogeneous rate constant for the disproportionation process. The 
oxygen formed by reaction (5) can then be reduced via reaction (4), thus lengthening 
the time required for the oxygen concentration to decrease to zero at  the electrode 
surface, i.e., the first transition time. After the first transition time, the remaining 
H02- formed in the first step is further reduced to hydroxide ion, 

HOz- + Hz0 + 2 e = 3 OH- (6)  

and oxygen continuing to diffuse to the electrode or being formed by reaction (5) is 
directly reduced to hydroxide ion by reaction (2). 

The relative enhancement of the first transition time depends upon the rate of re- 
action (5). If kh = 0, no oxygen would be regenerated and the first transition time 
would correspond exactly to the 2-electron reduction of oxygen. For larger and larger 
finite values of k h ,  the first transition time becomes longer until i t  finally fuses into 
the second and the resulting chronopotentiogram then has but one wave for the 4- 
electron reduction of oxygen. 

Evidence that the enhancement of the first transition time is due to a kinetically 
controlled process was obtained from the effect of temperature on the chronopotentio- 
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grams. Chronopotentiograms obtained at three different temperatures in 1.0 M sodium 
hydroxide are presented in Fig. 3. Each chronopotentiogram was recorded 3 rnin after 
an anodic-cathodic pre-treatment. The relative enhancement of the first transition 
time with increasing temperature reflects the positive temperature coefficient of k h .  

The effect of sodium hydroxide concentration on the reduction of oxygen a t  a gold 
wire electrode was also investigated. A series of chronopotentiograms recorded in 
oxygen-saturated 0.10 M sodium hydroxide is shown in Fig. 4. Three minutes before 
curve I was recorded, the electrode was anodized just to oxygen evolution. The first 
wave in curve I is due to the reduction of the gold oxide film formed in the previous 

Fig. 3. Effect of temp. on enhancement of first transition time; i = 185 PA, electrode area = 
0.268 cm2. Chronopotentiograms recorded 3 min after electrode pre-treatment. 

TIME 

Fig. 4. Typical oxygen reduction chronopotentiograms in 0.10 M NaOH; i = 134.3 PA, electrode 
area = 0.168 cm2, temp. = 25.00". 
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anodization. This is followed by a single chronopotentiometric wave for the reduction 
of oxygen. Curves 2-5 were recorded after various intervals of time had elapsed after 
curve I. The electrode was not pre-treated between trials. 

In contrast to the behavior in I M sodium hydroxide, a recently pre-treated elec- 
trode in 0.1 M sodium hydroxide was so active with respect to disproportionation of 
hydrogen peroxide that only a single 4-electron chronopotentiometric wave was ob- 
served. Furthermore, the aging of the electrode was much slower than in 1.0 M sodium 
hydroxide, many hours being required before a two-wave chronopotentiogram was 
observed. I t  was again found that the total transition time remained constant as the 
electrode aged. Cathodization also tended to activate the electrode. The first transition 
time of curve 5 in Fig. 4 is considerably greater than in curve 4 although the electrode 
was not pre-treated between these trials. Additional cathodizations continued to in- 
crease the enhancement of the first transition time although the activity manifested 
in curves 2 or 3 of Fig. 4 was never attained. In 1.0 M sodium hydroxide, too, catho- 
dizations tend to reactivate the electrode though the effect is not so large as it is in 
0.10 M sodium hydroxide. 

The dependence of transition time on current density was also studied for oxygen 
reduction in 0.10 M sodium hydroxide and it was found that the observed values of 
i(tl + z2)1/2/AC0 agreed to within 1% of the theoretical values for transition times 
between 0.4 and 25 sec. The theoretical values were calculated from eqn. (I) assuming 
n = 4. The diffusion coefficient used (2.16.10-5 cm2/sec) was the value for 1.0 M 
sodium hydroxide corrected for the difference in viscosities between 1.0 and 0.10 M 
sodium hydroxide by means of the STOKES-EINSTEIN equation13. The solubility of 
oxygen in 0.10 M sodium hydroxide is 1.23.10-3 M 11. The good agreement between 
experiment and theory again demonstrates that the overall electrochemical reaction 
is the diffusion-controlled 4-electron reduction to hydroxide ion. 

The aging effect 
I t  was found that the rate of aging observed with solutions that had been stored 

prior to use was much greater than with freshly prepared solutions. For example, the 

I.OM NaOH 
0 O . l M  NaOH 

2.0- 

1 I I I I 
15 30 45 60 

MINUTES AFTER PRETREATMENT 

Fig. 5. "Apparent n-value" of first wave as a function of time elapsing after pre-treatment. Data 
taken from Tables 4 and 5. 
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data in Tables 4 and 5 were obtained with solutions that had been stored in poly- 
ethylene bottles for two weeks. The "apparent n-values" were calculated from eqn. 
(I) from the observed or known values of 71, i, A ,  CO, D and 7,. In Fig. 5 these "appar- 
ent n-values" are presented as a function of time elapsing after electrode pre-treat- 
ment. I t  can be seen that the first tramition time corresponds to the 2-electron reduc- 
tion after an hour has elapsed since pre-treatment. The "appaent n-value" never 
becomes less than two but approaches two as a limit. With freshly prepared 
solutions (see Figs. I and 4) t1.e aging is much slower, but finally just as complete 
if sufficient time is allowed to pass. With aged electrodes there can be no doubt that 
the two waves of the chronopotentiogram correspond to the step-wise reduction of 
oxygen first to hydrogen peroxide and then to hydroxide ion. 

The aging effect is due to a decrease in the rate of disproportionation of hydrogen 
peroxide as the electrode is allowed to stand in contact with the test solution. Accord- 

TABLE 4 

FIRST TRANSITION TIME; AGING EFFECT IN I M SODIUM HYDROXIDE 

Transition times measured by the photographic method a t  various times after electrode pre-treat- 
ment. Temp. = 25.00 f 0.05". Area of electrode = 0.477 cm2. Electrode radius = 0.0255 cm. 
Concn. of oxygen = 8.43.10-~ M. Theoretical values of i t l l l z /AC " calculated from eqn. ( I )  with 
n = 2 .  Soln. stored in polyethylene bottle. iow. = 312.3 P A .  imm. = ioba. - Z I / T I  (see text) 

Time after i t l l /2 /AC" 
pretreatment T I  icom. ( A  secl/2 rm/mole) "Apparent n-value" 

( m i n )  f set) ( P A )  corr. theor. 

TABLE 5 

FIRST TRANSITION TIME; AGING EFFECT I N  0.10 M S O D I U M  HYDROXIDE 

Transition times measured by the photographic method a t  various times after electrode pre-treat- 
ment. Temp. = 25.00 & 0.05". Area of electrode = 0.477 cm2. Electrode radius = 0.0255 cm. 
Concn. of oxygen = 1.23.10-3 M. Theoretical values of i r l l /2 /ACo calculated from eqn. (I)  with 
n = 2. Soln. stored in polyethylene bottle. iow. = 556.3 F A .  icm. = iow. - 17/11 (see text) 

- - -  -- -- 

Time afler i t l ' /2 /AC0 
pre-treatment 1 1  &om. ( A  sec1/2 cmlmole) " A  pparent n-value" 

( m i n )  f set) ( P A )  COYY. theor. 
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ing to the theory developed by BLACKBURN AND L I N G A N E ~ ,  the catalytic agent for the 
disproportionation is finely divided metal on the electrode surface which is formed 
when the oxide film is cathodically reduced during the pre-treatment process. The 
aging effect is attributed to the oxidation of the finely divided metal by dissolved oxy- 
gen followed by the dissolution of the metal oxide thus formed. The electrode can be 
reactivated by anodizing it to form an oxide film and cathodically reducing the oxide 
to form a layer of finely divided metal. 

An alternative explanation is that the aging effect is due to the accumulation of im- 
purities on the electrode surface either by adsorption or chemical interaction. These 
materials render the surface inactive toward the disproportionation of hydrogen 
peroxide. The activation of the electrode by an anodic-cathodic pre-treatment is due 
to the removal of impurities by the anodization and cathodization processes. 

The fact that the rate of aging with solutions which had been stored for some time, 
was much greater than when freshly prepared solutions were used, favors the latter 
interpretation. Additional impurities could have dissolved in the solutions from the 
walls of the storage containers. In addition the rate of aging in freshly prepared 0.10 M 
sodium hydroxide was much slower than in freshly prepared 1.0 M sodium hydroxide. 
Impurities whose origin is in the sodium hydroxide would be at a 10-fold lower level 
in the former. 

I t  was also found that the activity of an aged electrode could be restored by pro- 
cedures which do not form freshly deposited gold on the surface. In  one experiment 
the first transition time in 1.0 M sodium hydroxide decreasedfrom 5.52 sec two minutes 
after pre-treatment to 3.24 sec thirty minutes later. The electrode was again pre-treated 
and allowed to stand in contact with the solution for 30 min. I t  was then removed, 
washed in I M hydrochloric acid and water, returned to the cell, and a chronopotentio- 
gram was recorded. The first transition time was 4.53 sec instead of the 3.24 sec ob- 
served previously i.e., the rinsing process partially reactivated the electrode. Further- 
more, when a gold oxide film is removed by dissolving in I M hydrochloric acid, an 
activated electrode is obtained. An electrode aged in 1.0 M sodium hydroxide was 
anodized to oxygen evolution. The electrode was removed and exposed to the hy- 
drochloric acid stripping solution for 2 min, a procedure which is known toremove the 
oxide film quantitativelyl4. When the electrode was returned to the cell and a chrono- 
potentiogram was recorded, the first transition time was as large as it was immediately 
after an anodic-cathodic pre-treatment. In other words, freshly deposited gold is not 
a necessary condition for an activated electrode. 

I t  was also found that the presence of a large quantity of finely divided gold was 
not sufficient in itself to cause the electrode to be active. The same electrode used for 
the chronopotentiograms in Fig. I was cathodically polarized at 8.3 mA/cm2 for 100 

sec in a solution 1.6.10-2 M in gold chloride and 2 M in nitric acid. The electrode be- 
came dark brown in color. The electrode was rinsed and soaked in water for 20 min. 
I t  was then placed in oxygen-saturated 1.0 M sodium hydroxide and curve I, Fig. 6, 
was recorded. The enhancement of the first transition time is about the same as it 
is after a single anodic-cathodic pre-treatment (see curve 2, Fig. I) The electrode was 
then anodized to oxygen evolution and then curve 2, Fig. 6, was recorded showing a 
rather extended wave for the reduction of the oxide film and two waves for oxygen 
reduction the first of which is greatly enhanced. Curve 3 wasrelorded 3 min after curve 
2. This chronopotentiogram shows that the pre-treatment has generated a very 
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active electrode. However, even when alarge quantityof freshly deposited finely divided 
gold is on the surface, an anodic-cathodic pre-treatment is necessary to realize the full 
catalytic power of the surface. 

On the other hand, the addition of surface active materials to the solution produced 
results which support the freshly deposited metal theory. Substances which might be 
expected to be strongly adsorbed on the gold surface and thus decrease the rate of 
disproportionation of hydrogen peroxide had no effect on the relative enhancement 
of the first transition time. These included n-amyl alcohol (I%), methyl red (o.oo~O/~) 

-1.41 -j 
TIME 

Fig. 6. Oxygenreductionchronopotentiograms with an electrode covered by a layer of finely divided 
gold. 1.0 M NaOH saturated with oxygen a t  I atm. and 25.00". Gold wire electrode (0.168 cmZ) 
cathodized roo sec a t  8.3 mA/cmz in 1.6.10-2 M gold chloride in 2 M HNOI; electrode was dark 
brown in color. Curve I ,  cathodization. Curve 2, cathodization after electrode was anodized to 
oxygen evolution. Magnitude of oxide reduction wave is larger than curve I. Fig. I ,  since real 

surface area has increased. Curve 3, 3 min after curve 2. i = 87.14 PA. 

Fig. 7. Effect of cyanide ion on the enhancement of the first transition time. 0.10 M NaOH satu- 
rated with oxygenat I atm. and 25.00". Curve I, cathodization3 min after electrode pre-treatment. 
Curve 2, cathodization 3 min after pre-treatment except solution made 10-5 M in NaCN (added af- 

ter pre-treatment). Area of electrode = 0.168 cm2, i = 134.3 PA. 
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and Triton X-IOO (Rohrn and Haas Co.) detergent (3%). However, materials which 
could aid in the dissolution of freshly deposited gold via oxidation by dissolved oxygen 
and complexation had a profound effect on the first transition time. As little as 10-7M 
sodium cyanide or sodium iodide, in 0.10 M sodium hydroxide caused the normal 
single wave (curve 2, Fig. 4) to split into two waves. Higher concentrations caused the 
two waves to assume the correct ratio for the step-wise reduction of oxygen. This is 
shown in Fig. 7. Curve I is the normal oxygen chronopotentiogram in 0.10 M sodium 
hydroxide 3 rnin after pre-treatment. Curve 2 was recorded under conditions identical 
to those in curve I except that immediately after the pre-treatment the solution was 
made 10-5 M in sodium cyanide. The "apparent n-value" for the first transition time 
in curve 2 is 2.09, demonstrating that the presence of sodium cyanide completely re- 
moves the catalytic activity of the electrode. 

Identification of hydrogen Peroxide as intermediate 
In addition to the evidence presented that the "apparent n-value" for the first 

transition time at an aged electrode is 2, it was also found that when hydrogen peroxi- 
de was added to an oxygen-saturated 1.0 M sodium hydroxide solution, the second 
wave of the oxygen chronopotentiograrn was lengthened to an extent directly depen- 
dent upon the hydrogen peroxide concentration. This demonstrates that the inter- 
mediate formed in the reduction of oxygen is reduced at the same potential as hy- 
drogen peroxide. 

Further evidence that hydrogen peroxide is the first stable product in oxygen re- 
duction at gold electrodes in alkaline media, and that this hydrogen peroxide is parti- 
ally consumed by disproportionation, is provided by current-reversal chronopotentio- 
metry. If the product of an electrochemical reduction can be reoxidized at the elec- 
trode in question, it will show a discrete chronopotentiometric wave if the polarity of 
the working electrode is reversed sometime prior to the first transition time. The rela- 
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Fig. 8. Oxygen reduction chronopotentiogram with current reversal. 1.0 M NaOH saturated with 
oxygen at I atm. and 25.00°, i = 55.37pA. Cathodization time ( t l )  = 6.96 sec. Time from current 
reversal to first anodic transition time, r~ = 1.29 sec. Second anodic wave is due to oxide film 

formation. Electrode area = 0.168 cmz. 
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tionship between the electrolysis time before current reversal and the reverse transi- 
tion time for cylindrical diffusion has been derived by MURRAY AND R E I L L E Y ~ ~ .  

A typical current-reversal chronopotentiogram for oxygen at a partially aged elec- 
trode in 1.0 M sodium hydroxide is shown in Fig. 8. The cathodic branch of the chrono- 
potentiogram (tl) lasted 6.96 sec and then the current was reversed. The first oxidation 
wave occurs at the same potential as the wave for hydrogen peroxide oxidation in the 
same mediumla. The second oxidation wave is due to the formation of a gold oxide 
film on the electrode. The observed reverse transition time for hydrogen peroxide oxi- 
dation was 1.29 sec compared to 1.92 sec calculated from the MURRAY AND REILLEY 
relation with the diffusion coefficient of hydrogen peroxide set equal to 1.00.10-5 
cm21sec14. In other words, an appreciable fraction of the hydrogen peroxide formed in 
the cathodic electrolysis had disproportionated and could not contribute to the anodic 
current between tl and tl + ZR, causing t~ to be shorter than the theoretically predict- 
ed value. 

With a freshly pre-treated electrode only a very short reverse-current chronopo- 
tentiometric wave for hydrogen peroxide oxidation can be detected since most of the 
hydrogen peroxide has decomposed. However, in the presence of I O - ~  M sodium cyani- 
de the reverse transition time is within 4% of the theoretical value since the sodium 
cyanide removes the catalytic activity of the electrode surface (see above). 

OXYGEN REDUCTION I N  SULFURIC ACID SOLUTIONS 

Typical chronopotentiograms for oxygen reduction in I M sulfuric acid are shown in 
Fig. 9. Curve I was recorded after an oxide film had been formed by a previous anodi- 
zation. The first wave represents the reduction of the gold oxide film and the second 
beginning at ca. 0.0 V vs. S.C.E. is due to the reduction of oxygen. The other curves in 

TIME 

Fig. 9. Typical oxygen reduction chronopotentiograms in I M HzS04. i = 134.3pA. electrode area 
= 0.168 cm2. 

Fig. 9 were recorded at  various intervals of time after curve I. As the electrode is 
allowed to stand in contact with the test solution, the oxygen reduction wave be- 
comes shorter and the over-potential for the process increases until in curve 7 no 
chronopotentiometric wave at all is observed. The "apparent n-value" calculated from 
eqn. (I) is 1.92 in curve 2. The solubility of oxygen is 1.05 . I O - ~  M " and its diffusion 
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coefficient is 2.02 . I O - ~  cm2/sec2. If the electrode is repeatedly anodized and cathod- 
ized, the transition time becomes longer and the potential a t  which the wave occurs 
becomes more oxidizing. The transition time can then correspond to an "apparent n- 
value" as large as 2.5. 

The effect of current density on the transition time was also studied. The electrode 
had been anodized and cathodized several times after the curves in Fig. 9 were re- 
corded and it was thus in a more active condition. To achieve reproducible results the 
electrode was pre-treated 3 min before each trial. The data are presented in Table 6. 
KO attempt was made to correct the data for the simultaneous occurrence of processes 
other than the reduction of oxygen. The theoretical values of itll12/AC0 were calculat- 
ed from eqn. (I) assuming n = 2. The data of Table 6 are also presented in Fig. 10. 

The solid curve is the theoretical n = 2 curve. The transition times are obviously too 
great for a simple zelectron process. We conclude that the disproportionation of 
hydrogen peroxide, though slower in acid media, causes the first transition time to be 
greater than the n = 2 value. In  sulfuric acid two processes are responsible for the 

Fig. 10. i t l / z / A C o  as a function of transition time for oxygen reduction in I M HzS04. Open 
circles, data from Table 6; solid curve is theoretical curve for ;?-electron process. 
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TABLE 6 

CHRONOPOTENTIOMETRY O F  OXYGEN AT A GOLD CATHODE I N  I M SULFURIC ACID 

u 
0- 
0 * 
+ 7 5 0 -  .. 

1 I I I 
2 4 6 8 
TRANSITION TIME, SECONDS 

- - 
0 

0 

0 
0 - 

0 n = 2  

Transition times measured by the manual method 3 min after electrode pre-treatment. Transition 
potential = -0.10 V us. S.C.E. Times given are averages of two trials. Average deviation given 
in parentheses. Temp. = 25.00 & 0.05". Theoretical values of i t l / 2 / A C o  calculated from eqn. ( I )  

and assumption that n  = 2. 

: 

i t l / 2 / A C 0  
i  t ( A  secllz cm/mole) 

( P A )  (set) obs. theor. 

164.1 0.94 (k0.02) 902 825 
134.3 1.60 ( jo .02)  963 843 
97.44 3.22 (rt0.04) 99 = 873 
87.14 4.23 ( j0 .08)  1016 888 
77.25 6.30 (+0.12) 1099 913 
67.54 9.38 (f 0.06) 1173 945 
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decay of the wave: (i) as the electrode ages its catalytic activity toward the dispro- 
portionation of hydrogen peroxide decreases and the "apparent n-value" approaches 
two, and (ii) simultaneously the over-potential for oxygen reduction increases causing 
the wave to merge into the final potential halt until it completely disappears. I t  is 
this second process which causes the "apparent n-value" to become less than two and 
finally approach zero in the limit. 

OXYGEN REDUCTION IN OTHER MEDIA 

Figure 11 summarizes typical chronopotentiograms obtained in nine different media. 
The current density varies slightly from one solution to another, and the solubility and 
diffusion coefficient of oxygen undoubtedly vary, so the exact magnitudes of the 
transition times cannot be quantitatively compared. However, the chronopotentio- 
grams do provide important clues concerning the nature of the oxygen reduction re- 
action in each solution. 

TIME 

Fig. 1 1 .  Chronopotentiograms for oxygen reduction in various media; current density in pAlcm2 
in parentheses: curve I ,  I M HzSO4 (800); curve 2, phosphate buffer pH = 1.6 (450); curve 3, 
acetate buffer pH = 4.7 (693); curve 4, phosphate buffer pH = 6.7 (693); curve 5, carbonate 
buffer (776) ; curve 6,  phosphate buffer pH = I I (693) ; curve 7, phosphate buffer pH = 12 (693) ; 
curve 8, 0.10 M NaOH with 0.30 M Na~S04  (691); curve 9, 1 .0  M NaOH (519); Temp. = 25.00°, 

ionic strength = I .o. 

Curve I was obtained in I M sulfuric acid. Curve 2 represents oxygen reduction in 
phosphate buffer pH = 1.6. No wave is observed with an aged electrode. Before curve 
2 was recorded, the electrode was subjected to five anodic-cathodic cycles. Curve 3 
was obtained in acetate buffer pH = 4.7 after ten anodic-cathodic cycles. Two distinct 
waves are observed. The over-potential for each increases as the electrode ages but the 
waves never disappear entirely. Curve 4 is a typical curve obtained in phosphate buf- 
ferpH = 6.7 three minutes after a single an~dic~cathodic cycle. Twowaves are observed 
though they are not well differentiated. As the electrode ages the first wave be- 
comes shorter. Curve 5 was obtained in carbonate buffer pH = 9.7 3 rnin after an 
anodic-cathodic pre-treatment. Oxygen reduction is obviously a two-step process in 
this medium also. As the electrode ages the separation between the two waves in- 
creases. 
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Curve 6 (phosphate buffer pH = II), and curve 7 (phosphate buffer pH = IZ), 
were also recorded 3 min after a single pre-treatment. The chronopotentiograms are 
very similar to those observed in sodium hydroxide solutions. There are two waves the 
first of which is too long for a 2-electron reduction. The length of the first wave de- 
creases and the over-potential of each wave increases as the electrode is allowed to 
stand in contact with the oxygen-saturated solution. The aging does not affect the total 
transition time. The main difference between curves 6 and 7 is that the relative en- 
hancement is somewhat greater in the latter. Curve 8 is a chronopotentiogram recorded 
3 min after pre-treatment in 0.10 Msodium hydroxide adjusted to an ionic strength of 
one with sodium sulfate. Curve g was obtained in 1.0 M sodium hydroxide 3 min after 
pre-treatment. Note that the relative enhancement of the first transition time is 
maximal at a hydroxide ion concentration of 0.10 (curve 8) and that it is less at either 
lower (curves 6 and 7) or higher (curve 9) hydroxide ion concentrations. This is in 
qualitative agreement with the observation of BREDIG AND R E I N D E R S ~ ~  that the rate 
of disproportionation of hydrogen peroxide catalyzed by gold sols was greatest at a 
hydroxide ion concentration between 0.01 and 0.1 M and was smaller at either higher 
or lower concentrations. 

I t  is also interesting to note that in acidic solutions the potential at which the first 
wave occurs is about 0.4 V more reducing than the reversible oxygen-hydrogen- 
peroxide potential, 0.440 - 0.059 x.pH V vs. S.C.E.17 (curves 1-4, Fig. 11). Inalkaline 
solution, however, the over-potential of the process decreases until at pH > 12 

(curves 7-9) the quarter-wave potentialof the first wave is equal to the reversible oxy- 
gen-hydrogen-peroxide potential. Similar behavior has been observed with the oxygen- 
hydrogen peroxide system at the dropping mercury electrode's where the system is 
essentially reversible above pH = 10. 

This survey of the chronopotentiometric reduction of oxygen at gold cathodes pro- 
vides several general conclusions : (i) in all solutions studied the first wave in the chro- 
nopotentiogram corresponds to the reduction of oxygen to hydrogen peroxide; (ii) 
in all but the most acidic solutions the hydrogen peroxide is further reduced in a 
second wave; (iii) it is generally more difficult to obtain a well-developed chronopo- 
tentiogram in acidic solutions, often repeated anodizations and cathodizations are 
required; (iv) in most solutions the first transition time at a pre-treated electrode is 
too long for the simple 2-electron reduction of oxygen - this is due to the regeneration 
of oxygen via the disproportionation of hydrogen peroxide; (v) if the electrode is al- 
lowed to stand in contact with the oxygen-saturated solution, two aging phenomena 
are observed - the length of the first transition time decreases and the overpotential 
for the process increases - in the two most acidic solutions, where the waveisvery 
close to the hydrogen evolution potential, the increase in overpotential eventually 
causes the wave to disappear completely. 
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SUMMARY 

Oxygen reduction at gold cathodes was studied chronopotentiometrically. In sodium 
hydroxide solutions two waves are observed. The first of these, due to the reduction of 
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oxygen to hydrogen peroxide, is longer than the 2-electron value due to the surface- 
catalyzed disproportionation of hydrogen peroxide which regenerates more oxygen. 
This effect is most pronounced at an electrode which has been recently anodized and 
cathodized (pre-treated). The effect diminishes as the electrode is allowed to stand in 
contact with the test solution. The total transition time for the two waves isunaffected 
by electrode treatment. In sulfuric acid a single wave due to the 2-electron reduc- 
tion is observed at a pre-treated electrode. In other media of pH between 1.6 and 12, 
two oxygen reduction waves are observed. 
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Chronopotentiometry has received considerable attention in recent years because of 
its promise as an analytical technique and its usefulness in the study of electrode 
processes. Although much attention has been paid to the effect of such factors as elec- 
trode material, electrode geometry and the influence of kinetic factors on the chrono- 
potentiometric wave, the study of the effects of electrical migration has been neglected. 
We have investigated the influence of electrical migration on the transition time in 
plane electrode chronopotentiometry, derived equations describing the effect of 
electrical migration on the transition time, and obtained experimental evidence in 
support of these equations. 

There has been little previous work on the effect of electrical migration on the chro- 
nopotentiometric transition time. SAND' first noted that for the reduction of cupric ion, 
the transition time is enhanced in the absence of supporting electrolyte. He assumed 
that in the absence of supporting electrolyte, the flux, f, in moles/cm~/sec of the cation 
at the electrode surface is given by 

where i is the current (amp), TI is the transference number of thereducible cation, lzl  

is the number of electrons in the electrode reaction, A is the electrode area (cmz), and 
F is the Faraday constant (Clequiv.). Equation (I) rests on the assumption that the 
solution is homogeneous throughout and that the ohmic potential gradient causing 
migration is constant and given by the derivative with respect to distqnce of the prod- 
uct of the constant current and the solution resistance. SAND also used Fick's second 
law as the expression for the time rate of change of depolarizer concentration. These 
assumptions lead to the following expression for the chronopotentiometric constant 
in the absence of supporting electrolyte: 

i ( ~ ) l / S  nl(n)l /2 FD1/2 
-= 
AC1 Z ( I  - T i )  

where z is the transition time (sec), C1 is the bulk concentration of the reducible ion 
(moles/cm3), and D its diffusion coefficient (cmZ/sec). 
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If D is taken to be the diffusion coefficient of the salt (to be defined below), rather 
than the diffusion coefficient of the reducible ion, eqn. (2) is valid despite the fact 
that it rests on erroneous assumptions. In particular, the solution is not homogenous, 
but is less concentrated in the diffusion layer than further away from the electrode. 
The potential gradient is not constant in the diffusion layer, but increases with de- 
creasing distance from the electrode. Furthermore, Fick'ssecond law must be modified 
to include the effect of the potential gradient (see eqn. (6), below). 

Equation (2) may be derived without recourse to the approximations used by SAND. 
I t  is necessary, however, to assume ideal ionic behavior, in order that the diffusion 
coefficient and equivalent conductance of an ion may be simply related. That is, the 
following eqn. (3) must be assumed to hold in the concentration region of interest, 
although it is strictly valid only a t  infinite dilutionz: 

where & is the equivalent conductance of the i t h  ion (Q-lcmz), zi is the charge on the 
itb ion, including sign (z = -I for C1-), and R and T are the gas constant and absolute 
temperature, respectively. 

We shall use the subscript (I) denote the reducible cation and the subscript (3) to 
denote its counter-ion. A supporting electrolyte having the same anion will be assigned 
subscripts (2) and (3). I t  is assumed that the cation is reduced to an uncharged species. 
The x co-ordinate is taken to be possitive away from the electrode surface. 

The fluxes f~ and f3 of the cation and anion in the presence of diffusiveandmigration- 
a1 forces are given by: 

where 35i513x is the potential gradient to which the ions are subjected. The time rate 
of change of each ion concentration is given by: 

Equations (4)-(7) are extensions of Fick's first and second laws to include the effect of 
electrical migration. For fundamental derivations of these equations the reader is re- 
ferred to a recent paper by KIES~  and to the monograph of KOLTHOFF AND LINGANE~. 

Since electro-neutrality must obtain throughout the solution (ignoring the region 
of the electrical double-layer), for a single electrolyte 
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The eledro-neutrality relationship may be used to transform eqn. (7) into an ex- 
pression in C1. 

The potential gradient terms may be eliminated by multiplying eqn. (9) by Dl and 
subtracting the product from eqn. (6) multiplied by D3. 

Rearrangement of terms in eqn. (10) yields eqn. (11). 

The diffusion coefficient of a salt, D,, is defined by eqn. (12). 

Equation (11) may be written 

For chronopotentiometry, the flux of the reducible species at  the electrode surface is 
constant. 

Since the anion is not consumed at  the electrode surface, its flux there is zero. From 
this fact and eqn. (5) we obtain 

The electro-neutrality relation may be introduced into eqn. (15) to obtainanexpression 
in CI. 

Equations (14) and (16) may be combined to eliminate the potential gradient terms. 
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The other chronopotentiometric conditions are, that for C1, the initial bulk concentra- 
tion of the reducible cation 

c l ( x , t )  = C l ,  for all x ,  when t = 0 

Cl(x. t )  = C1, x -+ m, for  all t 

The solution of a system of equations of this form has been given by  SAND^. It is 

At the electrode surface, x = o and 

Writing D, in the numerator of the fraction according to eqn. (12) we obtain 

From eqn. (3) and from the definition of the transference number, given by eqn. (25) 

we find 

But at  t = z (the transition time), Cl(o,z) = o and eqn. (27) is obtained. 

Equation (27) is seen to be identical with eqn. (2). 
A generalization of the treatment given above to cover any amount of supporting 

electrolyte would be extremely difficult. The electro-neutrality expression for more 
than two ions does not allow all ionic concentrations to be expressed as multiples of 
the concentration of one ion, and it is impossible to eliminate all terms in the concen- 
tration of non-reducible ions. An approximate treatment of the polarographic system 
has been made by OKADA et a2.4 for a supporting electrolyte and a reducible electrolyte 
with a common anion. Their expression was obtained by numerical methods and is 
extremely cumbersome. 
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MAMANTOV AND DELAHAY~ have derived an expression for the transition time for 
processes controlled partly by diffusion and partly by migration in a constant poten- 
tial gradient. They assume that mass transfer is controlled primarily by diffusion. 
Their result is 

where x is the specific conductance of the solution in 8-lcm-I The second and third 
terms of the right-hand side are negligible in magnitude and the first termis similar 
to a semi-empirical relation which we shall present below. 

A semi-empirical extension of eqn. (29) is easily obtained if one assumes that the 
form of the equation will remain unchanged in the general case. This seems a reason- 
able assumption in view of the fact that eqn. (27) is of the same form as the ordinary 
SAND equation, the limiting case for a large amount of supporting electrolyte, if D, 
is replaced by DI and TI = o. If we limit ourselves to the case where the counter-ion 
of the reducible species is the same as the anion of the supporting electrolyte, we can 
generalize the definitions of diffusion coefficient and transference number. 

For this case, the transference number of the reducible cation is given by6 

where Ct* is the concentration of the ith ion in gram-ionslcm3. The minus sign be- 
fore z3 accounts for the fact that 23 is a negative number. The transference number ap- 
proaches zero as the amount of supporting electrolyte is made large (CZ, C3 > Cl). 

To generalize the concept of the diffusion coefficient of a salt we must consider the 
problem of the electrostatic coupling of ionic flows in the diffusion layer in the pres- 
ence of small amounts of supporting electrolyte. If one electrolyte isallowed to diffuse 
thvoggh another, a concentration gradient of the initially homogeneous electrolyte is 
built up and then decays as the solution approaches equilibrium. This phenomenon, 
electrostatic coupling, occurs chiefly because the various ions have different mobilities 
and all of the ions contribute to the maintainance of electro-neutrality. I t  is maximal 
when small amounts of supporting electrolyte are present. 

The system in which the common and diffusing electrolyte have one ion in common 
has been treated by GO STING^. He has shown that the ionic diffusion coefficient should 
be replaced by another diffusion coefficient, DU which is defined by eqn. (30). 

For the system TlzS04, KzS04 treated in this paper, thallous ion is reduced at  the 
electrode and KzS04 may be regarded as the initially homogeneous electrolyte. Thus 
Dl = DTI+, DZ = DK+, D3 = DS0t-, and Dll for Tlf is as defined above for particular 
initial concentrations of TlzS04 and KzS04. I t  is to be noted that if CZ, the concentra- 
tion of the supporting electrolyte, is zero, Dl1 = D, and if Cz > C1, Dl1 = Dl. 
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If D, in eqn. (27) is replaced by DII and T I  is defined by eqn. (29), a good fit of the 
data to this equation is obtained. With these substitutions, eqn. (27) becomes 

Equations (27) and (31) have been used to evaluate chronopotentiometric data for the 
reduction of thallous and cupric ions in the presence of various amounts of supporting 
electrolyte. 

Because the mathematical treatment of diffusion-migration problems is simplified 
by the elimination of potential gradient terms from the equations under considera- 
tion, little attention has been paid to the nature of the potentialgradient in theseprob- 
lems. A detailed examination of this gradient is possible for the case where there is 
no supporting electrolyte, where the mathematical manipulations are simple. 

The current in a conductor is the same at any point in the conductor and so may be 
a function of time but not distance. We may write the current in terms of the flux of 
each ion for a solution of a single binary electrolyte according to 

where it is the current as a function of time. The fluxes may be written according to 
eqns. (4) and (5) to obtain 

Terms in C3 may be eliminated by the use of the electro-neutrality relation, zlCl = 
- z&. The resulting equation may be rearranged to give eqn. ( q ) ,  an exact expression 
for the potential gradient at  any point in the solution. 

The two terms on the right-hand side of eqn. (34) are readily shown to be the contri- 
butions from the ohmic potential gradient and the diffusion (liquid junction) poten- 
tial gradient. 

The first term on the right-hand side of eqn. (34), viz., 

is nothing more than the ohmic potential gradient in an electrolyte solution of molar 
concentration C1. This term represents the contribution of the ohmic resistance of the 
solution to the potential gradient. This ohmic contribution is, of course, a function of 
distance because the electrolyte concentration itself is a function of distance. 

The second term on the right-hand side of eqn. (34) is a form of the expression for the 
gradient of the liquid junction potential between solutions of the same electrolyte at  
different concentrations. This point is made clearer if the term is put in the more 
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familiar integrated form, as has been done in eqn. (37). 

The diffusion potential gradient arises because of the inhomogeneity of the solution. 
The diffusion potential gradient may enhance or oppose the ohmic potential gradient 
as Dl is less than or greater than D3. I t  vanishes altogether if Dl = D3. 

Similar arguments can be made about the nature of the potential gradient in a 
solution containing two or more electrolytes. In these cases the equations are much 
more involved. Diffusion potential terms, in particular, become rather complicated 
because of the interdependence of the concentration gradients. 

Because the above arguments are not limited to the case of constant current, the 
description of the potential gradient applies equally well to polarography and other 
voltammetric techniques in the absence of supporting electrolyte. 

EXPERIMENTAL PROCEDURE 

Five times recrystallized thallous sulfate was used as the source of thallous ion. Re- 
agent grade copper sulfate pentahydrate, recrystallized from hot water and stored 
over a saturated sodium chloride solution was used as the source of cupric ion. All 
other chemicals were of analytical reagent grade and were used as received. 

Distilled water, having a specific conductance of 1.1 . 10-6 Q-lcm-1 or less was 
used to prepare solutions containing no supporting electrolyte, or containing a sup- 
porting electrolyte at  a concentration equivalent to or less than that of the reducible 
substance. All other solutions were prepared with distilled water having a specific 
conductance of 2.0 . 10-6 Q-1cm-1 or less. 

The electrolysis circuit has been described in detail in ref. 8. 
The potential change during electrolysis was followed on a Leeds and Northrup , 

# 7664 pH Indicator. The output of this meter was fed into a Sargent model MR 
recorder, whose full-scale response was one second. The pen-recorder trace was used 
as permanent record of the chronopotentiogram and as a means of estimating the 
transition potential. 

The transition time was taken as the inflection point of the potential break of the 
chronopotentiograrn. Transition times were measured by interrupting the electrolysis 
current as the transition potential was reached and noting the elapsed time on a stop 
clock. 

The cell employed (Figs. I and 2) was similar in design to that of  ROUSE^. The 
body of the cell was constructed from a Pyrex inside-ground 45/50 standard taper 
joint. The cell top and bottom were machined of Nylon. A copper disc used to back 
the platinum foil cathode prevented distortion of the foil by the irregular surface 
of the bolt and insured that the foil pressed uniformly against the edges of the cathode 
cavity. The cylindrical platinum auxiliary electrode was immersed in the same solu- 
tion as the cathode. The cell was thermostatted in a water bath maintained a t  25.0 
0.1~. 
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Stirring and deaeration were accomplished simultaneously by passing two streams 
of nitrogen through the cell. One stream flushed out the cathode cavity while both 
agitated and deaerated the liquid. 

Fig. I .  

ment. 

TO 

7 

Chronopotentiometric cell. The auxiliary electrode dips directly into the cathode compart- 
For clarity, the auxiliary electrode has been omitted. The top and bottom of the cell are 

made of Nylon and the bottom is machined to fit a 45/50 standard taper joint. 

Pf FOIL Cu DISC 
\ / 

Fig. 2. Detail of chronopotentiometric cell, showing construction of working electrode cavity. The 
platinum foil cathode is supported by a thick (ca. 5 mm) copper disc to prevent mechanical dis 
tortion of the foil by the steel bolt. The protruding end of the bolt is painted with Tygon paint to 
prevent corrosion. Electrical contact is made by a Tygon-covered wire (not shown) soldered to the 

head of the bolt. 
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Contact between the working electrode and the reference electrode was made by a 
high resistance cracked-glass-seal salt bridge filled with 0.1 M potassium chloride. 
Conductance tests showed that the rate of leakage from the bridge wasless than 4 10-6 

M potassium chloridelh, the approximate duration of a set of measurements. No 
precipitates were observed when solutions exposed to this salt bridge for an hour or 
more were treated with 0.1 M silver nitrate. Furthermore, with all of the solutions, 
the transition time at  a given current density did not depend upon the length of time 
for which the salt bridge had been immersed. Thus, it is safe to conclude that the use 
of this potassium chloride-filled salt bridge does not contaminate the solutions. 

THE EFFECT OF SUPPORTING ELECTROLYTE ON CATHODIC TRANSITION TIMES 

Cupric and thallous ion reductions 
The effect of electrical migration on the chronopotentiometric reduction of a cation is 
to lengthen the transition time for the reduction relative to that which would be ob- 
served at the same cation concentration and current density in the presence of excess 
supporting electrolyte. The product of current density and the square root of transi- 
tion time remains independent of current density over the range of transitidn times 
measured, 3-30 sec. The data in Tables I, 2 and 3 illustrate this. 

TABLE 1 

(area of electrode = 0.201 cm2; temp. = 25.0 f 0.1") 

i t itll2/AC 
(PA) ( set) (A sec112 cm/mole) 

A. No potassium sulfate (5.01 10-8 M TI+), Dl, = 1.56 . 10-5 cm2/sec, TTI+ =0.481. 

Average = 654 f 10; theory = 654 
B. 1.25 - 10-3 M potassium sulfate, Dl, = 1.70. 10-5 cm2/sec, T T ~ +  = 0.323. 

96.0 f 0.01 25.6 f 0.05 479 f 0.5 
123.3 f 0.01 16.1 f 0.2 486 f 1 
253.4 f 0.2 4.12 f 0.05 506 f 0.5 

Average = 490 f 11 ; theory = 520 
C. 2.50 . 10-3 M potassium sulfate, Dl1 = 1.78 . cm2/sec TTI+ = 0.243. 

Average = 457 f 3; theory = 477 
D. 0.250 M potassium sulfate, Dl1 = Dlon = 1.79 - 10-5 crn2lsec; diffusion control. 

Average 362 f 5; theory = 362 

8 Single measurement only. 

J. Electroanal. Chem., 6 (1963) 300-313 



ELECTRICAL MIGRATION I N  CHRONOPOTENTIOMETRY 3O9 

TABLE 2 

THE EFFECT O F  THALLOUS I O N  CONCENTRATION ON THE CATHODIC TRANSITION TIME OF THALLOUS 

SULFATEINTHEABSENCEOFSUPPORTINGELECTROLYTE 

(area of electrode = 0.201 cmz; temp. = 25.0 f 0.1") 

i t i~llz/AC 
(PA) ( set) (A sec1/2 cmlmole) 

A. 1.99 - I O - ~  M thallous ion 

Average 663 f 7 
B. 5.01 . 10-3 M thallous ion, for details see Table I .  Average 654 f 10 

C. 10.4 . 10-3 M thallous ion 

Average 669 f 4 

TABLE 3 

THE EFFECT OF POTASSIUM SULFATE O N  THE TRANSITION T I M E  O F  2.45 . 10-3 M CUPRIC ION (AS 

COPPER SULFATE) 

(area of electrode = 0.201 cmz; temp. = 25.0 f 0.1") 

i t itllZ/AC 
(PA) fsec) (A sec112 cmlmole) 

A. No potassium sulfate, Dll = 0.865 - 10-5 cmz/sec, Tc ,~+  = 0.395. 

63.3 f 0.01 36.1 f 0.06 777 f 3 
95.5 f 0.3 15.8 f 0.05 775 f 4 

123.3 f 0.2 9.34 f 0.06 767 f 2 

190.0 f 0.01 3.99 f 0.01 779 f I 
Average 775 f 5;  theory = 832 

B. 1.00 - 10-3 M potassium sulfate, Dl1 = 0.810 - 10-5 cmZ/sec, TC"Z+ = 0.272. 
47.6 f 0.2 29.1 f 0.3 523 z t  3 
63.5 f 0.01 16.3 f 0.05 522 f 0.05 
96.1 f 0.1 7.17 f 0.07 524 f 3 

135.3 f 0.2 3.65 f 0.05 528 f I 
Average = 524 f 2.5; theory = 669 

C. 2.50 . 10-3 M potassium sulfate Dl, = 0.786 . 10-3  cmalsec, Tc.~+ = 0.183. 
47.6 f 0.01 24.6 f 0.05 482 f 0.5 
63.6 f 0.05 14.2 f 0.05 487 f I 

96.2 f 0.01 6.21 f 0.09 489 f 4 
123.7 f 0.01 3.73f O.O3 486 f 2 

Average = 486 f 3; theory = 587 
D. 0.200 M potassium sulfate. Dl1 = Dt,. = 0.72 - I O - ~  cmzlsec. 
38.0 f 0.05 27.2 f 0.7 445 f 8 
63.6 f 0.04 10.07 f 0.27 447 f 6 
96.3 f 0.05 4.41 f 0.01 449 f 2 

124.0 f 0.2 2.73 f 0.03 453 f 2 

Average = 448 & 6;  theory = 459 
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The plot of itl/2/AC as a function of thallous ion transference number for the re- 
duction of 5.06 . 10-3 M thallous ion (as thallous sulfate) in various potassium sulfate 
solutions (Fig. 3) shows that eqn. (31) is obeyed very well. The infinite dilution ionic 

1 1 1 1 1 1 1 1 l I I I I  
0.1 02 03 0.4 0.5 

Thallous ion transference number 

Fig. 3. A plot of i~112IAC US. thallous iontransferencenumber for the reduction of 5.01 x I O - ~  M 
thallous ion (as Tl~S04) in KzS04 solns. 

conductances and diffusion coefficients have been used to calculate transference 
numbers and thallous ion diffusion coefficients (Dll) for comparison with experi- 
mental results in this figure. 

The chronopotentiometric constant obtained for the diffusion-controlled reduction 
of thallous ion, 362 A secll2 cmlmole, is 5'3, below the value calculated from the in- 
finite dilution diffusion coefficient of thallous ion. This value (2.00 . 10-5 cm21sec) 
is probably significantly higher than the actual value a t  this ionic strength. WANG 
AND POLESTRA~~ measured the diffusion coefficient of thdlous ion in 2-5 . I O - ~  M 
thallous chloride in solutions containing 5-200 - I O - ~  M potassium chloride. They 
observed that in the presence of 200.10-3 M potassium chloride the diffusion coeffi- 
cient of thallous ion is only 1.79 - 10-5 cm2lsec. The value of the diffusion coefficient 
of thallous ion in 250.10-3 M potassium sulfate is probably closer to 1.8 . 10-5 cm21 
sec than to 2.0 . IO-~. The use of 1.79 . 10-5 cmz/sec in the SAND equation gives a 
chronopotentiometric constant equal to that found experimentally. 

The quantity itll2/AC for thallous ion reduction in the absence of supporting elec- 
trolyte varies only slightly with thallous ion concentration (Table 2). The magnitude 
of this variation is sufficiently small (about 3% of izll2IAC) to fall within experimental 
error, and the quantity may be considered to be a constant. 
Equations (27) and (31) predict that itll2/AC should be independent of thallous ion 
concentration. 

Both the diffusion coefficient11 of thallous sulfate and its cation transference num- 
berl2 decrease somewhat with increasing salt concentration, but the changes are small 
in the concentration ranges used in this study and would tend to compensate one ano- 
ther. Since the published data are insufficient to make a valid extrapolation to the 
concentration range of interest here, the infinite dilution values are used for compari- 
son with the data. The observed values of itl/2/AC are within 2% of the value calcu- 
lated from eqn. (27) using infinite dilution parameters. 
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When intermediate amounts of supporting electrolyte are present, izll2IAC is 
found to be about 5-6% below the predicted value. This agreement is very good in 
view of the empirical nature of eqn. (31). 

The enhancement of the transition time for the 2-electron reduction of cupric ion 
is significantly lower than is predicted by eqn. (31). Experimental results may be 
compared with theory in Table 3 or Fig. 4. The chronopotentiometric constant for the 
diffusion-controlled reduction is in good agreement with that calculated from the 

Cupric ion transference number 

Fig. 4. A plot of itllZ/AC us. cupric ion transference number for the reduction of 2.45 . 10-3 M 
cupric ion (as CuS04) in solns. 

infinite dilution diffusion coefficient for copper. The expected values of itllZ/AC for 
reduction of copper sulfate in the presence of small amounts of supporting electrolyte 
were calculated from the infinite dilution parameters. At 2.5 - 10-3 M the transfer- 
ence number of cupric ion in copper sulfate is 0.395 as compared to 0.403 a t  infinite 
dilutionl3. The actual value was used. The diffusion coefficient of copper sulfate as a 
function of concentration is not available, but D,lt probably is not very different 
from its infinite dilution value at  the ionic strength used. 

The relatively poor agreement, then, is not due to uncertainties in the magnitude 
of the parameters, but must be ascribed to the approximate nature of our general 
treatment of migration. 

Benzoquinone 
If the observed enhancement of cathodic transition times with decreasing amounts 

of supporting electrolyte is really due to electrical migration, then one would except 
the transition time for the reduction of a non-polar compound to be unaffected by 
changes in the amount of supporting electrolyte. To test this prediction, 5.10-3 M 
quinone was reduced chronopotentiometrically in the presence of 5 . IO-~  M potas- 
sium chloride and ~ O O - I O - ~  M potassium chloride. The results are presented in Table 
4. In both cases itll2/AC is approximately independent of current density. The value 
is about the samein bothsupportingelectrolytes. The 3% increase (from498 Asecl/2cm/ 
mole to516) withincreasein potassium chloride concentration from5.10-3-500 .IO-~M 
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probably due in part to the small decrease in viscosity (about 2%)  of potas- 
sium chloride solutions in this concentration range. At any rate, the two values of the 
chronopotentiometric constant differ by a value only slightly greater than can be 
accounted for by experimental error and are in good agreement with the value of 
about 483 A sec112 cm/mole found by PETERS AND L I N G A N E ~ ~  on a platinum wire 

TABLE 4 

THE EFFECT OF POTASSIUM CHLORIDE CONCENTRATION ON THE CATHODIC TRANSITION TIME OF 

BENZOQUINONE 

(area of electrode = 0.201 cm2; temp. = 25.0 f 0.1") 

A. 4.52 . 10-3 M quinone in 4.98 . 10-5  M potassium chloride. 

Average = 498 f 8;  theory = 500 (D = 0.86. 1 0 - 5  cmzlsec) 
B. 4.79 . I O - ~  M quinone in 0.498 M potassium chloride. 

Average = 516 f 4; theory = 500 

electrode in I M sulfuricacid.The small effect of supporting electrolyte concentration 
on the reduction of quinone supports the contention that the observed dependence of 
itll2/AC on supporting electrolyte concentration in the case of the reduction of cat- 
ions is due to electrical migration. The increase of izll2IAC with current density may 
be due to pre-adsorption of quinone. At any rate, it is unaffected by supporting elec- 
trolyte concentration, and its presence in no way changes the conclusions about the 
effect of electrical migration. 
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SUMMARY 

Sand's theory of electro-migration in chronopotentiometry has been re-derived and 
extended. The theory, although approximate, satisfactorily describes the enhance- 
ment of cathodic transition times. The behaviour of thallous sulfate in thepresenceof 
little or no supporting electrolyte agrees well with that predicted by the equation 
it1l"AC = (nlnl/2FDl11I2/2(~ - TI)). The enhancement of the cupric ion transition 
time for the reduction of cupricsulfatein the presence of little or no supporting electro- 
lyteisless thanpredictedbythisequation. As expected, the transition time for the reduc- 
tion of benzoquinone is little affected by the concentration of supporting electrolyte. 
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INTRODUCTION 

Experimental investigations of electrochemical adsorption at  the mercury-solution 
interface are based on unequivocal thermodynamic foundations and have been re- 
ported in the literature over many years. Earlier work was mainly concerned with 
inorganic additives but lately more active interest has been centred on the quanti- 
tative behaviour in organic systernsl-7, e.g., with regard to the nature of theisotherm 
for adsorption of neutral organic molecules and related conjugate ions and the role of 
two-dimensional interaction effectsl~2~3~6~7. Adsorption at solid electrodes has been 
somewhat neglected despite its greater practicalimportance in corrosioninhibitionand 
electroplating, and currently available methods suffer from experimental limitations 
or some lack of thermodynamic rigours, e.g., with regard to interpretation of capacity 
measurements9 or maintenance of equilibrium at the interfacelo. The adsorption 
behaviour of organic adsorbates at solid electrodes is of interest in studies of corrosion 
inhibition" and electro-catalytic effects of organic additives12 and in fuel-cell opera- 
tion. 

An U.V. spectrophotometric technique for the determination of theequilibrium ad- 
sorption of organic adsorbates at  solid electrodes was first developed by CONWAY, 
BARRADA~ AND Z~w1~z~113.14 and applied in an interesting way by NEWMILLER AND 

P O N T I U S ~ ~  to studies of adsorption of photographic developers on silver. 
In the present work, we describe further applications of the method and also in- 

dicate some of its limitations. In particular we show that the method can be applied 
to establish the nature of the species, whether ionic or neutral, which adsorbs on the 
metal surface from solutions of some organic bases to which sufficient acid has been 
added to ensure, by protonation, the predominant existence of their conjugate ions 
in the bulk phase. The adsorption of N-methyl quaternised salts of the organic bases 
has also been examined for comparative purposes. 

The thermodynamic functions for adsorption can in some cases be evaluated as a 
function of coverage to yield data for comparison with the previously p~bl i shedl*~ 
adsorption behaviour of similar organic compounds at the mercury-aqueous solution 
interface. 
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EXPERIMENTAL 

Materials alzd method 
The method and apparatus used, and the technique for purification of the solutions 

and electrode surfaces were as previously described13~14. The method allows specifi- 
cally the determination of the adsorption of the organic ion (in organic salt solutions), 
and is thus not complicated by difficulties wbch arise with more indirect thermo- 
dynamic approaches such as the electrocapillary method when protonation acid-base 
equilibria are involvedlJ~3. Adsorption isotherms for acridine, quinoline, pyridine, 
z,g-benzacridine, I,Z-benzacridine, g,4-benzacridine, N-methylacridinium chloride and 
N-methylacridinium methosulphate, were determined on pure nickel, copper and 
silver (in the form of wire-gauze helices13 700 cm2 in area) from aqueous solutions 
using conductance water ( x  = 5 -IO-' mho cm-I), methanol and acidic aqueous solu- 
tions (HC1 and HC104) as solvents. Ultra-purification is unnecessary as shown previ- 
ously'3. 

Typical isotherms are shown in Fig. I (a, b, c, and d). For the evaluation of the 
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- 5 10 15 20 25 30 35 40 
Amount left in solution (moleculesxl~~'~ per cm3) 

Fig. ~d 

2 yo. I t I 
2 5 50 75 q Concentmticm in soluticm ( molecules C~~-~AO- ' )  

Fig. re 

Fig. I .  (a), isotherms for adsorption of pyridine and quinoline on nickel and silver a t  22" from aq. 
soln; (b), isotherms for adsorption of z,j-benzacridine on silver a t  22' from methanolic soln; 
(c), isotherms for adsorption of N-methyl acridinium chloride on copper a t  22' from aq. soln.; 
(d), isotherms for adsorption of N-methyl acridinium methosulphate on copper a t  22' from aq. 
soln.; (e), comparison of isotherms for adsorption of acridine on silver a t  2z0 from 0.1 N HCl and 

0.1 N HC104 aq. solns. 

AcrMine on copper 
9 . 5 1 .  _ . . 0 -  

90 

A c r i d i  on nickel 
x ./ " X -------- C- 

8 8.0 
Y 

Fig. 2. Apparent standard free energies of adsorption of heterocyclic bases on copper and nickel 
a t  22' as a function of fractional coverage 8.  

& 75- 
a 

thermodynamic functions, isotherms were obtained at  22' and 80' and a series of 
isotherms for acridine on silver, copper and nickel are shown in Fig. 2. Where not 
otherwise stated, all data reported have been obtained at  22'. 
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A number of unsuccessful attempts were made to obtain isotherms for 1,2,7,8- 
dibenzacridine, 1,2,6,7-dibenzacridine, 3,4,6,7-dibenzacridine, pyrrole, indole and 
carbazole and only where relevant, will brief mention of these results be made in the 
ensuing discussion. Difficulties arise on account of the low solubility of theseadditives. 

Reagents and solutions 
Pyridine (Baker Analyzed Reagent Grade) and quinoline (Refined Grade) were 

redistilled in nitrogen and i n  vacuo, respectively; acridine (Matheson, Coleman and 
Bell) was recrystallized from methanol and sublimed. 

N-methylacridinium methosulphatel6 was prepared by adding acridine (2 g) to 
redistilled nitrobenzene (10 ml) at 160°, followed by freshly distilled dimethyl sulphate 
(2.2 g). The mixturewas allowed to cool at  once and poured into ether. After an hour, 
the mixture was filtered giving the methosulphate as yellow crystals in 95% yield. 
The salt was recrystallised from methanol and ether. N-methylacridinium chloride 
was prepared from the methosulphate by passing a concentrated aqueous solution of 
the methosulphate through several columns containing a strongly basic anion-ex- 
change resin (Dowex I-X8, Baker Chemical Co.) which had been previously converted 
to the chloride form and washed. The N-methylacridinium chloride was recrystallised 
from methanol and ether and the chloride content checked by volumetric titration 
with silver nitrate (Volhard's method). The salt was found to be almost quantitatively 
stoichiometric. 

Hydrochloric and perchloric acids were of the Baker Analyzed Reagent Grade.The 
methanol used was the "acetone free" reagent grade purified from trace amounts of 
ethanol by standard procedures. Three isomers of benzacridine were obtained by 
courtesy of Professor ADRIEN ALBERT. These samples were allrecrystallised from 
methanol. Pyrrole was purifed by distillation in  vacuo. Indole and carbazole were 
recrystallised from water and methanol, respectively. 

Potentials 
Electrode potentials were maintained near the reversible hydrogen potential for 

the given solution. Variation of electrode potentials from this region resulted in some 
dissolution of the metal, or electro-catalytic reduction of the adsorbate's, which 
could be detected by direct observation of changes of shape and absorption maximum 
in the U.V. absorption envelope for the adsorbate examined. 

RESULTS AND DISCUSSION 

(i) Characteristic difficulties 
Attempts were made to measure the adsorption of acridinium cations on copper, 

nickel and silver. Pyridinium and quinolinium ions were not used because of the re- 
latively smaller amounts adsorbed as shown in earlier experiments with the correspond- 
ing neutral moleculesl3. In order to maintain the organic bases in their fully ionized 
state, with negligible hydrolysis, acidified solutions of the substrates must be used. 
However, the presence of excess acidity gives rise to a problem of a different and diffi- 
cult nature, namely the dissolution of the adsorbent. The presence of traces of copper 
and nickel ions, and/or complexes formed between the metallic ions and the organic 
compounds tends to distort the U.V. absorption bands of the organic adsorbate, thus 
interfering with the spectrophotometric analytical determinations. 
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Copper is normally insoluble in completely oxygen-free acid solutions, but such ideal 
conditions can only be achieved experimentally with considerable difficulty. Acidic 
solutions of acridine, for example, were de-oxygenated by continuous bubbling with 
de-oxygenated nitrogen or hydrogen but complete exclusion of oxygen could not be 
attained. Very small traces of oxygen were sufficient to cause significant dissolution 
of copper which led to interference with the quantitative observation of the U.V. 
spectra of acridine and other organic substrates. 

Satisfactory isotherms for the adsorption of acridinium chloride and, acridinium 
perchlorate on silver have already been reportedl4. 

(ii) Standard electrochemical free energies of adsorption and the isotherm 
In order to investigate the form of the isotherm which could represent the results 

obtained in the present work, and to compare the behaviour of the adsorbates at 
solid metals with that previously observed at  mercury, the apparent relative* stan- 
dard free energies of adsorption AG&, have been calculated from the following equa- 
tion1.3,7 for the standard state of half-coverage (8 = f) by the organic adsorbate 

where c is the bulk concentration in moles/l. When lateral interactions in the inter- 
phase are important, the apparent values of A c i d s .  will vary with coveragel.3, and 
in fact include the coverage dependent term RT lnfe where fe is the activity coefficient 
for the species in the two-dimensional interphase at  a coverage 8**. 

The experimental values of the fractional coverage were obtained directly from the 
observed diminution of concentration of the organic adsorbate in the adsorption cell, 
the known apparent area of the electrode and the volume of solution used. The cal- 
culation of 0 requires also an estimate of the surface concentration at full coverage. 
This was obtained by measuring the planar projected areas derived from space-filling 
scale atomic models (Courtauld type) and the following areas were derived: acridine 
65 82; quinoline 53 8 2 ;  pyridine 38 82. The real to apparent area factor for copper 
was taken as 3.521 and this factor was assumed to apply to nickel and silver electrodes 
prepared with the same pre-treatmentlo. Accordingly, the maximum coverages by the 
heterocyclic bases were estimated to be 5.4 x 1014, 6.7 x 1014 and 9.1 x 1o14 mole- 
cules cm-1 for acridine, quinoline and pyridine, respectively. 

The AGids,  plot for quinoline shown in Fig. 3 (dotted line) departs somewhat from 
linearity especially at low coverage (below 30%). This may possibly be due to some 
experimental uncertainty in the determination of the isotherm at low coverage. The 
best experimental results have always been obtained with acridine and Fig. 3 de- 
monstrates quite clearly that AG,",,, is independent of 8 for nickel and copper as 
distinct from the case of polarised mercury surfaces where there is evidence of sharp 
changes in the slope of plots of 8 (or 8312 when A G G ~ ,  varies with coverage due to 

* The values calculated represent, of course, the difference between the energy of adsorption of 
the organic molecule and that of water at the interface. 
** The true dG.&., which of course must be a constant independent of conditions (except the 
definition of the standard state), can be obtained by extrapolation of the 8-dependent apparent 
values to 8 +  o. 
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dipole repulsionl) vs. AG;,, for several adsorbates, evenat thepotential of zero charge. 
The latter effect can be semi-quantitatively accounted for192 by intermolecular re- 
pulsions arising from orientation of the dipoles in the double-layer at some critical 
concentration and electrode-solution field intensity. Flat orientation which occurs at  
mercury near the potential of zero charge and up to 8 + 0.75, ismaintainedtoappreci- 
able anodic and cathodic potentials only with the least n-deficient moleculessuch as 
2-aminopyridine or with two-ring systems like quinoline '98. I t  is therefore tempting 
to attribute the constancy of AGs",,, with coverage found in the present work, to a 
greater tendency for the heterocyclics to lie flat upon the metal with maximum over- 
lap of n-orbitals with orbitals at the surface of the transition and neighboring metals 
(Cu, Ag, Ni), than occurs at mercury which has no vacant d-surface states (e.g., copper, 
although at  the end of the first transition series, has anomalous adsorption properties 
believed to be associated with vacant surface d-orbitals24 arising by promotion). 
Benzene and toluene are adsorbed at mercury from the vapour phase25 in the flat 
configuration, which is consistent with our observations here. 

The independence of AG8p,,,upon 8 shown in Fig. 3 indicates that the Langmuir iso- 
therm is applicable over a surprising range of surface coverage. The tendency for the 

Adsorption at 80.C 

5 10 15 
Amount remaini in solution 
(molecules x 10-2 per cm3) 

Fig. 3. Adsorption isotherms for acridine on nickel, silver and copper at two temperatures. 

molecule to be adsorbed in the flat configuration will presumably be determined amongst 
other factors, by the n-orbital interaction with the metal discussed above, which is 
then possible. The flat orientation will give no net dipole interaction, since in two 
dimensions, the flat heterocyclic bases will tend to be oriented at  random so that 
dG,~d,, will not tend to fall with coverage, due to repulsion effects. 

I t  is still puzzling why under these conditions AGA~, does not numerically increase 
with 8 on account of van der Waals interactionsz. A possible explanation may be that 
as the surface concentration of organic molecules increases and that of water decre- 
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ases, the energy of displacement of the latter will tend to increase and compensate 
coincidentally the higher net energy of adsorption of the organic adsorbate with in- 
creasing coverage. constancy of heat of adsorption with coverage 0 can also arise if 
the surface sites have a distribution of adsorption energies but the film is imrnobile26. 
However, with the present relatively large adsorbate molecules, the van der Waals 
intermolecular attraction potential Uv will become significant beyond about 0 = 0.6 
and an approximate value, for example, for pyridine can be calculated using the fol- 
lowing equation (cf, refs. 1,2,3), 

where 4, is the nearest neighbour interaction potential3 per pair ofmolecules in an 
array of nearest neighbour coordination number C, N is Avogrado's number, z the 
number of outer shell electrons in the molecule, EO the dielectric constant of the sur- 
face layer and R the effective radius of the molecule related to the area (A = nR2). 
(Uv)e-o..rs for pyridine is obtained as approximately 5 kcal mole-1 using a value of3 
about 6 for EO. The latter value is rather uncertain and probably itself varies with 
coverage and molecular orientationl. 

(iii) Adsorption of ionic adsorbates. - Acridine is stronglyadsorbedwhenitisinthepro- 
tonated ionic form in aqueous solutions of excess acid. In such solutions, the acridi- 
nium ion is present in large excess over theneutral molecule and i t  could normally be 
presumed that the acridinium cation is the species adsorbed. In the case of aromatic 
and aliphatic amines, it has been suggested however, that the neutral molecule may, 
in fact, be the adsorbed species active in corrosion inhibition in acid solutionl7-18. With 
heterocyclic bases, where the N-atom is in a conjugated ring, this may not be the case. 

The possible difference of behaviour may be explained in the following manner. 
In the case of heterocyclic bases, both the K+ or N-methyl quaternary ions and the 
corresponding neutral bases could be adsorbed through the n-orbitalsl~2~22 at  the 
N-C bonds so that little difference between their standard free enegies of adsorption 
might be expected, as is found in their adsorption on mercuryl.2 (see below). However, 
with aromatic or alicyclic bases no such n-orbital interaction at  the N-centre is pos- 
sible in the quaternary ions; in the neutral bases, on the other hand, the lone-pair 
orbital on the nitrogen atom is available for interaction with the metal, in fact, it has 
been argued20 that in some cyclic amines, the hybrid character of the C-N and N-H 
bonding at the nitrogen centre approaches sp3. The observationla that quaternised 
aromatic and aliphatic bases are less active as corrosion inhibitors than corresponding 
solutions of the same bases in acids, has led to the suggestion that in the acid solutions 
i t  is, in fact, the neutral molecule which is effective in modifying the kinetics of the 
partial reactions proceeding in the electrochemical corrosion of iron. In the present 
work, strong adsorption of the quaternary ion N-methylacridinium (chloride or metho- 
sulphate) from neutral aqueous solutions was observed (see Fig. I, (c) and (d)) and 
was as strong as that for acridine in HC1 solution where the ionic species would be 
the protonated base. For the N-methyl quaternary ion there can. be no ambiguity 
concerning the species adsorbed and it therefore appears that i t  is justifiable to re- 
gard the adsorption from acridine solutions in acids as involving the protonated ca- 
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tion*. I t  is of interest that the gegen-anion has a specific influence on the adsorption 
of the organic cation as shown in Fig. ~ ( e )  where adsorption of the acridiniumionfrom 
0.1 N HC1 and HC104 is compared. The appreciable difference of adsorption in these 
solutions is probably due to a synergetic effect associated with specific adsorption of 
the C1- anion, an effect sometimes found with mixtures of cationicand anionicleveling 
agents in electro-plating. 

Further evidence concerning the identity of species adsorbed from solutions of 
heterocyclic bases may be obtained from related studies a t  the mercury electrode. 
We have previously shown that the free energies of adsorption of various heterocyclic 
bases in neutral and protonated ionic forms were surprisingly similarl.2. This would 
be the case if the neutral molecules (or the ions) were adsorbed in both the neutral 
and the acidic solutions, despite the fact that in acid solutions the concentration of 
neutral molecules would be very small. From electrocapillary measurements on the 
adsorption on mercury of pyridine in HC11.2 and N-methylpyridinium chloride 
(MePyCl) in HCl23, it is possible to make a direct comparison between the standard 
electrochenlical free energies of adsorption, AGids., of pyridine and MePyCl at  the 
mercury electrode. The figures (for the indicated fractional coverage, 8, by the adsor- 
bate) are shown in Table I. 

TABLE 1 

APPARENT STANDARD FREE ENERGIES OF ADSORPTION AT THE MERCURY ELECTRODE IN kcal mole-' 

A bsmbate 

Pyridine" (KCl) -4.2 -4.8 -4.8 
Pyxidinium+ (HCl) - 4.7 -4.7 -3.5 
M e w +  (HC1) -4.2 -4.9 -4-7 

(Estimated error) f 0.1 f 0.1 f 0.1 

It is seen that at the given potentials, the values of ACaods. for pyridine are quite 
similar to those for MePyCl for which there can be no ambiguity concerning the identi- 
t y  of species adsorbed. This comparison is regarded as valid since the quaternary ion 
differs from the protonated ion only by one methylene group. It is therefore concluded 
that the species adsorbed on mercury from pyridine solutions in aqueous HCl, and 
those adsorbed on silver from acridine solutions in aqueous HC1 or HClOd, are pre- 
dominantly the protonated pyridinium and acridinium ions, respectively, and that 
the comparison between the electrochemical free energies of adsorption of neutral 
and protonated ions is hence meaningful. 

I t  may be noted that in a 10-2 M pyridine solution in I N HC1 (typical concentra- 
tions used in the adsorption measurements), the ratio of the activity of the protonated 

* Unfortunately, in this and other cases (e.g., aniline) the ionic and neutral forms of the molecule 
have quantitatively similar absorption behaviour in the U.V. (below 320 mp). 
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pyridinium ion to that of the neutral pyridine molecule will be about 1.5 x 105 

( ~ K A  = 5.2). In order for the neutral molecule to be preferentially adsorbed, say by a 
factor of ten under these conditions, it is readily calculated that the difference between 
the standard free energy of adsorption of the neutral molecule and that of the conju- 
gate ion must be at  least 8.5 kcal mole-1. The above observations and those given 
previouslyl*2, indicate that the difference between the standard free energy of ad- 
sorption of the bases and their conjugate ions is much less than the limiting figure 
calculated above. The same conclusions apply to acridine ( ~ K A  = 4.5) adsorption 
from acid solutions. In acid solutions, therefore, such molecules are to be regarded as 
predominantly adsorbed in the ionic protonated form. 

(iv) Heats and entropies of adsorption 
The spectrophotometric method was also applied to the estimation of isosteric 

heats of adsorption AH0 of acridine at  copper by obtaining the isotherms at different 
temperatures (Fig. 2) and applying an integrated form of the Clausius-Clapeyron 
equation. At half-coverage of the metal surface, the heat of adsorption may be cal- 
culated as about 5 kcal mole-l (see Table 2). 

TABLE 2 

Coverage 0 
Function Probable error 

0.2 0.3 0.4 0.5 

AH0 (Cu) (kcal mole-') -5.8 -5.1 -5.4 -4.9 f O . 5  
ASo (Cu) (e.u.) I I '4 13 '4 &z 

AH" (Ag) (kcal mole-') -3.8 -3.9 -4.1 - f 0.5 
AS0 (Ag) (e.u.) '4 I4 14 - f z  

For the adsorption of acridine at  silver or nickel, the isosteric heat of adsorption 
could not be calculated (see Fig. 2) since over the range of concentrations studied, 
comparable surface coverages were not obtained at the two temperatures examined 
and even at  lower coverages the same problem remains for nickel. Values of AH0 were 
estimated for acridine on copper and silver at  lower surface coverage and the results 
are tabulated (Table 2) together with the corresponding AS0 values derived from AH0 
and AGO values. The values of AH0 are almost constant (within experimental error) 
with coverage and this is consistent with the observed constancy of the apparent 
standard free energy with coverage (Fig. 2) calculated by means of eqn. (2). 

The main point of interest in the values of the standard entropies of adsorption is 
that they are positive, while in the case of adsorption from the gas phase, entropy 
changes are usually negative on account of loss of degrees of freedom of the adsorbate 
upon adsorption at the interface. An explanation of this apparent anomaly lies in the 
fact that upon specific adsorption of the solute, displacement of several water molecules 
from the surface must occur, the adsorption of the organic additive being competitive 
with that of water, so that these values are relative rather than absolute ones. This 
release of water molecules will be accompanied, per mole, by a positive entropy change 
probably of the order of the entropy of fusion of water. Since, for example, the pyridine 
molecule will be equivalent in area to about five water molecules, it may be understood 
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how a net positive entropy change can result. Also the entropy of the molecule in 
water solution will in any case be less than in the gas phase. 

(v) Role of adsorbate size and structure 
Previously obtained data13 on the relative adsorption isotherms for copper using 

pyridine, quinoline and acridine, indicated an expected trend that the degree of 
adsorption increases with the number of condensed conjugated rings in the molecule. 
Further attempts were made to correlate adsorbate structure with degree of adsorp- 
tion. 

Three characterised isomers of benzacridine and three of dibenzacridine were ob- 
tained from Professor A. ALBERT. The adsorption of these substances was examined 
a t  copper but their solubilities were far too low (less than I O - ~  M) for them to be 
usefully employed. An analogous series (i.e., of compounds differing from one another 
by a six-membered ring) comprising pyrrole, indole and carbazole was explored as a 
second possibility to study the effect of ring size on adsorption at copper. The solu- 
bility of carbazole was again found to be too low for practical use. A further restriction 
was the absence of any sharp absorption peaks in the U.V. spectrum of pyrrole. 

A change of solvent from water to methanol was made in order to overcome the 
difficulties presented by the insolubility of the above compounds. Negligible amounts 
of r,z-benzacridine and 3,4-benzacridine were adsorbed from methanolic solutions. 
With copper, only the isomer z,g-benzacridine was significantly adsorbed (see Fig. 
I (b)). It may be observed that the linear 2,3-benzacridine has the most favourable 
structure for maximum adsorption in a planar configuration. 

Methanolic solutions of acridine, pyridine and quinoline were examined with copper, 
silver and nickel. In all cases, the additives showed little adsorption at nickel and 
silver. Trace amounts were adsorbed by copper, which confirms the trend previously 
reported13 that copper is the best adsorbent of the three metals in these experiments. 
These results also suggest a parallelism between the degree of adsorption and the 
solubility of the adsorbate. This is clearly not the only factor concerned, since quite 
soluble derivatives, e.g., quaternary ions of the bases, are strongly adsorbed from water 
at  mercury, even at  the potential of zero charge. 

An explanation of the negligible adsorption from methanolic solutions is that there 
exists the usual competition between the interphase* and the bulk phase for the solute, 
and in the methanolic solution the organic molecule probably has a higher energy of 
solvation than in water. Only with 2,s-benzacridine is the enhanced solubility in 
methanol sufficiently small for it to be possible to measure a significant extent of 
adsorption over a range of concentratioqs large enough to enable an isotherm to be 
obtained. 

(vi) Effect of variation of applied potentials 
The effect of variation of applied potentials was examined but satisfactory results 

could not be obtained (cf. Ref. 28) with copper and nickel electrodes over any appreci- 
able range of potentials (> roo mV), because of the problems already stated concern- 

* Here we prefer to use the term interphase rather than interface as it allows a better description of 
the two-phase equilibrium which occurs in adsorption. I t  also avoids the introduction of fictitious 
concepts such as adsorption in a two-dimensional interface (cf. GUGGENHEIM~?), a term which is 
preferably to be restricted to the dividing boundary between the adsorbent and ihe solution. 
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ing the dissolution of the metals in acidic media, or electro-catalytic reduction of the 
conjugated adsorbate, which can be observed in the case of acridine by the appearance 
of a new absorption peak in the U.V. which can be followedquantitatively. Alimited 
range of variation of potential has been followed using silver in a quinolinium chloride 
solution as shown in Fig. 4. Reduction still occurs, however, at  cathodic potentials 
higher than -0.5 V vs. the o. I N HC1 calomel electrode. Despite the difficulties in this 

6 

N 

I 
& 5 -  

P 

'0 
* 4 -  

-0 .041  volt (stationary potential ) 

0 0.2 0.4 0 6  0.8 1.0 1.2 1.4 1.6 1.8 

CONCENTRATION IN SOLUTION (molecules x10-I6per cm3) 

Fig. 4. Effect of electrode potential (measured us. 0.1 N HCl calomel electrode) on adsorption of 
quinoline on silver (22') below the potential where electrochemical reduction becomes significant. 

aspect of the work, i t  can be expected that such studies could be made successfully 
with electrodes of more noble metals such as platinum, gold or iridium, at  least a t  
moderateanodic potentials. These experiments have not yet been pursued because of the 
prohibitive cost of making specially fabricated large gauze electrodes of sufficiently 
fine mesh from these metals. 
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SUMMARY 

A spectrophotometric method developed previously has been applied to the examina- 
tion of the adsorption of several organic adsorbates in neutral and ionic form at  vari- 
ous solid electrode materials. Standard free energies and isosteric heats of adsorption 
have been evaluated and their apparent dependence on coverage examined. The 
behaviour of the adsorbates at  the solid metals is compared with that of similar com- 
pounds atthe mercury electrode. As in previous work, difficulties are encounteredwhen 
adsorption at  non-noble metals is studied over a range of potentials. 
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The reduction products of several triphenylmethane dyes have been investigated by 
means of electron paramagnetic resonance (EPR) studies. Previous reportsl-3 have 
indicated that the dyes are reduced through a free radical stage. This investigation 
has endeavoured to demonstrate conclusively the existence of such free radical inter- 
mediates by exhibiting their EPR spectra. 

EXPERIMENTAL 

Commercial DuPont dyes were used without further purification. Saturated solutions 
of the dyes were de-aerated by a stream of nitrogen and then filtered before spectro- 
scopic investigation. Dimethylformamide (DMF) was used as co-solvent with Britton- 
Robinson buffers (pH values quoted throughout this paper are those of the aqueous 
buffer in the solution) ; tetraethylammonium perchlorate was the supporting elec- 
trolyte. The technique of in situ reduction, which has been described previously4, was 
employed on these solutions using a Varian V-4500 EPR Spectrometer. 

RESULTS AND DISCUSSION 

The following dyes (Color Index number in parentheses) were examined: crystal 
violet (681), ethyl violet (6821, malachite green (657), brilliant green (662), fuchsine 
(677), setoglaucine (658) and alphazurine G (712). 

Solutions of crystal violet varying in pH from 3-6 and in DMF concentration from 
15-35% were reduced at  a potential of -1.3 V. The resulting spectrum was a singlet 
with a line width of 1.3 gauss. Further investigation disclosed solvent effects such as 
those noted by K E M U L A ~ .  The EPR resonance disappeared about 1112 h after dissolu- 
tion of the dye, and no spectrum was detected in pure DMF solution. 

Similarly, solutions of ethyl violet were reduced at  -1.3 V. The pH of solutions 
examined ranged from 5-6 and the DMF concentration from 15-35%. The observed 
spectrum which also diminished with time was again a singlet having a line width of 
1.7 gauss. 

The reduction at -1.2 V of solutions of setoglaucine at  pH 6 in 35% DMF produced 
a singlet with line width of 2.3 gauss. The singlet associated with setoglaucine like- 
wise decayed, exhibiting a half-life of about 75 min. Reduction of a fuchsine solution 
at  pH 6 in 35% DMF at  -1.1 V produced a very broad, very weak singlet. The 
extensive line width - approximately 8 gauss - and the weakness of the singlet 
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make it impossible to attribute the resonance definitely to a free radical reduction 
product of fuchsine. However, no resonance was observed prior to application of the 
reduction potential. No distinguishable hyperfine structure was found with any of 
these dyes. 

Using solutions of the other dyes - malachite green, alphazurine G, and brilliant 
green -no radical intermediates were detected by the EPR spectrometer. Investiga- 
tions were camed out on saturated and also less concentrated solutions of these dyes. 
The pH of the solutions was varied from 3-6 , and the DMF concentration was varied 
from 15-35%. No complete explanation has yet been found to account for the failure 
of malachite green, etc. to yield an EPR spectrum upon reduction. However, it 
should be noted that the absence of an EPR spectrum does not preclude the existence 
of the radical intermediate in the reduction. 

If, as mentioned above, the decay of the resonance of the radical intermediates in 
the cases of crystal violet, etc. is attributed to the solvation of the dye cation and the 
subsequent irreducibility of the solvated cations, a similar process might well occur 
with malachite green, etc. Since there is about a 15-min interval between the dissolu- 
tion of the dye and the first scan on the EPR spectfometer, no EPR spectrum would 
be recorded if the solvation process in the cases of malachite green, etc, weresufficiently 
rapid, although a radical might be formed by the reduction of the dye cation, provided 
it remained unsolvated. 
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SUMMARY 

The existence of radical intermediates in the reduction of several triphenylmethane 
dyes has been proved by observation of their EPR spectrum. Certain solvation effects 
concerning the reduction of the dyes have also been substantiated. Under equivalent 
conditions however, the expected spectra from the reduction of other similar tri- 
phenylmethane dyes have not been produced. 
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SHORT COMMUNICATlON 

Short Communication 

Current-Voltage Curves for Zirconium and 
Uranium in Molten Fluorides 

A cathodic wave for the reduction of zirconium(1V) in molten LiF-NaF-KF (46.5- 
11.5-42 mole %) and an anodic wave for the oxidation of uranium(1V) in molten 
LiF-NaF-KF and also in molten zLiF.BeF2 have been observed. Zirconium and 
uranium were added as ZrF4 and UF*. Typical current-voltage curves are shown in 
Fig. I. 

0.75 0.5 0.25 0 -1.3 -1.4 -1.5 
VOLTS VS. PLATINUM QUASI -REFERENCE ELECTRODE 

Fig. I .  Current-voltage curves for UF4 and ZrF4 in molten LiF-NaF-KF, temperature 498': 
(A), oxidation of UF4, concn. UF4 approximately 0.01 M, Pt indicator electrode area 3.1 mm2; 
(B), zero current line; (C), reduction of ZrF4, concn. ZrR approximately 0.06 M, tungsten indica- 

tor electrode area g mm2. 

As previously discussedl, the molten LiF-NaF-KF was contained in a graphite 
cell which was enclosed in a quartz vessel to provide a vacuum or a controlled at- 
mosphere. A similar technique was utilized for the molten zLiF.BeF2 except that 
the graphite cell was enclosed in a nickel apparatus. 

A controlled-potential polarographz was used to record the current-voltage curves. 
In the molten LiF-NaF-KF system the indicator electrode was connected with a 
platinum quasi-reference electrode and an isolated counter electrode. For the zLiF- 
BeFz melt, the graphite cell which had a large surface area as compared tothe platinum 
indicator electrode, was used for both the quasi-reference electrode and the counter 
electrode. 

The reduction wave for zirconium a t  both platinum and tungsten micro-electrodes 
exhibits a half-wave potential of approximately -1.4 V VS. the platinum quasi- 
reference electrode. In general, the waves were better defined when the tungsten 
indicator electrode was used. That the zirconium undergoes a four-electron change 
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was indicated by reverse scans in which reasonably well-defined stripping curves were 
obtained in all cases. On reverse scans, the current passed through zero at  approxima- 
tely f1.25 V; however, the stripping curve exhibited no inflection in passing through 
zero current which suggests reversibility of the electrode process. 

The oxidation of uranium(1V) at a platinum micro-electrode occurred at  half-wave 
potentials of approximately +0.4 and +0.5 V vs. the graphite and platinum quasi- 
reference electrode, respectively. The slopes of logarithmic plots of log (il - i ) / i  vs. E 
were in good agreement with theory3 for a one-electron change. This suggests the 
oxidation of U(1V) to U(V) under the existing conditions. 

In general, the correlation between the limiting current (wave heights) and the 
concentration of the electroactive species was erratic. This may be due in part to the 
surface condition of the electrode as well as traces of oxide impurity in the melt which 
may cause partial precipitation of UOz and ZrOz. However, one of us (G. M.) is 
conducting further studies on the voltammetry and chronopotentiometry of uranium 
in molten fluorides and more detailed results will be presented in a subsequent report. 
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BOOK REVIEW 

Book Review 

Les Rtfactions Chimiques duns les Solvants et les Sels Fondu, by G. CHARLOT AND B. 
TR~MILLON, Gauthier-Villars, Paris, 1963, xii + 602 pages. N.F. 94 ($20). 

This is a remarkably compact collection of information about chemical reactions in 
different solvents. The use of thin paper has enabled the compressionof 600 pages into 
a very convenient small book. 

The first I50 pages introduce the subject in a general way, the overall view being 
stressed rather than the details. Thus the authors use the Born model for the interac- 
tion of ions with the solvent to illustrate general trends rather than attempting a more 
detailed physical interpretation which might satisfy the expert, but confuse the gener- , 

a1 reader. Three principal classes of reaction are considered: acid-base (in the Brran- 
sted-Lowry sense), complex formation (transfer of atoms other than hydrogen) and 
oxidation-reduction (electron transfer) reactions. Limiting types of behaviour are 
described in strongly dissociating and weakly dissociating solvents. The use of gener- 
alised scales analogous to pH scales is extensively and clearly discussed. One of the 
few obscurities is the discussion on page 38 of the use of Onsager'sconductance equa- 
tion for the determination of dissociation constants. The equation quoted is incor- 
rect for the conductance of a weakly dissociated electrolyte and the numerical con- 
stants in it are unidentified. Many references are given at  the end of each section, but 
as they are not individually quoted they would be useful mainly for focussing a liter- 
ature search. 

The greater part of the book consists of data and lists of references for individual 
solvents, including 85 pages on fused salts. The number of references must run into 
several thousand and this book is therefore a most useful source of information, es- 
pecially as some idea of the content of each paper is usually given in the text. The phy- 
sical constants of the solvent given are the dielectric constant and the boiling point 
or freezing point. Most space is naturally given to the reactions which have been 
studied in the solvent and their equilibrium constants. 

Prof. CHARLOT and M. TRBMILLON have made a worthy start to the new series of 
monographs of Inorganic Chemistry under the general editorship of Prof. CHR~TIEN. 
Many others besides inorganic chemists will find matter of interest to them in this 
book. 

ROGER PARSONS, University of Bristol 
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, - while realising that the number of journals in the field of chemistry is consider- 
able. 

- and that creation of a new one should therefore be preceded by extremely 
careful consideration as to its usefulness, 

- while feeling that creation of a journal specially devoted to Organometallic 
Chemistry might be a justified service to this branch of science developing 
across the boundaries of the old established disciplines of organic and inorganic 
chemistry, 

- after having solicited the opinion of a large number of leading scientists in this 
field which is still lacking a publication medium of its own. 

- and having obtained an overwhelming majority of favourable comments towards 
establishing the planned journal, 

- have therefore decided to publish, starting in the course of 1963, this new 
periodical under the name of 

JOURNAL OF ORGANOMETALLIC CHEMISTRY 
This journal will publish 
original papers, review articles, short communications and preliminary notes 
dealing with 
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