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The formation and reduction rates of the oxide layer of the platinum electrode were inves-
tigated by triangular-wave voltammetry and chronopotentiometry. A rate equation for the 
anodic process has been proposed in order to describe the fact that the electrode potential in-
creases linearly with an increase in the surface concentration of oxygen. The cathodic reduc-
tion of surface oxide obeys the second-order rate law with respect to the amount of oxide cov-
ering the surface.

It has commonly been accepted that, in the 

electrolysis of an aqueous solution, an oxide layer 

is formed on the surface of the platinum electrode 

before any oxygen evolves. The chemical pro-

perties of the oxide and the kinetics of this electrode 

process have been studied by many workers. 1-16) 
The present investigation has been carried out 

by means of chronopotentiometry and triangular 

wave voltammetry in order to understand the
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formation and reduction kinetics of the oxide, 
in a 1 N sulfuric acid solution. In a previous 
paper,14) it was pointed out that the formation 
rate of the oxide can be elucidated by one of the 
following assumptions, either (a) or (b) : (a) the 
apparent rate constant, k, of the electron transfer
step obeys the equation:k=koexp(-gθ), where

θ is the surface coverage of the oxide layer, and

g, a constant, or (b) the reaction involves the 
rate-determining adsorption step of the discharged 
species, which obeys Elovich's rate equation.17) 
In this paper, the rate equation previously pro-
posed for the anodic process14) has been re-exa-
mined for a wider range of current density. For 
the cathodic process, a rate equation has been 
proposed. 

Experimental

All the experiments were conducted at 25℃ in

1N aqueous sulfuric acid solutions prepared by mix-

ing distilled water(sepcific resistance>1×106 ohm・cm.)

and concentrated pure sulfuric acid which had been 

obtained from the Wako Pure Chemical Ind. Co. 

(Osaka). For all experiments, the solutions were 

deaerated by nitrogen gas. 

Two kinds of platinum electrode were used. One 

was a wire electrode of 0.1 cm. in diameter and about 

1 cm. long, while the other was the same in platinum, 

a cross-sectional area of which was exposed. Before 

each run of measurements, the electrode was cleaned 

by dipping it in a chromic acid mixture and washed 

with distilled water. Finally, it was subjected to 

alternate anodic and cathodic polarizations in the 

1 N sulfuric acid solution. A saturated calomel electrode 

was used as the reference electrode. 

Chronopotentiometry.-A series of experiments 

was carried out by using the chronopotentiometric 

technique, with a current reversal. An electronic 

pen-recorder (Model EPR-2TB, Toa Electronics Ltd.; 

pen speed, 0.5 sec. for the full span; input impedance, 

1.8 Mƒ¶) was used to record the potential-time curve 

at low current densities of about 100 ƒÊamp./cm2 or less, 

whereas at higher current densities a cathode ray 

oscilloscope (Model 502-A, Matsushita Communica-

tion Ind. Co., Ltd.; input impedance, 1 Mƒ¶) was 

employed. The electrolytic current passing through 

the cell was switched by means of a mercury switching 

device. 

Triangular Wave Voltammetry.-An electronic 

potentiostat (Model N-EP-2, Nichia Keiki, Sapporo) 

was used in this experiment. The electrolytic current 

was recorded by means of the electronic pen-recorder. 

The maximum sweep rate was limited by the response 

of the pen-recorder; it was about 0.4 V./sec. 

Results and Discussion 

The Anodic Chronopotentiogram and the 

Potential-Current Curve.-A typical chrono-

potentiogram obtained at the current density 

of 32 ƒÊamp./cm2 is shown in Fig. 1. The oxide

layer was formed in the region C and reduced 
in C'. Since the potential-time curve was almost 
linear in C, the increment of surface oxide with 
the electrode potential, dq/dE, was determined in 
this region. The results are listed in Table I in 
terms of nF (dq/dE) *1.
The transition time in C, rd, was always greater

than that in C',τc. The ratio of τa to τc was,

for instance, about 1:0.8 at the current density

of 32 μamp,/cm2. The cause of this discrepancy

is not certain, but this problem will be referred 
to again at the end of this article. 

A typical current-potential curve obtained at 
the sweep rate of 0.2 V./sec. is illustrated in Fig. 2. 
The curve shows two peaks in the region A, where 
the ionization of chemisorbed hydrogen occurs.7)

Fig. 1. Chronopotentiogram of platinum electrode 

in 1 N sulfuric acid solution. 

Current density: 32 ƒÊamp./cm2 

TABLE I. THE VALUES OF nF(dq/dE) AT VARIOUS 

CURRENT DENSITIES

Fig. 2. Current-potential curve obtained by the 
potential sweep experiment with platinum elec-
trode in 1 N sulfuric acid solution. 
Sweep rate: 0.2 V./sec.

17) S. Yu. Elovich and G. M. Zhabrova, Zhur. 
Fiz. Khim., 13, 1761, 1775 (1939).

*1 The value of q is in mol./cm2. The number 
of electrons, n, involved in the reaction concerned 
was assumed to be 2.
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The regions denoted by C and C' correspond to 
those denoted by the same notations in Fig. 1. 
The amount of charge (QH) required in A was
graphically determined to be 4.0×102μcoul./cm.2

while that(Qo)required in C'was 8.2×102μcoul./

cm2. Thus, the ratio QH/Qo was almost 1/2. This 
value coincides with that obtained by Will and 
Knorr,7) who suggested a one-to-one correspondence 
between hydrogen and oxygen atoms on the 
surface of the platinum electrode. 

The Rate Equation for the Anodic Process. 
-The anodic formation rate of the surface oxide 

obeys the following equation, as was pointed out 
in a previous paper.14)

(1)

where ia is the anodic current density;ka and λa,

constants; q, the amount of oxygen deposited to 
form the oxide layer (in mol./cm2), and where 
the other symbols have their usual significance. 
The electrode potential, E, referred to the normal 
hydrogen electrode (NHE), was used in Eq. 1 
instead of the overpotential. 

Since in the experimental conditions dia/dt=0 
in the chronopotentiometry, Eq. 1 may be simplified 
as follows;

(2)

This equation indicates that dq/dE should be 
constant, regardless of the current density. In 
fact, the experimentally-determined values of 
nF(dq/dE) were approximately constant even 
though the current densities employed were in 
a wide range, as may be seen in Table I. The 
slight decrease in nF(dq/dE) with an increase in 
the current density may be caused by another 
reason.*2 

In Eq. 1, there is an additional exponential 
term describing the current dependence upon 
the amount of surface oxide deposited. Such a 
form of rate equation has often been found in 
the chemisorption process,18,19) in which the
activation energy, ε, of chemisorption increases

linearly with an increase in the surface coverage,

θ,of adsorbed species, as is shown by:

ε=ε0+rθ

Since the surface coverage, θ, can be given by

q/qs, in which qs is the amount of oxygen at the 
full coverage, the following equation can be written 
in analoev to Ea. 1:

(3)

A rate equation of this form has also been applied 

to some electrode processes involving the chemisorp-

tion of reactant or intermediate product.20) 

Although Eq. 1 is analogous to Eq. 3 in form, 

it is hard to say whether the process concerned, is 

the chemisorption of oxygen or the surface oxide 

formation. 

For this reason, the term "surface oxide" has 

been used in the present article without any 

specification of its physico-chemical nature. 

The Rate Equation for the Cathodic Process. 
-Since no rate equation has been strictly con-

firmed so far, the following equation will be as-

sumed for the time being;

(4)

where ic is the cathodic current density, and kc 

and ƒÉc, are constants. In contrast to Eq. 1, the 

variable, q, which describes the surface concentra-

tion of oxygen is included in both the pre-

exponential and the exponential terms in order 

to see the effect of this variable. In addition, 

the number of the reaction order, m, was introduced. 

 The time derivative of Eq. 4 is:

(5)

For the chronopotentiometric experiment, where 

the current is kept constant, Eq. 5 can be written 

as:

(6)

by using the relations of nFq=(ƒÑc-t)•ic, and

ic=-nF dq/dt. The slope, dE/dt, at the midpoint 
of the cathodic transition wave is:

Fig. 3. Slope at the midpoint of the cathodic 
transition wave plotted against the reciprocal of 
the transition time (examination Eq. 7). The
current density was kept at 1.8×102μamp./cm2

and the potential at which the anodic current 

as was reversed to cathodic one was changed.

*2 This behavior may be related to the fact that r 

was greater than ƒÑc. If a part of the oxide dissolve 

chemically from the electrode surface, the value o 

dq/dE should decrease with an increase in the curren 

density. 
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(7)

Eq. 7 is examined in Fig. 3, where the slope of the

potential-time curve determined at τc/2 is plotted

against the reciprocal of the transition time. The 

linearity is very good. It must be noted that the 

straight line crosses an ordinate near the point of

origin. This shows a small value of nC(about

2% of λa). Therefore, the exponential contribu-

tion of q in Eq. 4 is negligible, and the term can 

safely be dropped. The slope of Fig. 3 should 

give 2mRT/ƒ¿nF. Assuming n=2,*3 ƒ¿/m is found 

to be 0.13. 

Since, in the potential sweep experiment, the 

sweep rate is constant and dic/dt is zero at the 

point of the cathodic current peak, the following 

equation can be obtained from Eq. 5:

(8)

where v is the sweep rate in V./sec.(v=-dE/dt
for the cathodic potential sweep) and where the 
subscript max denotes the values of each quantity 
observed at the current peak. 

It was observed that the peak current value 
decreases with the decrease in the amount of 
oxide layer deposited anodically. In Fig. 4, the 
reciprocal of the peak current, is plotted 
against 1/qmax. The value of qmax is the amount of 
oxide yet remaining unreduced until the potential 
of current peak is reached. Each qmax value was 
obtained by the graphical integration of the 
current-potential curve. The straight line intersects 
the ordinate at the point of origin, thus confirm-
ing the negligible value of λc. From the slope,

α/m was found to be 0.13.

The reaction order, m, can be determined from 
the potential sweep experiment. The results 
obtained are shown in Fig. 5, where (log ic-m log q)

Fig. 4. The reciprocal of the peak current (imax) 
is plotted against the reciprocal of the amount 
of oxide yet remained at the potential of cur-
rent peak (examination of Eq. 8). 
Sweep rate: 0.1V./sec.
Electrode area:7,8×10-3cm2

Fig. 5. The determination of the number of 
reaction order. 
Sweep rate: 54mV./sec. 
Electrode area: 0.41cm2 

is plotted against the electrode potential. Four 
curves correspond to the arbitrary values of m= 
0, 1, 2 and 3 respectively. A straight line was 
obtained over the whole range of the cathodic 
reduction (C' in Fig. 2) only when m=2. Ac-
cordingly, it can be concluded that the cathodic 
process is a second-order reaction with respect to 
the surface concentration. Therefore, the proper 
rate equation for the cathodic process becomes:

(9)
Another indication that the reaction order 

should be of the second-order was obtained by 

the following examination. 

If the exponent of the amount of the oxide is 

unity instead of two, the following equation can 

be written as in Eq. 9, under the conditions of the

potential sweep experiment, i.e., dE/dt=-v=
constant:

(10)

where the I subscript refers to the first-order reac-

tion and where Et=0 denotes the potential at 

which the direction of the potential sweep is 

reversed. By writing Eq. 10 as;

(10')

and by integrating, using the relation -nFdgldt 
=ic,

(11)

where q0 is the total amount of oxide to be reduced 

and where the other notations are:

*3 Cf. the reaction scheme proposed below.
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Since dic/dc=0 at the current peak,

(12)

By introducing Eq. 12 into Eq. 11, one can obtain 

an expression of the peak current, imax:

(13)

Assuming kIP1•s1*4

(14)

From the last equation, the transfer coefficient, 

ƒ¿I, can be determined by using the peak value of 

the current as determined experimentally. Once 

ƒ¿I is obtained, kI is determined using Eq. 12. 

If, however, the rate is second-order with respect 

to the surface concentration, Eq. 9 can be ex-

pressed in terms of time, i. e.,;

After similar treatment, as has been done with 

the equations from 11 to 14, the following rela-

tion are obtained:

(15)

(16)*4

and by inserting Eq. 16 into Eq. 15:

(17)

Fig. 6. Plot of cathodic peak current against 

sweep rate.

The all and kII parameters can be determined by

means of Eqs. 17 and 16. Equation 14 or 17 

shows that the peak value of the current should 

be proportional to the sweep rate. This is con-

firmed in Fig. 6. 

The values of kinetic parameters determined for 

the first- and second-order reactions are listed in

Table II, where αI and αII were determined from

Fig. 6 using either Eq. 14 or 17. The validity 

of the drived equations, 11 and 15, is examined in 

Fig. 7. It can easily be seen that the curve drived 

from Eq. 15 coincides with the experimental 

curve depicted for the sake of comparison. In

the foregoing examination, the value of a/m was
found to be 0.13, which is lust half as much as

the value of αII=0.26 determined for the second-

order reaction (see Table II). This may, again, 
give the value of m to be two. The apparent 
rate constant, kc in Eq. 9 was determined as
5•~1013 cm2/mol. sec. at 0 V. (vs. NHE).

Fig.7. Cathodic current-potential curves for the

reduction of surface oxide;

- Experimental curve sweep rate:5.4×10-2

V./sec.)

-Calculated from Eq.11

…Calculated from Eq.15

Vetter5) once suggested that hydrogen peroxide 

might be produced during the cathodic reduc-

tion of the surface oxide of the platinum electrode. 

According to him, the number of electrons, n, in-

volved in the anodic oxide formation must be two 

per atom of oxygen deposited, whereas n is unity 
if the cathodic reduction product is hydrogen per-

oxide. Hence, in this case the quantity of charge 

observed in the anodic oxide formation should be 

twice as much as that in the cathodic reduction. 

Although Vetter's assumption was not based upon

TABLE II. NUMERICAL VALUES OF PARAMETERS REQUIRED IN THE CALCULATION OF EQS. II AND 15 
Apparent rate constants, kI and kII, refer to 1.30 V. (SCE), at which the direction of the

potential sweep was reversed. The value of 4a was fbund as 5.1×10-9 mol./cm2.

*4 The validity of this assumption was confirmed

by the derived result,(kI/PI)=1.4×10-7/v. A similar

assumption made in deriving Eq. 16 was confirmed by

the result, (kIIqI/PII)=3.2×10－10/v.
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any direct proof of the formation of hydrogen 

peroxide, its formation has recently been confirmed 
by Peters and Mitchell,21) and also by Bianchi 
and Mussini.22) They observed that hydrogen 

peroxide is produced with a high current efficiency 
during the cathodic reduction of the dissolved oxygen 
on the platinum electrode. Although Liang and 

Juliard23) reported that no hydrogen peroxide was 
detected in the same system, this discordant finding, 
in our opinion, might have arisen from the different 
surface states of the electrode used. 

Since, at the platinum electrode, the cathodic 
reduction of the dissolved oxygen and the surface 
oxide take place voltammetrically in one Step, 24,25) 
the mechanism of the cathodic reduction of these

two species win ae quite stmuar. 1 neretore, it 

is probable that hydrogen peroxide will be pro-

duced intermediately during the reduction of sur-

face oxide. If this is the case, the second-order 

rate law observed by the authors seems to favor 

the elucidation of the hydrogen peroxide formation. 

This problem, together with the reactions of dis-

solved oxygen and hydrogen peroxide, will be 

discussed elsewhere.25)

The discrepancy fbund betweenτa and τc can

be attributed partly to the intermediate formation 

of hydrogen peroxide. The reaction scheme may 

be written, for instance.*5 as:

(I)

(II)

If a part of the hydrogen peroxide formed by the 
bimolecular step (step I) diffuses away from the 
platinum surface without oxidative decomposi-
tion (step II),τc must be less than τa.
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*5 The reactions scheme presented here is the 

simplest one among the several possible reaction paths.


