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Kinetics of Processes on the Platinum Electrode >

III. The influence of the diffusion of molecular hydrogen
on the capacity of the platinum electrode

By A. Frumkin, P. Dolin and'B. Ershler

It has been shown in the preceding paper that by measuring the
capacity and the ohmic component of the conductivity of a platinum
electrode with an alternating current of variable frequency it is possible
to measure the absolute rate of the discharge stage of H-ions:

H,0% —+ (Pt) + ¢ < (Pt) H+ H,0.

In order that the influence of the evolution and solution of mole-
cular hydrogen on the measurements with an alternating current as
well as the effect of the diffusion process connected with it could be
neglected, the concentration of the molecular hydrogen in the solution
must be insignificant, or the rate of discharge must be much larger
than the rate of evolution of molecular hydrogen,

Our measurements were carried out at potentials more anodic
than that of a reversible hydrogen electrode. It can easily be shown
that even for very small deviations from the hydrogen potential in the
anodic direction, the influence of molecular hydrogen vanishes owing
to a decrease of its concentration. On the other hand, comparison of
the rate of the discharge stage for H-ions with that of the over-all
process of the hydrogen evolution has shown that in HCI the rate
of the former process is 27 times larger than that of the latter. This
means that in the vicinity of the reversible hydrogen electrode poten-
tial, where the concentration of molecular hydrogen is considerable,

1P. Do linand B. Ershler, Acta Physicochimica URSS, 18, 747 (1940).
2P. Dolin, B. Ershler and A. Frumkin, Acta Physicochimica
URSS, 13, 779 (1940).
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the effect of the formation of molecular hydrogen on our measurements
can be avoided if the rate of charging of the electrode is of the same
order as that of the stage of discharge of H-ions; it is only in this
case that the advantage of the first, more rapid reaction over the
second will manifest itself. If, however, the electrode is charged slowly,
so that the formation of molecular hydrogen and its diffusion into the
solution proceed with a velocity but slightly differing from that of the
charging of the electrode, both these processes must cause a depola-
rizing influence and must accordingly affect the polarization capacity.
One must thus expect a marked change in the capacity and in the
ohmic component of the conductivity of the platinum electrode at low
frequencies and in the neighbourhood of the reversible hydrogen
potential.

In fact, as can be seen from Fig. 3 of our first paper and from
Table 1, the capacity and ohmic conductivity curves plotted at low
frequencies display a sharp rise near the potential of the reversible
hydrogen electrode.

Table 1
C in pF/cm.? %— in mhos/cm.?
Frequency fn c. p. s.

0.0V. 0.06 V. 0.0 V. 0.06 V.
10 2060 1410 0.133 0.036
30 1400 1040 0.23 0.084

125 713 683 1.20 0.51

375 535 560 1.41 1.21

1125 30 | 310 3.6 3.64

3375 132 141 4.85 5.0
1

The relations of the polarization capacity to the current frequency,
to the concentration of the substance participating in the electrode
process, and to the rate of diffusion was determined by Warburg?
and later by Kriiger®,

Warburg assumed that the whole current which serves to pola-
rize the electrode is spent on changing the concentration of the sub-

s Warburg, Wied. Ann,, 67, 493 (1899).
4 Kriiger, Z. physik. Chem., 45, 1 (1903).
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stance which determines the electrode potential. He neglected the
existence of a double layer at the electrode — solution boundary and
his conclusions are therefore applicable to certain particular cases only,

Kriiger advanced a theory of the polarization capacity which
accounts both for the double layer and for the influence of the diffu-
sion of the substance which determines the potential. This theory was
based on the assumption that the ions are exchanged between the
solution and the metal instantaneousty. Hence he found that when
a weak alternating current / = asin wf is passed through the electrode,
the concentration ¢, of the substance which determines its potential
at a certain distance x from it varies with the time according to the
following law:

z

cx=c0—B§F,e—7cos(mt—g;-+3), 1)

where ¢, is the concentration of the substance in the bulk of the
solution,

2D sin ¢
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D — the diffusion coefficient, €, —the capacity of the double layer,.
¢ — the potential of the electrode,

The polarization capacity of the electrode is expressed by the:
following equation:

tgd=—

D
F 20

*—( %) E
dc c=cp

Kriiger’s theory was based on the instance of the mercury
electrode. The potential was here determined by the concentration of
the mercury jons. In our case the concentration of the hydrogen ions
is assumed to remain constant, and the equilibrium potential will thus
be determined by the concentration of the molecular hydrogen,'In.

Cc—= (3):
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®

order to apply formula (2) to our case it is necessary, therefore, to
replace the concentration of mercury ions by the concentration of
molecular hydrogen; ¢, denotes therefore in our case the concentration
-of molecular hydrogen in the solution in equilibrium with hydrogen
gas at atmospheric pressure and room temperature, Further, as can
easily be seen, the capacity of the double layer C, must be replaced
by the total capacity of the electrode C at the potential at which the
dnfluence of dilfusion is absent! In all the calculations given below,
we assume that this takes place already at a potential which is 0.06 V.
more anodic than that of the reversible hydrogen -electrode. In order
to apply egs. (1) and (2) we must moreover assume that the estab-
lishment of equilibrium between the molecular hydrogen in the solution
and the hydrogen adsorbed on the surface occurs instantaneously.

Substituting accordingly the numerical values of the quantities
appearing in equations (2) and (3) we obtain for a HCI solution at
.a frequency of 10 c, p. s.

g = : e G

1.5 X 1071 _ . 126
I G e =

-and

1.92 X 105 x]/“x 0
— 126

12.6 X 1073 X 1.2 X 106 XX 0.65

=12000 pFlem2,

From Table 1 we see, however, that in the case of a frequency

of 10 c. p. s. and at the potential of the reversible hydrogen electrode

the capacity is equal to 2060 p.Fjem.? and the ohmic component
to 0.133 mho/cm.2. Complex addition of these quantities gives
2930 wFlem.? for the polarisation capacity; tgd is in this case equal
to 0.98.

According to equations (2) and (3) the effect of diffusion of mole-
-cular hydrogen on the capacity varies inversely as the square root of
the frequency. Hence this effect sould be still observed at sufficiently
high frequencies, but it follows from Table 1 that already at a frequency
-of 125 ¢c. p. s., no rise of the capacity curve at a potential equal to
that of the reversible hydrogen electrode is to be observed.

Kinetics of Processes on the Platinum Electrode. III 797

This shows that our assumption about the instantaneous establish-
ment of equilibrium between the dissolved and the adsorbed hydrogen
is too rough an approximation for these calculations. Consequently, a
complete theory of the polarization capacity of the platinum electrode
must take into account, along with the diffusion velocity, the rate of
electrochemical evolution and solution of molecular hydrogen.

In order to derive a formula allowing for the finite velocity of
the formation of molecular hydrogen we shall make use of the circum-
stance that if an alternating sinusoidal current is applied to the elec-
trode, the relation of the concentration of the substance which determines
the potential of the electrode to the distance x and the time ¢ must be
the same as in Kriiger’s theory, that is,

z

o —Ae_"—’cos(mt—— %+8), (1a)
where
k= Q_f_)’
(0]

and A is a constant.

This formula can.be applied to our case because it gives the rela-
tion of the concentration of the substance to the time and the distance
from a certain surface at which for some reason the concentration varies
according to a sinusoidal law, With the help of equation (la) we can
determine the current due to the diffusion of molecular hydrogen from
the layer directly adjacent to the electrode into the bulk of the solu-
tion in the following way:

Laise, —QFD( ) _=2F VDo A sin (ml‘—l—-m‘}—l— %) 4)

1 This current must at any moment be equal to the current flowing
from the electrode into the solution as a result of the evolution of
molecular hydrogen, because in the contrary case, in the layer of the
solution adjacent to the electrode, infinitely large concentrations would
result,

We shall now determine the magnitude of the second current —
that due to the process Hy <= H + H'. According to the theory of the
hydrogen overvoltage on metals adsorbing hydrogen as developed by

Acta Physicochimica U.R.S.S. Vol. XIIL No. 6. 5
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Frumkin®S$, the evolution of molecular hydrogen will proceed accord;»
ing to the reaction: )

H,0" -+ (Pt) H + e & H, + H,0 + (P1).

It has been shown in the first paper of this series that the kinetics
of the reactions proceeding on the platinum electrode follows Tem-
kin’s kinetic equations derived for a heterogeneous surface. Hence, for
the current flowing from the electrode into the solution, we obtain the

following equation:
off

L i
iH, =9 %Kz [Hle 2 p ol K, [H,] T p~ /-:l(q (5)

where K, and K, are the constanis of the reactions of formation and
of ionization of molecular hydrogen; [H'] the concentration of hydro-
gen ions; [H,] — the concentration of molecular hydrogen, p — the pres-
sure of the atomic hydrogen in equilibrium with a given amount of the
adsorbed substance.

From the equilibrium condition we find:

%ol
— Ky [Ho)o &T,
Ko [H']

Here it must be noted that in all the preceding conclusions the
quantity [H,] was assumed to be constant, This assumtion must now
be dropped, because the problem is to allow for the influence of the
variation of ths concentration [H,] near the electrode on the rolariza-
tion capacity. The concentration of the molecular hydrogea in equili-
brium with the layer of atomic hyd ogen and the jons in the double
layer will be denoted with [H,], and the deviation from this concentra-
tion, with A [H,].

Above we have introduced the conception of the potential of
a hydrogen layer ¢, as an electrode potential at which the ions in the

double layer are in equilibrium with the given amount of atomic hydro-

gen adsorbed on the surface.
In a similar way we shall iniroduce the corception of a poten-

tial ¢ corresponding to that of a hyd ozen electrode in equilibrium with

Po

a given concentration of molecular hydrogen and H'-ions.
il AL
5 A. Frumkin, Acta Physicochimica URSS, 7, 485 (1937).
6 P. Lukowzew, S. Lewina a. A. Frumkin, Acta Physicochimica

URSS, 11, 21 (1939).
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Let us now replace [H,] and p in equation (5) by the correspond-
ing potentials:
200 2A<pH:F
[H]=[H],+A[H]=Ke BT~ IT

= _ KK —pr——gr

P=po+ Ap=1p"m°
and ¢ by ¢,+ Ag. Supposing that Apm, Agm and Ap are small we
can expand the exponential terms of the equation in power sejies and
confine ourselves to the first two terms; this gives

. 1
‘8, 3R, (280, — Apy — Ag), (6)

where
1 4F . 1/,
7= 7 (K K [H [H])”
denotes the resistance found from the slope of the overvoltage curves

at small current densities.

®

The latter expression is easily obtained from the equation %— —
- Rg
48

SR if in the equation unity is neglected in comparison with the

quantity L. Such an approximation appears admissible because, accord-
ing to our measurements, the equilibrium between the hydrogen layer
and the ions in the double layer in the neighbourhood of the rever-
sible hydrogen potential in HCI is established at least 27 times more
rapidly than the equilibrium between the molecular hydrogen in the
solution and the hydrogen adsorbed on the surface of the electrode,
We can thus assume here that at low frequencies the hydrogen layer
of the electrode has enough time to get into equilibrium with the ions
in the double layer, i. e., that Apm=Aq.
Hence 7

K 1
in,= 7 (A9, — A9). (62)

7 Equation (6a) has been derived here on the basis of eq. (5), but it is
9bv10qs that it can be derived on the basis of any overvoltage theory as well
In which the current density under non-stationary conditions is unambiguously
determmed by tiue electrode potential and concentration of molecular hydro-
gen, . e, only one slow stage in the formation of molecular hydrogen is taken

Anto consideration, R, must be thereby determined from the slope of the expe-

rimental overvoltage curves in the vicinity of the equilibrium potential. The
5*
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As has been pointed out, the current flowing into the solution
must be equal to the “diffusion current”

; : 1] — 3
b, =l =g (Agy — A9) = 2F YD Asin (mt—l—- 3+—}) (7)

For small deviations of the potential, we have Apy —=—m (Ao),_,,
where
99y, RT
= ( Jc )c:co_Q—FC—Q

After finding from equation (la) (Ac),_, and substituting it in
equation (7), we obtain

Acp:A[:mcos(wt—i—a)—nsin (mt+3+—:—)], (8)
where
n=2F VDo R,.
Equation (8) can be transformed as follows:
Ap=AQsin (ot +9%+0), (8a)
where
Q=Vn2— V2 nm -+ m*
and

5 m
tgf=1—V2 =
The current used for charging the electrode only is equal to

i, =C®=—caQo sin()\——g—), (9)
where
A=-f 4+ 3 +0.

We shall now resolve the diffusion current into two components:
the ohmic component, which is in phase with the electrode potential,
and the capacity component which is in phase with the charging cur-
rent, i. e., shifted with respect to the former by 90°. We thus obtain

= Azsin (mt—l—a—;—%)_—_A 7 sin (—:——l—ﬁ)siﬂl—Aﬁn; X

X sin (—j—:—— [3) sin ()L'—' %) (10)

theoretical meaning of the constant R, will of course be different in different
cases, but this should have no influence on our subsequent calculations, as we
used values of R; found from experimental results.

Laisr
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Comparing the amplitudes of the capacity component of the diffu-
sion current with the amplitude of the charging current, we obtain the
following expression for the change of the capacity due to the diffusion
of the molecular hydrogen:

o5 @

R Qo

In the same way we find the expression for the change in the
ohmic component of the electrode conductivity

AR™ Rz;Q (12)

The quantities AC and Xlﬁ calculated in this way are given. in
Table 2,

The values of the solubility of hydrogen and of its diffusion coef-
ficient in aqueous solutions at room temperature necessary for the
estimation of » and m were taken from the International Critical Tables.

Table 2
Frequency AC in pF/cm,? Cata A—lRin mhos/cm.?2 —R}-
in potential at a poten-
Satas calc. experim. calc. experim. Oéé‘\l/
10 660 650 1410 0.17 0.10 0.036
50 65 360 1040 0.19 0.15 0.084
125 16 30 683 0.20 0.69 0.51
375 3.5 — 25 560 0.19 0.21 1.20
1125 0.5 — 10 310 0.18 0.00 3.64
3375 0.1 — 9 141 0.18 —0.15 5.0

The coincidence between the calculated and experimenfal values
can be considered satisfactory if it is taken into account that AC

1
and 2R 2resmallf ractions of the quantities Cand 715 beginning from a fre-

quency of 50 c. p, s. in the former case and from 375 in the latter,



802 A. Frumkin, P. Dolin and B. Ershler

The more considerable deviations in the case of AC at 50 C..p.is.

and of 'A‘l]? at 125 c. p. s. are probably due to accidental experimen-

tal errors.
From equations (11) and (13) and also from Table 2 it is clear
that the quantity AC decreases sharply with increase of frequency while

the quantity Xlﬁ remains constant, The latter circumstance is not obser-

ved in the experimental data at high frequencies only because the

quantity 42F for large frequencies is smaller that the experimental
AR

error,

Conclusions

It is shown that Kriigers equation for the polarization capacity
cannof be applied directly to the platinum electrode, because the assump-
tion about the instantaneous establishment of equilibrium between the
hydrogen ions in the solution and the hydrogen adsorbed on the sur-
face of the electrode proves to be too rough an ajproximation.

"~ A relation of the capacity and of the ohmic component of the
platinum electrode conductivity to the frequency of the current is derived
allowing for the finite rate of the reaction of evolution of mole-
cular hydrogen, This relation is confirmed by experimental data.
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