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Kinetics of Processes on the Platinum Electrode..

I. The kinetics of the ionization of hydrogen adsorbed on
a platinum electrode

By P. Dolin and B. Ershler

I. Introduction

The kinetics of the reacticn of the electrochemical evolution and’
solution of hydrogen, 2H,0” +-2¢ = H, + 2H,0, and of its individual
stages has hitherto been investigated mainly by the method of measur-
ing the overvoltage of hydrogen, The substance of this method is as
follows: from the velocity of the over-all reaction it is concluded which
particular stage of the over-all process, beinz the slowest of all stages,
determines the overvoltage. In the theory of Tafell, for example,
it is assumed that the stage determining the overvollage of hydrogen
is the recombination of atoms. According to the theory of Volmer,
which has been further developed by Frumkin?, the stage determi-
ning the overvoiage is assumed to be the reacticn of the discharge
of H-ionms.

It has been shown by Frumkin?® that in the case of mercury,
if the absence of adsorbed hydrogen on ils surface is taken into account,
all the experimental material on the overvoltage of hydrogen obtained
in the work of Lewina and Sarinsky?, can be fully accounted
for only from the point of view of the theory of the slow discharge.

Tafel, Z. physik. Chem. 50, 641 (1905).

Frumkin, Z physik. Chem., A 164, 121 (1933).

Frumkin, Acta Physicochimica URSS, 7, 475 (1937).

Lewina u. W. Sarinsky, Acta Physicochimica URSS, 6, 491
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In the case of platinum the corresponding experimental material
which should enable the mechanism of overvoltage to be established
unambiguously is insufficient. The data of different authors are extre-
.mely contradictory. Besides, the most interesting data on the influence
of the concentration of the electrolyte and neutral salts on the over-
voltage are absent for platinum.

The object of the present paper was the study of the kinetics of
| a particular stage of the over-all process, namely the stage of the
discharge of ions and of the ionization of hydrogen atoms adsorbed on
platinum by the method of measuring the capacity component and the
ohmic component of the conductivity of the electrode (see below) with
a current of variable frequency. The experiments were carried out in the
interval of potentials from 0.0 to 1.0 V. on the anodic side with respect
to the reversible hydrogen potential in the given solution at a hydrogen
pressure of one atmosphere.

As will be shown below, under these conditions all the stages of

the over-all process, except the stage of hydrogen jon discharge and
| hydrogen ionization, were excluded.
i According to the conception of the platinum electrode developed
by Frumkin and Slygin-", in the case of slow, i. e., equilibrium
charging of the electrode, the quantity of electricity passed through the
electrode, must be used in the following way.

Over the potential range from 0.0 to 0.25 V. (in a HCl solution),
the current will be used mainly in the process of removing or forming
the hydrogen layer adsorbed on the surface of platinum, that is, in the
process of discharge and ionization of hydrogen, and to a certain extent
for charging of the double layer (the so-called hydrogen region). Over
the potential range from -+0.4 to +-0.8 V. most of the curtent is used
for charging the “double layer (the. so-called double-iayer region). At
a potential of -+-0.8 V. the oxidation of the electrode takes place.

When the current is passed through a platinum elecfrode which
is kept at a potential more anodic than the potential of the reversible
hydrogen electrode, that is, under the conditions in which the evolution
of gaseous hydrogen is practically excluded, we shall obviously have

5A. Slygin and A Frumkin, Acta Physicochimica URSS, 8, 791
(1935),
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but one stage:
H,0* -+~ (Pt) 4= e = (Pt) H+- H,O.

The possibility of investigating the rate of this stage alone can
be explained qualitatively with the help of the following reasoning. Let
us consider what will happen if the electrode is charged rapidly, that is,
under such conditions that the hydrogen film has no time to get into
equilibrfium with the ions in the doubie layer,

Let us change the potential of the electrode by Ag from a certain
equilibrium value ¢, passing for this purpose a quantity of electricity AQ.
If the potential of the electrode corresponds to the hydrogen region, the
quantity of electrdcity AQ will be used for charging the double layer
and for the reaction of ionization of adsorbed hydrogen or discharge
of hydrogen ions. We shall assume {hat the former process proceeds
practically instantaneously, while the latter, as any chemical reaction, with
a certain finite velocity. !

For a certain rate of charging, tho hydrogen layer will have no
time to get into equilibrium with the ions of the double layer. Conse-
quently, with increased rate of charging a smaller quaniity of electri-
city AQ will be required to increase the electrode potential by the same
amount Ap. This means that with increase of the rate of charging the
capacity of the electrode decreases. It is clear that the dependence of
the capacity of the electrode on the charging rate will be determined
by the kinetics of the reaction of discharge and ionization. A conve-
nient method for measuring the rate of charging is provided by apply-
ing a current of varable frequency. '

In the case of alternating current and an electrical condenser the
phase angle between the current and the voltage is equal to 90°
In so far as the condenser is charged practically instantaneously, while the
process of discharge and ionization of hydrogen on a platinum electrode
proceeds with a finite velocity, the electrode will give a smaller phase
shift than an electrical condenser, that is, the phase angle of the elec-
trode will lie in the interval between O and 90°, From the theory of
alternating currents it is known that if a system gives a phase shift
in the interval from O to 90°, it can be replaced, in the sense of its
behaviour with respeci to an alternating current, by a certain complex
conductivity consisting of a capacity (reactive) and an ohmic (active)
component, With a change in frequency both the capacity and the
ohmic component will be changed. :

Acta Physicochimica U.R.S.S. Vol. XIIL No. 6. 2
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The electrode can thus be treated, in the case of an alternating
current, as a complex conductivity composed of two components —
the active conductivity, which when referred to unit area we shall
call in the sequel the ohmic conductivity, and the reactive con-
ductivity referred to as the capacily conductivity, The capacity compo-
nent of the eclectrode, expressed in microfarads per cm.? will be also
called the capacity of the electrode. It must be noted that the resistance of
the electrode as metallic conductor is included in the ohmic component;
this quantity is, however, so small that it can be neglected in compa-
rison with the resistance due to the slow discharge of the H-ionms. ;

Capacity measurements with the help of an alternating current with
a frequency from 1000 to 12000 c_p.'s. have been carried out by
Thon® for mercury and platinum electrodes. The decrease in the capa-
city of the electrode with the frequency was ascribed by Thon to the
limited rate of the ionic exchange,

It will be shown below that the rclation of the ohmic and capa-
city components of the conductivity of a platinum electrode to the
frequency cnables us to make quantitative conclusions as to the kinetics
of the reaction of discharge and ionization of hydrogen.

II. Experimental part

1. Method

The capacity of the clectrode was measured with the help of
a Wheatstone bridge.

Fig, 1 shows the measuring circuit. The central part of this circuit
consisted of a Wheatstone bridge composed of capacities Cp Cy Gy
cell and resistance R. The olimic component of the electrode conducti-
vity was compensated by the resistance R which was connected in paral-
lel with the capacity C,. Such a connection of the resistance R and
capacity C, is more convenient because the connection in series of Cy
and R would in certain cases require too small resistances leading
to large errors in the measurements. Besides, as will be shown below,

§ Thon, C. R., 200, 54 (1935).
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in the case of parallel connection of Cy and R these quantities have
a simple physical meaning. "

The current of variable frequency was supplied by a valve gene-
rator D. For frequencies from 100 to 6000 c. p.s. a telephone was

Fig. 1. Diagram of the measuring circuit.

used as zero instrument; at a frequency of 10 c. p. s. the latter was
replaced by a galvanometer with a scale from —10 to —-10 divisions
and a sensitivity of 1 X 1077 A. The amplitude of the potential applied
to the bridge was so chosen as to keep the potential changes on the
electrodes fested below 15 mV. Thereiore the amplitude of the poten-
fial applied to the zero instrument required amplification; this was pro-
vided by a two-valve amplifier.

The second part of the circuit served for keeping the test elec-
trode at a constant polarization from the battery AB and for measur-
ing it with reference to the potential of the hydrogen electrode C.

The measuring cell (Fig. 2) consisted of two vessels one of which
contained the test-electrode @, and the other the hydrogen electrode c.

A platinum wire 0.1 mm, in diameter and 1.65 cm, in length was
used as the test-elecirode. The polarization eiectrode & was a cylinder

2%
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3 mm. in diameter; the test-clectrode @ was placed along its axis, Such
a disposition of the electrodes @ and & is essential for reducing the
error depending on the resistance of the electroiyte. In this case the
resistance is determined by the following expression:

wecl e ry
R‘-‘_TWlegr_,’ (].)

( w O where % denotes the conduc-
7% 7 tivity of the electrolyte, s is
A the surface of the test-elec-

| trole, { —its length, r; and r,
{  are the radii of the tested and
Q) the cylindrical electrodes.

The electrode & was pla-
tinized, so that its surface
exceeded that of electrode a
many thousand times. One
can, therefore, assume that in
the bridge circuit the drop of
the potential amplitude on the

Eig: & tested electrode a alone was
practically measured.

The measurements were carried out with the following solutions;
NHCIl; NH,S80,;; NNaOH; 0.2N HCl -+ N KBr; 0.03 N HCl~+ N KBr;
0.05 N NaOH -+ N Na,SO,, and, with a poisoned electrode, in NHCI,
All the solutions were prepared from chemically pure reagents and puri-
fied before the experiment with the aid of a freshly platinized electrode
in a hydrogen atmosphere, The test-electrode was etched before the
experiment with hot agua regia and, after washing with distilled water,
heated in air at a temperature of 700—900°, Directly before the measure-
ments the test-electrode was cleaned by anodic polarization, The
measurements were carried out in the following way: at a given
frequency the capacity and the ohmic component of the electrode con-
ductivity were measured as functions of the anodic polarization in the
interval from 0.0 to 1.0V. The curves representing the relation of
the capacity and of the ohmic component of the electrode conductivity
to the polarization at a given frequency will be denoted in the sequel
as capacity and ohmic conductivity curves.
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2. Experimental results

a, Capacity and ohmic conductivity curves in
different solutions. The measurements were carjed out in a
NHCl solution over the frequency range between 10 and 3375

i
|
Z.’-’a’.-'.l"‘
Z
1A
Pl i (urves g and o° - freqeeacy 10 ¢ps
:E £ Samdds = s -
= = condr - ~ = 125 =
A & dondd- -~ - I -
o 3 cande- = -1 -
B = Foad - - <3375 =
g
4
\""-
e 2 —
B e s J\%‘:‘::h-—._____g,
g S —— ——
i P A = L—ﬁ_
7 a2 ks did i W {2 4 /3 a8 b
Fyteaioh tvalls) Faieatial lvolts)

Fig. 3. Capacity and ohmic conductivity curves for ¥ HCL

c.p.s. The capacity and ohmic conductivity curves in N HCl are plotfed
in Fig. 3.

From Fig. 3 it may be seen that, if no account is taken of the sharp
rise of the curves in the neighbourhood of the reversible hydrogen poten-
fial at low frequencies, over the potential range between 0.0 and 0.2V.,
the capacity and the ohmic components of the conductivity have appro-
ximately a constant value. The variation of these values in this poten-
tial interval, which approximately corresponds to the hydrogen region




AT — —

:
{
E

el

754 P. Dolin and B. Ershler

on the charging curve?, does not exceed 30%,. It is well known that
at a potential of 0.8V, in the anodic direction a sharp bend of the
charging curve takes place due to the beginning of the electrode oxida-
tion, On the capacity and ohmic conductivity curves in a HCI solution
the rise corresponding to the oxidation of the electrode is absent.
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Fig. 4. Capacity and ohmic conductivity curves for & H,50,.

The capacity and ohmic conductivity curves in N H,SO, are repre-
sented in Fig. 4. As can De seen from this figure, approximately con-
stant values of the capacity and of the ohmic component of electrode
conductivity in N H,SO, at any constant frequency are observed over
the potential range between 0.0 and 0.15V. The variation of these
quantitics in the potential interval considered does not exceed 209,
The rise of the curves at a potential of 0.8 V., which corresponds to
the oxidation of platinum, is also absent.

7 By the term charging curve Frumkin and Sly gin denote the curve
giving the relation of the electrode potential to the quantity of electricity -
sed through the electrode, measured at slow charging of the electrode, that
is, under equilibrium conditions. 5
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In the solution 0.2 NHCl—+ NKBr (Fig. 5) constant values of
the capacity and of the ohmic component of conductivity are observed
over the potential range between 0.0 and 0.1 V. At a potential of 0.8 V.
at low frequencies a rise of the capacity curves corresponding to the
evolution of bromine is observed. At higher frequencies this rise vanishes.
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Fig. 5. Capacity and ohmic conductivity curves for 0.2 ¥ HCI + ¥ KBr.

In a normal solution of NaOH the hy.dmgen region is not sepa-
cated on the capacity and ohmic conductivity curves from the region
of the double layer (Fig. 6). As can be seen from Fig. 6, the capa-
city rises with increase of anodic polarization for all frequerncies; the
ohmic conductivity does not vary with increasing polarization at low
frequencies, but rises rapidly with increase of potential at high fre-
quencies.

The capacity and ohmic conductivity curves in a 0.5)N NaOH -+
-+ N Na,SO, solution coincide nearly completely with the corresponding
curves in N'NaOH. In the solution 0.03 N HCl + NKBr the capacity
and ohmic conductivity curves (Fig. 7) have the same character as
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in the solution 0.2 N HCl-+ NKBr, but lie below the corresponding
curves in the latter solution. In the case of the poisoned electrode ®,
in NHCl, the shape of the capacity and ohmic conductivity curves
(Fig. 8) remains nearly the same as with a non-poisoned electrode,
but in the former case they lie considerably lower than in the latter.
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Fig. 8. Capacity and ohmic conductivity curves far ¥ HCI
(poisoned electrode).

b. The dependence of the capacity and of the
ohmic component of the electrode conductivity on
the frequency. Fig. 9 represents the curves showing the relation-
of the capacity and of the ohmic component of the electrode con-
ductivity to the frequency in acid solutions at a potential of 0.1 V.

From Fig. 9 it may be seen that with increase of frequency the
capacity decreases rapidly and the ohmic component of the electrode
conductivity rapidly increases, both approaching at high frequencies
certain limiting® values. In N HCI and 0.2 N HCl - N KBr solutions, in
the frequency interval in which the measurements were carried out, the
limiting values of the capacity and of the ohmic component of con-

8 The poisoning of the electrode was carried out in the following way:
the electrode was dipped into a vessel containing a 5 X 103 molar solution:
of NazAsO, and cathodically polarized by a current of 1.5 % 103 A/cm.2 for-
1 sec.
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ductivity -were, apparently, not reached, But we could not carry out
the measurements at higher frequencies, because in this case the resi-
stance of the solution would make the experimental error to0 large.
In solutions of N'H,SO, and NNaOH the ohmic component of the
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Fig. 9. Curves showing the relation of capacity and ohmic conductivity to frequency.

electrode conductivity is considerably smaller than in the N HCI solution;
it was accordingly possible in this case to carry out the measurements
at higher frequcnéics (up to 6750 c.p.s.). :

Comparison of the curves representing the relation of the ohmic
component of conductivity to the frequency in different solutions shows
that the limiting value of the ohmic component in 0.2 N HCl-+ N KBr
is reached at hizher irequencies than in NHCI, and in N H,SO,
at considerably lower frequencies than in N HCL

The horizontal part of the curve obtained with a poisoned electrode
in NHCI is situated at a height which is nearly 10 times as small as
that of the corresponding part of the curve for a non-poisoned smooth
electrode in the same solution,
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From Fig. 10 it can be seen that the curves showing the relation
of the capacity and ohmic conductivity of the electrode to the frequency,
obtained in alkali solutions, lie considerable lower than the correspon-
ding curves in the solutions of acids. The limiting values of the capa-
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Fig. 10. Curves showing the relation of capacity and ohmic conductivity to frequency
in NaOH.

city and of the ohmic conductivity in alkali are reached at considerably
lower frequencies than in acids. From Fig, 10 it can moreover be seen
that the curves obtained in N'NaOH and 0.05 N NaOH -+ N Na,SO;
coincide nearly completely.

The dependence of the capacity and of the ohmic conductivity
of the electrode on the frequency was also observed in the region of
the double layer. Fig. 9 represents the curves (/ and JJ) showing this
dependence in N HCI at a potential of 0.7 V. Nearly the same relation
is observed in N H,SO,. '

In 0.2 NHCl-+ NKBr the capacity and the ohmic conductivity
of the electrode at a potential of 0.7 V. are nearly independent of the
frequency. In N NaOH, as is seen from Fig. 10, the effect of frequency
on the ohmic component of conductivity at a potential of 0.7 V. is
stronger than at a potential of 0.1V,
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IiI. Discussion of experimental results

1. The physical nature of the capacity and of the
ohmic conductivity of the platinum electrode

It has previously been shown qualitatively how the quantity of
electricity passed through the electrode is distributed on non-equilibrium
charging of the electrode under conditions in which all the stages of
the over-all process, except the stage of discharge with formatiom
of atoms or ionization of the adsorbed hydrogen, are excluded. We
shall now consider this phenomenon quantitatively. We shall first
assume that the behaviour of the atoms in the adsorbed layer corres-
ponds to the conditions under which the derivation of Langmuir's
classical adsorption isotherm is valid, that is, we shall neglect the inter-
action forces between the atoms adsorbed in comparison with the
adsorption forces and shall treat the surface as homogeneous. In the
case of a platinum electrode this assumption is obviously wrong.
We shall make it, to begin with, for the sake of simplicity of deriva-
tion only, and in the sequel we shall drop one of Langmuirs
conditions.

If the influence of the specific adsorption of anions on the structure
of the double layer and on the adsorption of hydrogen is neglected,
then, following the assumption made by Volmer in his derivation
of the equations for the velocity of discharge and ionization of hydro-
gen according to the theory of slow discharge, we can represent the
distribution of the quantity of electricity passed through the electrode
in the following way:

dQ=C,dAp —T, FdAh=Cydigp +

M 37 alAgF
+{K,.ﬂe W __ g [H(—0e }dt,

@)

where ¢, denotes the capacity of the double layer, Ap— the potential
of the electrode reckoned from a certain equilibrium value g, I',, —the
number of gram-atoms in a monolayer per unit area, K, and K;—the
velocity constants of hydrogen- jonization and hydrogen ion discharge,
respectively, at a given potential ¢, (— the fraction of the surface
covered by the adsorbed atoms, o and % — constants satisfying the

condition o+ ff=1.
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In the case of equilibrium, when dQ=0 and Ap=0,
K!' 0r = k’:.‘ IH.] (1 iy Or)’
where 0, is the fraction of the occupied surface at the equilibrium
potential g, Replacing 6 in equation (2) by 0, -+ Af, expanding the
exponential terms in power series and limiting ourselves to the first
two terms (g, as will be shown below, is small) we obtain the fol-
owing expression:

dOL i e BAGF
~grrel Cl‘a‘z“"}‘f(f’r""w)(l"' RT )_
" aldgF
K, (] (1 — 8, —a0) (1—F5) (2a)

After cancelling and neglecting the terms containing the product AGAp
we obtain:

dQ __ .. dbd7 Ag . ddg Az + NMAG
—-Et--—-',—-cl--d'_-—I—T‘J—MAO—CI"EE——F-———'—_N ' (3)
where N==- - 7 and M=K,+ K, [H'].
Kile i

Equation (3) corresponds to circuit [ represented in Fig. 11. This can
easily be seen if one writes the equation corresponding to this circuit:

1Q= C, dydA=C,dy+ Y=2C2 dt, )
where  denotes the potential
on the plates of condenser - B
C,, and A is the charge of 1]
the condencer.
If it is now taken into __ | [

account that C; in equation
(4) corresponds to C, in equa-
tion (3) and ¢ corresponds II_’”_,V\ AR
to Ag, we obtain by compar- !

ing equations (2), (3) and Fig. 11. Cireuit I.

(4) the following relations:

N=r, —A=AI_F; _é;-zl{\mf Lon
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Reverting to the former expression for N, we find:

R tendip 0 MR e
oo PG PG =)

1 Eilvzr ovabgel ok . -
= K 0 == K T TULE=0,)s )
that is, the reciprocal of the resistance r in circuit I divided by the
iy
RT '
at a certain potential ¢,

Ii we denote by Af) the increase of the fraction of the surface
covered with hydrogen corresponding to an equilibrium of the hydro-
gen layer with the ionic layer at a potential 7, -+ A2, then, according

dAg

quantity s equal to the velocity of discharge and of ionizalion

to formula (3), i=0 and C, —at--mo; consequently:
U o Aets
R G ag ©)
The quantity I_;,,;;‘_z C, is thus equal to the capacity of the hydro-

gen layer on equilibrium charging of the electrode,

We shall now introduce the notion of the potential of the hydro-
gen layer g, By the potential of the hydrogen layer for a given degree
of covering we shall denote the potential of the electrode correspond-
ing to an equilibrium between the hydrogen atoms adsorbed on the
electrode and the ions in the double layer, According to (6) the shift
of the potential of the hydrogen layer Ag, corresponding to a variation
of the degree of covering by the amount Af is equal to —rM A6,

It is clear that the quantitics C;, C, and r in circuit I do not depend
on the frequency of the current, The complex conductivity of the electrode,
measured experimentally as the complex conductivity of circuit I (Fig. 12)
must, however, depend on the frequency according to the following
expressions:

—

w? J"C'.e :
R s ey (»3—(:_3‘- ¢ (M
and

Cy

1+ r2 o2 Cy®

o= 4G # ®

where o is the cyclic frequency of the alternating current.
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From equations (7) and (8) it follows that with increase of fre=
quency the quantity R tends to a constant value r, while C tends
to the constant value Ci. _

The velocity of the reaction of discharge and ionization is there-
fore proportional to that limiting value of the ohmic component of
the electrode conductivity,
which is found in measur-
ing the capacity of the
electrode with a current of
sufficiently high frequency. 1
In order to find the abso- ‘
lute rate of discharge and e """'N\";"u\f\a’\W\-“."-,’-.’s"' :
jonization at a given equi-
librium potential, that is, Fig. 12. Circuit IL
the so-called “exchange
current”, the value of the limiting ohmic component of the electrode

i |
l ||

conductivity found at this potential must be divided by %.

Using equation (3) it is easy to calculate the overvoltage of hydro-
gen arising as a result of the passage of a constant current  through
the electrode if it is due to a slow discharge. We shall also assume
that the deviations of the potential Ap from the equilibrium value are
small. When the double layer is charged to the new value of the poten-
tial corresponding to the overvoltage, the total current will be used for
the discharge of hydrogen ions only. Since we have assumed that the
removal of hydrogen atoms from the surface (i. e., the recombination)
procceds more rapidly than the discharge of the ions, the quantity MAB
in equation (3) can be neglected, because the degree of covering of the
surface must correspond to the concentration of molecular hydrogen
in the solution, that is, must be equal to G, so that A0 is near to 0.
Hence we obtain from equation (3)

d) ol o F A T

T B or Ap=ur.
The limiting value of the ohmic component of the electrode
resistance must thus be equal to the coefficient R, in the equation
expressing the relation between the overvoltage =w and the current

density ¢,

== Rt 5 (9)
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which describes correctly this relation in the region of small polari-
zations 9.

At the beginning assumptions have been made which underly the
derivation of Langmuir’s adsorption isotherm for a homogeneous sur-
face. We shall now drop one of these assumptions: we shall assume,
namely, that the surface of the clectrode consists of n different homo-
geneous regions. Supposing that the diffusion of hydrozen on the suf-
face proceeds sufficiently rapidly, so that the activity of hydrogen is the
same throughout the surface at any instant, it is easy to show that
the behaviour of the electrode with respect to alternating current is in
this case also described by circuit 1. We shall, however, assume, that
the transition of hydrogen atoms from one region of the surface to the
other is hindered, :

In this case one must write instead of equation (3), the follow-
ing equation:

" "
A Wil o A
—d—-—Q :f:cl-d ?——I--A? __\_‘—r—'—l'-__\ M‘ ﬂm:c‘ld—i-—"-
dt Ty e dt
8 5 1

dt
N
| A+ f 1 (3a)
d ' " PR,
N 1L Ry
i e
1

The electric circuit corresponding to this equation consists of #
resistances r,, n capacities C, and a capacity C, (capacity of the double
layer) connected as shown in Fig. 13 (circuit III).

Since in the experiment the complex resistance of the electrode
is compensated by the complex resistance of circuit Il (Fig. 12), it is
clear that at sufficiently high frequencies the ohmic component of the

electrode conductivity lr will be equal to the quantity

1= L = )_ (K, (0,),= 7 [H] }: (K, (1=0,),. (52)

9 The quantity R, has the dimensions of resistance and will in the sequel
be referred to as the resistance found from the overvoltage.
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In this case too the limiting value of the ohmic component of the
electrode conductivity, found at a given potential and divided by the

quantity I:T_ is thus equal to the rate of discharge and ionization of

hydrogen.
From the course of the curves representing the relation between
the ohmic component of the conductivity and the frequency (Figs. 9

| L
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Fig. 13. Circuit IIL.

and 10) it follows that, with rise of frequency, the ohmic component
of conductivity actually tends to a constant value, In N HCl and 02N
HCl -+ N KBr solutions, at the highest frequencies which were used
in our measurements, the ohmic component of the conductivity does
not reach its limitiny value, but apparently lies close to it. In N H,SO,
and N NaQH the limiting value of the ohmic component of the elec-
trode conductivity is reached already at a frequency of about 3000 c. p. s.

These measurements thus showed that the process H;O -+ (Pt) +
e (PYH4+H,0 actually proceeds with a finite velocity and enables
the absolute value of this velocity to be determined.

If it is assumed that in the case of a heterogeneous surface the
overvoltage is also determined by the rate of the discharge of H'-ions,

then in equation (3a) the quantity EMAB&:—"-O because each Af,=0.

1
Consequently, when the double layer is charged to the potential at
"which the overvoltage is measured, we obtain from equation (3a)

Acta Physicochimica U.R.S.S. Vol. XIlI, No. 6. 3
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that is, in this case the limiting-value of the ohmic component of the
electrode resistance must be equal to the resistance R, [see equation (9}
which is obtained from the observed relation between the overvoltage
and the current density in the region of small polarizations.

In the next paper it will be shown that experiment contradicts this
conclusion.

2. Dependence of the velocity of discharge and
ionization on the potential

Using equation (5) it is easy to show that the wvelocity of dis-
charge and ionization must very strongly depend on the potential
In fact, if the pressure p of atomic hydrogen 1 in Langmuirs equa-

tion § = l_if’ap is replaced by the corresponding potential ¢, and 6
substituted into equation (5), we obtain:
$F Y,
1. F e 2 ae *T
) il o 1 iR
1ee 2L
since
Ll
K.'—"(Ki)ﬂezﬂr‘
When 6~_=~12—, with a change of ¢ by the amount =+ 0.058 V.,

the velocity of charging and ionization must decrease nearly twice
and with a change of #=0.116 V., 10-fold.

The equilibrium capacity C, must also strongly depend on the
potential according to (5) and (6):

Al
Cgr'--"‘ -K?—'l‘m F,

10 The pressure of atomic hydrogen p is proportional to the activity of the |
adsorbed hydrogen at a given degree of covering. . '
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since, if the pressure p is replaced by the potential ¢ and the expres-
sion obtained is differentiated, the relation between C, and ¢ will have
the following form:

: Ll L
——F;— I,, Fae P =
il RT
- .
1 -+ 2ae AT 4y g2 HT

However, as has been shown above, in the hydrogen region the
ohmic component of conduclivity and the capacity of the electrode vary
but insignificantly at all frcquencies. The equilibriumn capacity obtained
from Slygin‘s charging curve also remains constant, because the
relation between ¢ and Qin the hydrogen region is linear, If ¢ is replaced
by tlie corresponding pressure p, and Q by the fraction of the surface occu-
picd by adscrbed atoms, the linear relation of ¢ to Q leads toa logarithmic
relation between the adsorbed quantity and the pressure. The logarith-
mic adsorption isotherm has been theoretically obtained by Temkinll,
In kis derivation he dropped the assumption that the surface of the
adsorbent is homogeneous and assumcd that the heterogeneity of the
surtace is characterized by a lincar relation of the differential hcat
of adsorption to the degree of covering. A similar relation between
adsorption heat and degree of covering is also obtained if the surface is
assumed to be homogeneous, but if the repulsive forces between the
adsorbed atoms are accounted for, The conclusions arrived at below
and based on the conception of a heterogeneous surface are thus
to a certain extent cquivalent to those which we should obtain taking
into account the repulsive forces, A theory of hydrogen overvoltage
on nickel, which takes into account the repulsive forces in the adsorb-
cd layer, has been developed in the papers of Horiuti?*» and
his co-workers.

The equations of the velocity of discharge and ionization on a
heterogenecous surface, characterized by a linear relation between the

11 M. Temkin and V. Pyzhev, Acta Physicochimica URSS, 12, 327
(1940); J. Phys. Chem, (Russ.), 13, 851 (1939).

1 J. Horiuti and G. Okamoto, Sci. Pap. Inst. Phys. Chem. Res,,
28, 231 (1935).

18 Okamoto, Horiuti and Hirota, Sci Pap. Inst. Phys. Chem.
Res., 29, 213 (1936). _

- 3‘
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adsorption heat and the degree of covering have been derived
by Temkin''. He made use of Polanyi’s pri'nciple that the change
in the activation energy on transition, for example, from one surface
element to another is equal to a fraction of the change of adsorption heat:

AA =—uAle.

This derivation is moreover based on the assumption of a complete
surface mobility of the adsorbed atoms.

With the help of these assumptions Temkin arrived at the
following equations for the rate of adsorption and desorption in the
region of medium surface covering. The adsorption velocity is equal to

v=K, —;-, (10)
and the desorption velocity to ™
w=K,p* (11

where P denotes the pressure of atomic hydrogen and p — the equilib-
rium pressure of atomic hydrogen corresponding to the given degree
of covering of the surface,

It is now assumed that a change in the field of adsorbing forces,
just as in the casc of an electric field, does not change the shape of the
potential curve of an atom, but only shifts it parallel to itself; then a«
and #, both for the influence of an electric field and for the influence
of the field of adsorption forces, must have the same value, This

" assumption is obviously correct only for not too large changes of the
field, and holds apparently in the region of medium degrees of sur-
face covering.

: If we now take into account the influence of the electric field
"on the process of the discharge and ionization, the following equations

for the velocily are obtained:
' omf '

: i BT

ek HYe o (12)
14 These equations are given in a somewhat different form in the paper
by Temkin and Pyzhev i1 eKinetics of the synthesis of ammonia on a
promoted iron catalyst”. In these equations the pressure p is replaced by the

‘degrec of covering according to the logarithmic isotherm 0-_—-7.-In ayp,

where f and ay arc constants,
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i=K,e “p eit 6i(1B)

L

We shall now use these equations along with the equation de-
scribing the distribution of the current similar to equation (2):

; BoF ml
i=C, Ko p—K,[H]e =
i Seof  BioF S e
=C, SF+K.e AR K (Hle e ARy (19)

wiiere ¢ is replaced Dy @o—+ Ag.
At equilibrium, that is, with i=0,
; FoF
_ KalH] ~7%F

0
L

The pressure p corresponding to a given degree of surface covering
can be expressed in terms of po and the shiit of potential of the hyd-
rogen layer in the following way:
e N
uy bop e Ly e
After substituting p in equation (14) and cancelling we obtain:

Blap—Atg) a(dg—A4s5)
) da R o b AU :
i=0G, _d_;l"*' SHTK, {3 B =k g4 }- (14a)

Since Ag is very small and (Ag-—-_\;a“)(.&cg, the exponential expres-
sions in equation (14a) can be expanded in power series; limiting
ourselves to the first fwo terms we thus get

A / fodiinlapband o
E:—led_;a_"‘({f [ K, {T('\?'—A?n):
dAg Ag — Ag =5 a
¢ S, where A=K} P, T (19)

Equation (15) is quite similar to equation (3) because the quan-
tity NMAQ, as has been shown above, is equal to the shift of the
potential of the hydrogen layer, Ao We thus come back to the same
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Table 1
The ohmic component of the clectrode conductivity (in reciprocal ohms)
Solutions F"E_“;f‘:f“ 0.0V, | 003V. 0.1 V. 0.15V. | o0a2V.
NHCI. .. 3375 4.8 5.0 5.4 5.3 4.8
NH,S04. . 6750 34 3.6 3.5 3.2
0.2 N HBr . 6750 i) 7.0 7.2 7.1
NNaOH . . 6750 0.2 0.22 0.22 0.23 0.24

electric scheme of the electrode as in the case of a homogeneous
surface ' with the difference that the constant .—}1{—1 equal to the limit-

ing value of the ohmic component of the electrode conductivity, -17,

as can be seen from equation (15) is now independent of the poten-
tial, This means that in the region of potentials corresponding to medium
degrees of covering of the surface (hydrogen region) the velocity of the
reaction of discharge and ionization must not depend on the potential.

As is seen from Table 1, in the potential interval between 0.0
and 0.2V, the limiting valuc of the ohmic component of electrode
conductivity varies by an amount of 10°/,. The experimental results
are thus in good agreement with the above conclusion,

3. Dispersion of the capacity and ohmic conductivity
with the frequency

It is interesting to ascertain whether circuit I actually corresponds
to the platinum electrode, that is, to check thereby the correctness

et e EIELG S D

15 |f one makes the assumption of a complete surface mobility of the
atoms, then, for any type of heterogeneity of the surface, the electric scheme
of the clectrode will be expressed by circuit 1. In fact the assumption of a
complete surface mobility implies that the shift of the potential of the hydro-
gen layer, Mgy =r, M, 8%, is the same for all the surface elements. In this

case equation (3a) will have the following form:
¥ dig Ap— Agy

gmCrgrit 1/)‘—1-’
dmed T,

that is, the same as in the case of equation (3)-
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of the assumption as to the complete mobility of the atoms, since
on this assumption circuit [ must be correct for any surface, This can
be done in the following way: using circuit [ we calculate from the
experimental data the equilibrium capacity of the hydrogen layer C,

and its ohmic conductivity —}_— corresponding to the velocity of the

discharge of hydrogen according to circuit I, and see whether these
quantities remain independent of the frequency. The capacity C, and

the conductivity —i— are expressed in terms of the experimental values

of the capacity C, the resistance R and the capacity of the double
layer C,, according to the following formulae:

1 1+ w2 (g2 R2
-;:E-—R—ﬂ_’ (16)
1 :
G="lrg Rt G an

where C;=C—C\.

In the calculations given below the value of the capacity C and
of the resistance R measured experimentally have been corrected for
the rcsistanée of the electrolyte situated between the test-electrode a and
the polarization electrod. b. As nas becn shown earlier, this resistance
can be calculatzd according to formula (1). For HCl and HBt it is equal
to 0.048 Q, for H,S0, to 0.077 Q, and for NaOH to 0.080 @18, The
vaiue of the capacity of the double layer C, in the hydrogen region
can be found in the following way. Frumkin and Slygin!? have
found from adsorption measurements that the capacity of the double
layer for a surface covered with adsorbed hydrogen is 3.7 times smal-
ler than the capacity of the double layer in the case of a positively
charged surface. In the latter casc the capacity of the double layer
is found from the slope of the charging curves in the rezion of the double
layer, If one now finds the actual surface of the platinized electrode

16 The correction for the resistance of the electrolyte was taken into
account in the following way: from the complex resistance of the test-electrode,
measured ¢ :perimentally in the form of ohmic and capacity components, the
resistance of the electrolyte was subtracted with the help of a vector diagram. The
remaining resistance was again resolved into two components — capacity c
and resistance K. This calculation can conveniently be carried out graphically _
(193';; A Frumkin u A, Slygin, Acta Physicochimica URSS, 5, 819
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by comparing the ‘quantity of adsorbed hydrogen on platinized and

on smooth platinum according to the data of Slygin® and Ershler’,
the capacity of the double layer ¢, in the hydrogen layer region can be
easily calculated. It is equal, in N HCl, to 19 pFjem.2,

In our calculations we take it, for all the solutions, as equal
to 20 pwFlem.2 The error involved, which may reach == 30%, and even
more, is easily seen to be of no importance for the calculation of the

quantities —}; and ¢, in HCl and HBr solutions, because C is much

larger than C,. This refers also to H,SO, solutions at frequencies
up to 3775 c. p. s. At a frequency of 6750 c. p. s. the error in the
determination of the quantity C, may give a considerable deviation
of the value of C, from the calculated one. In alkaline solution an error
in the value of C, can be of importance already beginning from
* a frequency of 375 c. p. s.

The values calculated in this way for various frequencies at a poten-
tial of 0.06 V. are plotted in Fig. 14, and the values of C, are given
in Table 2,

As is seen from Fig. 14, in N HCI, 0.2 N HBr and N H,SQ, the

constancy of the values of —1— is only observed beginning from frequen-

cies of 3000—3500 c. p. s. At lower frequencies —1;— depends strongly

Table 2

Equilibrium capacity of hydrogen layer, Ca, calculated according
o to circuit I
Frequencies in C. p: s

02 NMBr |  wna N HlS0, N NaOH

10 1870 1860 1200 990
50 1320 1290 880 1100
125 1520 1270 860 . 1340
375 1130 1050 800 402
1125 1120 1100 690 145
3375 : 665 507 600 35
6750 520 —_ 725 32

18 B. Ershler, Acta Physicochimica URSS, 7, 327 (1937).
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on the frequency. In N NaOH this quantity practically does not vary-
starting from a frequency of 375 c. p. s.

One can see from Table 2 that the equilibrium capacity of the-
hydrogen layer too does not remain constant with the variation of the-

o HBJ"
— i >
m =
-y
5; §E o— HCL
=]
B
-
g H,S0,
~3 il £ —
2
.E 4{ -
S
3
z i,
& NaOH o
) 1 P J ¥ § & 7

Freguency « 10 _'?ffﬂ..j:}‘ o

Fig. 14. Relation between the value, —:—, calculated for circuit I and the

frequency.

frequency, but varies several-fold within the range mentioned. As has
been shown above, this variation, at least in the case of solutions
of HCl and HBr, cannot be explained by an error in the determination-
of the double layer capacity in the hydrogen region,

On increasing the frequency, the capacity of the hydrogen
layer calculated according {0 circuit 1 will thus be considerably

; 1 :
smaller than the equilibrfium one, while — calculated according

to the same circuit tends to a certain limiting value; with
a decrease in the frequency the capacity of the hydrogen layer

tends to the equilibrium value, while i— decreases markedly. Thls
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character of variation of the capacity and of the value lr- calculated

according to circuit I shows that the lalter does not fully correspond
to the platinum electrode, ;

It must be noted that according to circuit TV (Fig. 15) for the
platinum electrode, based on the supposition of slow surface diffusion,

n' the character of the variation of

[ Lot the electrode capacity and con-

!——{ L_’ . duclivity with the frequency must

s v g be exactly identical with that

o | “' SININIAT] gbserved  experimentally.  The

— -—k—-,-——— question as to the influence of

”__]__J {he surface diffusion will be con-

I l_ Re o sidered in more detail in a special
AN

paper.
Fig. 15. Circuit IV, It has been assumed in Sect.
2 that the surface diffusion pro-
ceeds sufficiently rapidly. This circumstance forces us now to question the
correctness of the formulae derived thare for the velocity of the discharge
and ionization. It can, however, be easily seen that at sufficiently high
frequencies circuits I[, Il and IV will lead to the same value of the

q-antity Lr The derivation given in Sect. 2, according to which the

rate of discharge and ionization does not depend on the potential over
a wide range, remains therefore valid.

4, Dependence of the rate of discharge and
ionization on the nature of the solution

From the curves showing the relation between the ohmic compo-
nent oi the electrode conductivity and the frequency (Figs. 9 and 10)
it follows that the rate of the reaction of discharge and ionization
increases, as a function of the nature of the solution, in the following
order: ,

NaOH << H,S0O, < HCl < HBr.

With respect to the acids this order has been predicted by Frumkin®
on {he basis of the influence of the (-potential, depending on the spe-
.cific adsorption of anions, on the rate of discharge and ionization.
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"It is well known that on metallic surfaces the specific adsorption of
anions inc:eases in the following order: SO,"<C Cl' < Br'. The {-potential
must increase in the same order. According to Frumkin's theory

of the slow discharge, the rate of ionization is proportional to the
He—2)F
expression e BT~ that is, it must increase according to the nature
of the solution in the same order as the specific adsorption of the
anions.
From our experiments it follows that on transition from H,SO,
to HBr the rate of discharge and ionization increases twice. This cor-

responds to a change in the Z-potential by the amount 0.048 V. According

to the experiments of Slygin, Frumkin and Medwedowsky™
the change in the [-potential is equal to 0.090 V. In view of the
inaccuracy of the experiments, this agreement can be considered satis-
factory. The sharp diiference in the kinetics of removal and formation
of a hydrogen layer in alkali can be explained, apparently, by the fact
that in this case we -have to do with another reaction, different from
that in acids. In the work of Lukowzew, Lewina and Frumkin®
it has been shown that in the case of nickel in alkali solutions the
process of removal and formation of the hydrogen layer involves
mostly not H'-ions but water molecules. Such a mechanism of this pro-
cess in alkali also applies to the case of the platinum electrode,

5. Dependence of the rate of discharge and
jonization of hydrogen on the concentration

From equation (15) it follows that the rate of discharge and ioni-

- zation in solutions of acids must depend on the concentration of hydro-
gen ions according 10 the following expression:
1 ot 1 el l’ -3 . 3 ._F i
L M7 27
If one assunies that a:ﬁ:-}z—, the change in the velocity of discharge
and ionization observed experimentally on decreasing the concentration
of the HBr solution from 0.2N to 0.03 N nearly coincides with the

19 A, Slygin, A, Frumkin u W. Medwedowsky, Acta Physico-
chimica URSS, 4, 911 (1936).

20 P. Lukowzew, S. Lewina and A. Frumkin, Acta Physico-
chimica URSS, 11, 21 (1939).
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theoretical value 2,2, We assume that in the process of removal and
formation of the hydrogen layer in alkali, water molecules mainly
participate. In this case, as can easily be seen, the rate of discharge

and ionization depends on the concentration of OH'-ions, according to
the equation:

1 4 a na 728
-;=K,;‘K'. [OH] RT"
Experiment shows, however, that with a 20-fold variation of the
alkali concentration the rate of discharge and ionization remains practi-
cally constant, This is perhaps due to the fact that we have hitherto
neglected the influence of the ionic double layer on the adsorption
" of hydrogen, that is, we have assumed, for example, that the hydrogen
layer is not altered when the concentration of the solution varies at
constant potential, This, of course, is not the case; in acids, however, this
is apparently less essential than in alkalies. Besides, the circumstance
that in alkalies, in contradistinction to acids, a different reaction takes
place, for which « and [ are, parhaps, not equal to '/,, may be of
importance.

6. Variation of the capacity and ohmic conductivity
with the frequency in the region of the double layer

The variation of the capacity and of the ohmic component of
conductivity with the frequency is observed also in the double-layer
region (Figs., 9 and 10, curves / and J/). With increase of frequency,
the capacity decreases in this region of potentials till a certain limit-
ing value is reached. At a potential of 0.7 V. in HCI this limiting
value is equal to 20 pFlem.2; in HBr—19 wFfem? in H,SSO, —
15 p.F/em* and in NaOH 55—60 w.Fjem.2

Such a low value of the capacity in the double-layer region at high
frequencies is in contradiction with the equilibrium value of the capa-
city found by Slygin® and Ershler?, In fact, if the real surface
of the platinized clectrode is found by comparing the amounts of hydro-
gen adsorbed on platinized and smooth platinum, the capacity of this
electrode in the region of the double layer in HCl is equal to 71 pF/em2,
in HBr to 47 pF/em?, and in H,SO, to 65 wFlem 2. The adsorption
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measurements of S‘Iygin, Frumkin and Medwedowsky'® have
shown, on the other hand, that the charging current is used in this
region mostly. for charging the double layer. Besides, it has been
found by Borissowa and Proskurnin?! that the capacity of Hg
at potentials for which the outer part of the double layer, just as in the
case of piatinum in the region mentioned, consists of anions, is equal
to 40—50 wFjem.2 At present it is difficult to explain this contra-
diction; in any case such a large variation of the capacity and ohmic
conditctivity with the frequency in this region shows that part of the
process of the adsorption of the electrolyte on a platinum electrode
proceeds with a finit: velocity. The absence of any rise in the capa-
city and ohmic conductivity curves in the anodic region for all frequen-
cies, beginning from 50 ¢. p. s. in acid solutions, shows that in these
solutions the process of the electrode oxidation proceeds very slowly.
It is scarcely perceptible when a 50 c. p. s. current is used, In alkali,
the dispersion of capacity and ohmic conductivity in this region of
potentials is observed up to a frequency of 6750 c. p. s. The limiting
value of the ohmic component of the electrode conductivity is in this
case nearly equal to 0.37 Q71 This means that in alkalies the pro-
cess of platinum oxidation at these potentials proceeds many times
faster than in acids.

Summary

1. The kinetics of the reaction of the discharge and ionization
on a smooth platinum electrode i solutions of N HCI, N H,SO,, N NaOH,
0.2 N HCl-i- N KBr, 0.05 N NaOH —+-N NaSO, and on a poisoned
electrode in N HCI was studied by measuring the capacity and the
ohmic component of the electrode conductivity with a current of variable
frequency in the frequency interval between 10 and 6750 c. p. s.

9. It is shown that the chmic component of the electrode con-
ductivity, measured with the help of an alternating current of sufficiently
high frequency, is equal to the absolute rate of discharge and ioni-

zation multiplied by 7;7_- These measurements thus made it possible

s1 Borissowa and M. Proskurnin, Acta Physicochimica URSS, 4,
819 (1936).
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for the first time to determine directly the velocity of a separate stagr
of the reaction H,0" -+ (Pt) +e = (Pt) H-+H,0 and to show that thi
stage proceeds with a finite velocity.

3. 1t was established that the rate of discharge and ionization
does not depend on the potential in the region corresponding to a
medium degree of covering of the surface (hydrogen region). This fact
can be fully accounted for if it is assumed that the surface is hetero-
gencous and if the heterogeneity of the surface is characterized by a linear
relation between the differential heat of adsorption and the degree of
covering.

4. It has been found that the rate of discharge and ionization
as a function of the nature of the solution increases in the order:

NaOH << H,S0, <C HCl < HBr.

This order, in the part referring to acids, is explained by the
influence of the specific adsorption of the ions.

' 5. It has been established that the oxidation of platinum proceeds
very slowly in acid solutions and considerably faster in alkalies,

In conclusion we feel it our pleasant duty to express our grati-
tude to Prof. A, Frumkin, who proposed us this work, for his help
in discussing the experimental results, and to M, Temkin for his
assistance in the discussion of the influence of surface heterogeneity.

The Karpov Institute of Physical Chemistry, Received
Laboratory of Surface Phenomena, September 10, 1940.
Moscow.




