Some Aspects of the Thermodynamics of the

Platinum Hydrogen Electrode

A. N. Frumkin, N. A, Balashova, and V. E. Kazarinov

Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow and Moscow State University

ABSTRACT

The presence of adsorbed hydrogen resulfs in essential differences in the
thermodynamics of the surface phenomena on the platinum electrode com-
pared 1o the mercury one. Thus in this case the point of zero charge (in the
conventional sense) does not coincide with the maximum of the electro-
capillary curve. The value of the potential difference between the electrode
and the solution depends not only on the surface charge but also on the
amount of adsorbed hydrogen. Additional complications arise in the presence
of specifically adsorbed cations and anions in the solution. The experimental
data used in this paper have been obtained by the charging curves method,
by direct determinations of anion and cation adsorption, and by the meas-
urements of the potential shift with changing composition of the solution

under isoelectric conditions.

A platinum electrode obtained by platinization or
activation of smooth platinum by alternating anodic
and cathodic polarization in the potential range of y,
from ¢, = 0 to ¢» = 0.5-0.6, as referred to hydrogen
electrode in the same solution, can be considered a
reversible system in acid solutions. Therefore, in
interpreting its surface properties, it is possible to
make use of Gibbs thermodynamics. Thereby, it
should be taken into consideration that, in addition to
free charges and ions forming the electric double
layer, there is adsorbed hydrogen on the electrode
surface. It can be assumed that within the potential
range indicated no adsorbed oxygen is present on the
electrode surface. In the presence of strongly ad-
sorbed anions or cations (I, Cd2+*), the condition of
reversibility of adsorption processes may be violated.
In that case a thermodynamic treatment would give
only approximate results.

In the case of alkaline solutions, the above assump-
tions seem to be valid only within a narrower poten-
tial range and only for solutions containing singly
charged cations of alkali metals. In the presence of
doubly charged cations, such as Ba?*, complications
may arise (1)

Let us consider first the case of an acidified or
alkalized solution of a binary electrolyte (2), assum-
ing the concentration of the H* or OH~— ions to be
small compared to that of the salt ions.! At constant
temperature and pressure, the state of the system is
determined by the chemical potentials of hydrogen
pn, of the hydrogen ion un+ and of the salt ions ps,
which we shall express in electric units. We shall
set the interface in guch a way that the Gibbs adsorp-
tion of water I'myo = 0. Then for do, where o is the
surface density of the free energy, we shall have

doe = — Tudpn — Tu+dun+ — (Tc+ + Ta-)dus  [1]

where Ty, T+, I'c+, and T's~ are Gibbs surface den-
sities of hydrogen, hydrogen ion, cation and anion of
the salt, respectively, also expressed in electric units.

Evidently
Yr = (ILH)O’—MH [2]

itIn practice, the last condition was often not fulfilled, since in
an experimental determination of ionic adsorption the use of solu-
tions with a low concentration of H+ or OH- ions makes it difficult
to keep the pH of the solution constant. However, at least in the
case of Cst+ jons, this could not lead to a significant error in the
determination of the charge of adsorbed cations, since when the
ratio [H+]:[Cs+] is decreased 10 times, adsorption of Cs+ from 0.01N
Cs280; solution at ¥r = 0 increases only by 30% (3), as it follows
also from Fig. 1. Even at the same concentration, the Cs+ ions
seem to displace considerably the H+ ions from the ionic side of
the double layer.
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where (un)o is the value of um in equilibrium with
molecular hydrogen at given temperature and pres-
sure. Now

T+ = Fa—-—Tc+ [3]

The quantity I'm+ can be considered to be the density
of the electrode surface charge ¢, assuming that with
an excess of C*t cations, the presence of H* jons in
the ionic part of the double layer can be neglected
(see footnote 1) and that being adsorbed, all hydrogen
ions give off their charges to the metal and change to
H atoms. In other words, we assume that the poten-
tial determining H* ions are not adsorbed specifically
or that jointly the specifically adsorbed H* ion and

‘the negative surface charge can be identified with

an H atom. Equating I'y+ with ¢ is somewhat con-
ditional. In fact, specifically adsorbed ions, such as
I- or Cd2t, are shown by experiment to form co-
valent bonds with the electrode surface (4). Therefore,
it could be assumed that in Cd2+ adsorption, some
of the Cd2+ ions change to atoms, giving off positive
charges to the surface. Hence two separate quanti-
ties I'cq+ and Icg could be introduced, just as it was
done in considering the electrocapillarity of thallium
amalgams (5). However, since in the case under
consideration we cannot vary independently pca and
ucaz+, such separation would be aimless. Therefore,
within the frame of the thermodynamic treatment it
would be reasonable to consider formally all ions dis-
appearing from the solution, except the H* ions, to be
adsorbed as ions, although such an assumption would
have to be essentially corrected in developing a molec-
ular theory of the electric double layer on the Pt
electrode (see below).

Let us designate by Ay the amount of hydrogen
adsorbed per unit surface. The quantity Agx is not
identical with I'y, as part of the hydrogen disappear-
ing from the bulk of the solution, when a unit surface
is formed, is ionized and expended in its charging.
Obviously the following relationship exists between
Ag and I'y

'y =Ag—TH+ = Ag—e [4]

From Eq. [1], [2], [3], and [4] it is possible to de-
duce some relationships between measurable quan-
tities (2, 6). No allowance will be made for hydrogen
solubility in the metal and the possible effect of dis-
solved hydrogen on the electrode process. We shall
also assume the quantity ga+ to remain constant with
changing v, that is that the changes in the value of
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[H+] caused by those in Ay are small compared to
[H+].2

Let us consider the case of a solution of a constant
salt composition (us = const). Since

( ol'n ) _ ( T+ ) 5]
Oun+ dun

HH BH+
or
I T
( Ty ) _ (3 H+ ) (5a]
afaﬂH-F 6‘#/1
T #~H+
OTu+ Nr ar
(3) (=) (55 =
oYr OuH + Yr
HH+ T'n wH+

The quantity I'y+ can be determined experimentally
directly from the change in the hydrogen ion concen-
tration in the solution in contact with the electrode
polarized to the potential y,, or, according to Eq. [3],
from the difference between the anion and cation
adsorptions. Some examples of the dependence of
TH+ upon y, are given in Fig. 1 and 2 (7).

The curves in these figures, as well as in others,
are extended into the oxygen region, which, however,
will not be discussed in the present paper. Now, evi~

dently
() - () .
O oyr

MH+ MH+

where Q is the quantity of electricity to be supplied
to the electrode per unit surface to shift its potential
from some initial value to the value y,, assuming that
the quantity of hydrogen dissolved in the bulk of the
solution, which is in equilibrium with the electrode,
can be neglected compared to the amount of adsorbed

2 When the above conditions are fulfilled, the state of the sys-
tem at a given initial solution composition is completely deter-
mined by the quantity of electricity @ supplied to the electrode
from some initial moment of time. In this sense, the behavior of
the electrode does not differ from that of an ideal or completely
polarized electrode, although in this case, the condition of the ab-
sence of the exchange of charges between the electrode and the
solution, which is usually considered to be the criterion of ideal
polarizability, is not fulfilled.

Fig. 1. Dependence. of T'cs+ (1) and I'y+ (2) in 0.018N
Cs2504 + 0.002N H2SO04 and T'cs+ (3) and Tgsog2— (4) in 0.0IN
Cs2504 4+ 0.01N HoSO4 on .

-10° 2y

Fig. 2. Dependence of I'na*t (1), T+ (2) and T'pr— (3) in
103N NaBr - 103N H2S04 on .
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) is deter-

H
mined from the change in the electrode potential,
as referred to hydrogen electrode in the same solu-
tion, with changing [H+*1 under isoelectric conditions,
i.e., at open circuit (constant I'y).5 Thus Eq. [6] can
be verified quantitatively. A roughly approximate
verification of this kind has already been carried out

OYr

onE+

hydrogen. Finally, the quantity (
OuH+

(2). There the quantity ( ) was determined

H
from the change in ¢, when passing from acidified te
alkalized solutions, i.e., ug+ was changed within too
wide limits. The values of the derivatives in Eq. [6]
were equated with the half-sum of the wvalues ob-
tained experimentally for the lowest and the highest
pH. At present similar measurements are made using
improved technique.*

Of interest is another deduction from Eq. [1] and
[4]. With the solution composition constant

do
oyr

Thus, the maximum of the “electrocapillary curve”
of the platinum hydrogen electrode lies not at ¢ = 0,
but at Ag — ¢ = 0 and does not coincide with the
point of zero charge in the usual sense of this term,
i.e., the potential at which the quantity e = T'n— — T¢c+
vanishes. According to (2), the point of zero charge
of platinum in solution of N NaCl 4 0.01N HCIl
lies at y, = 0.16, whereas the quantity Ay — e vanishes
at yr ~ 0.3. Such a discrepancy may seem to be un-
expected if we proceed from the derivation of Lipp-
man’s equation, suitable for the concept of an ideal
polarizable mercury electrode, e.g., in the form given
by Grahame (10) or Parsons (47). However, Lipp-
man himself understood perfectly well that what the
right-hand side of his equation expresses is the
capacitance of a unit surface at constant potential
(11). Evidently, in the case of a hydrogen-adsorbing
metal, the last quantity cannot coincide with the sur-
face charge in the sense of the electrostatic theory
of the double layer. In 0.01N Cs2S04 + 0.01N HsSO4
the point of zero charge lies at y» = 0.30 (3,7) (0.19
vs. NHE) and is close to the potential of the maximum
of ¢. This coincidence is, however, an accidental one.

The platinum electrode potential y, measured
against a constant reference electrode, such as the
normal hydrogen electrode, depends not only on Tu+,
but on Ay as well. In fact

=Ty=Aup—c¢e [10]

8 Changes in the electrode state in which the quantity I'u, deter-
mining the total amount of electricity stored on the electrode, re-
mains constant were suggested to be called isoelectric (8). Isoelec-
tric measurements can be carried out readily in the case of elec-
trodes with developed surface (platinized platinum, activated
carbon), for which the condition I'm = const. can be fulfilled
easily in practice when replacing the solution. These measurements
have something in common with the coulostatic method developed
by Delahay and collaborators (46), since in both cases cunanges in
the electrode potential at open circuit are observed. The problems
to be solved in the two cases were, however, different.

+From Eq. [6] by simple transformations (9) it is possible to
obtain the relationship

8Yr F2: 8%
) () ] e
e ola+ vyt :

duat /.

oy 0An AR
(o) - Gl -] w
- TE* “uy ora+

+ HEt

:vhgre ¢ is the potential measured against normal hydrogen elec-
rode.

Equations [8] and [9] determine the dependence of the hydrogen
electrode potential on the pH of the solution with I'm remaining

H
constant, i.e., under isoelectric conditions. The quantity )
aCa* “ugs
dAn
is negative in most cases; if >> 1, Eq. [9] turns in-
oTu* g+

to the usual relationship for the reversible hydrogen electrode.
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dy = dug+ — dun [11]
Now, let us put (2)
9 9
dy= ( a: ) Az + (ar‘p ) dla+
H s H+ A

= XdAg J Ydrg+ [12]
From [11] and [12] it follows

0A ar
X( H) +Y( HY ) =—1 [13]
Oun Oum
PH+ rH+
04 T
X( H) +Y( ‘”) =1 [14]
O+ OuE+
#“y PH
From [13], [14]1, [4], and [5] we obtain
dA
=-—( s ) : Z [15]
OuH+
HH
0A 0A
Y=( “)+( H) 1 Z [16]
Oun+ dun
PH [53: 8
where
Z_<6FH+) (GAH) (BI‘H+) (6AH)
Sup+ Oun dpr duu+
BH BHF sHF #H
ar aT T 2
- () (3=) () w
oun Oum+ OpH+
MEH HH MH
0An R .
If =0, i.e., atomic hydrogen adsorption
Juu +
vH

does not depend on the composition of the solution,
according to Eq. [15], X = 0. In this case, the pres-
ence of adsorbed hydrogen has no effect on the po-
tential difference. In actual fact, however, the value
of Ay depends on pH, increasing when passing from
acid to alkali at small and medium coverages and
decreasing at large coverages (2, 6). As all the quan-
tities appearing in the right-hand sides of Eq. [15],
[16], and [17] are measurable, it is possible to cal-
culate from these equations the contribution of atoms
and ions to the potential difference at the electrode-
solution interface. Unfortunately, there are no suffi-

. A
ciently accurate values of the quantities ( 94n )
i +
BH
T+ .
and available at present. The results of

Oun +
BH

a roughly tentative calculation from the data obtained
in (2) are presented in Fig. 3. Since in this case the
measurements of I'y+ were made in N NaCl 4 0.01N
HCl and in N NaCl 4 0.05N KOH, the results of the
calculation can give an approximate idea of the quan-
tities X and Y for the intermediate value of pH, i.e.,
for a neutral solution. More accurate measurements
of this kind are to be made at a later date. In spite of
the tentative nature of the data in Fig. 3, it is pos-
sible to draw some conclusions from them regarding
the mechanismm of the appearance of the potential
difference on the platinum hydrogen electrode. At
small coverages, the quantity X is positive, ie., in
the atomic hydrogen coverage the negative dipole end
is turned toward the solution. With increasing cov-
erage, the sign of polarity changes, the effect contin-
uing to increase in absolute value as y, = 0 is ap-
proached. As already pointed out in the literature,

THERMODYNAMICS OF THE PT H ELECTRODE
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Fig. 3. Dependence of the quantities X = ( ) and
dAn
T+

‘ &
Y = ( 4 ) on ¢y in N NaCl solution. Ordinates in
dTu+
H

farads—1 x em2,

the change in polarity with increasing coverage is
in agreement with the results of the work function
measurements (12). It follows from a comparison of
the X and Y curves that the contribution of the ad-
sorbed hydrogen atom to the establishment of the
potential difference is approximately by an order of
magnitude less than that of the adsorbed ion. The
quantity Y—! is the electrode capacitance at constant
An. At ¢r = 0.3-0.5, it is equal to ca. 70 pf/cm?2 and
decreases to 12 uf/cm? with ¢, approaching zero. The
decrease in capacitance can be partially due to the
substitution of cations for anions in the ionic side of
the double layer, but the effect of the increasing sur-
face coverage with adsorbed hydrogen on the capaci-
tance should be taken into consideration as well. In
actual fact, as is clear from Fig. 3, the increase in Y
with decreasing ¢, becomes appreciable beginning with
yr = 0.3, whereas the point of zero charge, as is evi-
dent from Fig. 6 in Frumkin and Slygin’s work, in
neutral N NaCl should lie at ¢, = 0.18. It should be
noted that within the range of y, = 0.3-0.5 the ca-
pacitance values are high. Numerous a-¢ measure-
ments on smooth electrodes at sufficiently high fre-
quencies give capacitance values of 15-20 pf/cm? in
the double layer region. It is possible that this value
should be even smaller if allowance is made for the
roughness factor. The reliability of the values ob-
tained from the adsorption measurements depends on
the correct estimation of the platinized electrode sur-
face. The calculation of adsorption per ¢m?, and hence
of the quantities X and Y, given in this paper is
based on the assumption that at y, = 0, there is one
H atom for each Pt atom, and 1.31 x 1015 atoms/1 cm?2
of the Pt surface.’ The determination of the surface
area by this method leads to values which are in
agreement with the Pt surface measurements by the
BET method (14, 15). Thus, the discrepancy between
the results of the capacitance determination from ad-
sorption measurements and from impedance is a real
one. The most probable explanation would be to sup-
pose the establishment of equilibrium between the
adsorbed anion and the platinum surface to be a slow
process, which is in agreement with the covalency of
the Pt-anion bond under equilibrium conditions. It
should be noted that the capacitance of the Pt elec-
trode in the double layer region in a 0.1N HySO4 solu-
tion, determined from adsorption measurements (with-
out control however of the condition Ag=const being

5 There are some discrepancies in the estimation of the latter
value. Thus, Fisher, Chon, and Aston (13) give the value 1.195 X
1015, These discrepancies are too small, however, to account for
those between the results of the two methods of the capacitance
determination.
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observed) amounts to as little as 36 = 5 uf/cm?2 (3),
i.e., is much less than in solutions of halides.

If the establishment of the potential difference at
the platinum electrode-solution interface cannot be
understood without taking into account the contribu-
tion of the atomic coverage, it is not possible either
to assume, as Bowden and Rideal (16) did some time
ago, the total potential difference established to be
determined by the dipole moment of the adsorbed
atoms. As pointed out by Frumkin (17), it is im-
possible to fulfill the conditions of equilibrium be-
tween electrode, solution, and adsorbed gas at a given
electrode potential without taking into consideration
the electric double layer. Let us explain this for the
simplest case of the equilibrium hydrogen electrode.
Under the assumption made, the quantity Ay depends
only on uy and hence on ¢,

An = f(yr) [18]

On the other hand, if we designate the effective di-
pole moment of the Pt-H bond as d, we shall have

4nAnud

Vv =yr— (pg+)o + g+ = + const  [19]

where e is the elementary charge and (uy+), the
value of uyx+ at molar concentration of the H* ions.
It is evident that the quantity Ap, determined from
[19], in the general case cannot be the solution of
Eq. [18]. This conclusion remains valid if, under
the assumption about the equilibrium state of the
system, we assume Oaqs t0 be present on the surface
along with Hags. At the first glance, the results of the
adsorption measurements of the cations from dilute
NaOH and CsOH solutions seem to be at variance
with this conclusion (18) (Fig. 4). In this case the
cation adsorption practically does not depend on .
In other words, the change in the potential difference
seems to be due to that in the atomic coverage, a
decrease in the amount of adsorbed H and an in-
crease.in that of adsorbed O. In actual fact, however,
the constancy of I'c+ is probably of a random nature,
since the adsorption effect in alkaline solutions is
made up of two items: cation adsorption, associated
with Hags ionization, and adsorption by hydrated sur-
face oxide groups, which are of a weakly acid nature
and take up cations in alkaline solutions. With in-
creasing yr, the first effect decreases, whereas within
a certain potential range, the second effect increases,
resulting in the approximate constancy of I'c+. Such
an explanation is supported by the following observa-
tions. In the presence of Br— or I- ions ( as well as
of Cl— ions at higher concentrations, which displace
oxygen from Pt surface) in alkaline solutions at
not too small y, TI'c+ decreases with increasing ¢,
(Fig. 5) (7, 18, 19). In Ca(OH)2 and Ba(OH); solu-
tions containing doubly charged cations Ca2* and
Ba?*, which seem to be strongly chemisorbed by
hydrated surface oxides, with increasing ¢, in the
hydrogen region I'c+ increases (Fig. 6) (1). Of par-
ticular interest is the approximate constancy of T¢+
in the hydrogen region, which is also observed, al-
though within a narrower range of ¥, values, in

ro° o4
2 L"—!‘g‘h"‘%

o 2o )

0@ ® % ® uy

Fig. 4. Dependence of I'cs+ (1) and I'na+ (2) in 102N
CsOH and 10—2N NaOH on y,.
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Fig. 5. Dependence of Tcg+ (1) and Ty— (2) in 10—2N
CsOH + 102N Csl on yr.

T T

Fig. 6. Dependence of adsorption values on y,: 1, Ca2¥ in
10-3N Ca(OH)2; 2, Ba2+ in 103N Ba(OH)z; 3, Ba2™ in
10-3N Ba(OH)2 + IN NaOH; 4, Ca2* in 10-3N Ca(OH)z +
IN NoOH.

acidified solutions of sulfates (Fig. 1). In this case,
the change in ¢, at a practically constant I'c+ is partly
determined by that in the effective dipole moment
of the Pt-H bond. As pointed out earlier, at small
coverages the dipole of this bond is turned toward
the solution with its negative, at large coverages—
with its positive end. Another factor leading to an
increase in the absolute value of the negative poten-
tial difference at constant T'c+ in the range of small
¥r, which we have also mentioned earlier, is the de-
crease in the capacitance of the electric double layer
with increasing Ay.

The thermodynamic theory outlined here can be
extended to other hydrogen adsorbing metals. As
shown by Tyurin and Tsybulevskaya (20), who
studied the dependence of the charging curves of
disperse rhodium on the pH of the solution, an em-
piric relationship is valid in the case of the rhodium

electrode
Ay = f1 (pa~052) [20]

where p is the equilibrium pressure of molecular hy-
drogen, a is the activity of hydroxonium ion, and f;
is some functional dependence. Equation [20] can
also be written as

Ay = fa (ugg — 0.26 pgg +) [21]
whence from [11], [15], and [16] it follows

o) =~ () (55)
=—(= (=
s/, oTus ), \ dAn

H T+
( 0An ) 0Axu ) dAwu )
= + H
i1 Onp+ OME+
rg+ o: [

1—0.26

=———— = —2,8
0.26

The relatively low value of (com-
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pared to platinum) can be partly due to the Rh sur-
face which apparently always carries a positive charge
in the hydrogen region (21). It also points to a con-
siderable and constant polarity of the Rh-H bond,
with the negative dipole end turned toward the so-
lution.

Let us consider some other possible changes in the
composition of the solution.

Adsorption of cations and anions of the electrolyte,
on one hand, and hydrogen adsorption, on the other,
exert a mutual influence (6). It follows from [1],
[3], and [4] that

( aAH ) _(a(PA——Fc+))
dus B dus
Yoty + Yryhp +
Tp- T
Or

Msylhgy +

Equation [22] can be verified experimentally, although
this has not been done yet. In fact, adsorption of
cations and anions on platinum can be directly es-
timated from experiment, primarily by the method
of radioactive tracers (7). Then, by the charg-
ing curves method, it is possible to find the quantity

(5e-)
Ous

‘phf“H +

dAn
, and hence . From [22],
dus
HDT,MH+

by elementary transformations, we obtain

( dy ) _ [B(I‘A—'i- To+) ]
Ons o e
€1y + Hsytpg +
0 dA
-(3) &)
aE G,us
sy E + Yrug +
. 8An . .
With 5 = 0, Eq. [23] changes to a relation which
Ms

is well known from the thermodynamics of electro-
capillary phenomena (22, 27).

At the present time, experimental data are available
on the adsorption on platinum of the cations Na+,
Cs*, Ca2t, Ba?*, Cd2t, Tlt and the anions SO42—,
HoPO4~, Cl—, Br~, I~ from acid and partly from al-
kaline solutions (1, 3, 4, 7, 18, 19, 23) which, however,
will not be presented here. Let us consider briefly
only a few of the specific features of this adsorption.

The behavior of adsorbed Na* and Cs+*, as well as
of Ca2* and Ba2?t in acid solutions is on the whole
similar to their behavior at the mercury-solution in-
terface.® But the difference in their adsorptivities,
which increases in the sequence: Na+ <« Cs* < Ca2+
< Ba2?* is much greater. The maximum charge of ad-
sorbed cations remains within 5 — 10 x 10—6 coul/cm?
for acid and 10 — 25 x 10—% coul/cm?2 for alkaline so-
lutions at the bulk concentrations of the order of
10~2 mol. The cations Cd2* and Tl+ show a pro-
nounced specific adsorptivity (to a lesser degree also
Zn2* and Pb2*). In the case of Cd2+ the maximum
charge reaches the value 60 x 10-6 coul/cm2, and the
coverage reaches large fractions of a monolayer. The
adsorptivity of anions increases in the sequence SO42—
< Cl= < Br—~ < I-; the maximum charge of adsorbed
anions increases in this sequence from 15 to 140 x 10-6
coul/em2, Some specific adsorptivity is observed also
in the case of the least adsorbable ion SO.2—, since
the adsorption of SO~ and Cs2t maintains a small,
but still measurable, value at the point of zero charge
in acidified CspSO4 solution as well. One of the char-
acteristic differences between specific adsorption of
ions on Pt and that on mercury is that in the former

% Added in proof: New data show that the difference in the be-
havior of }333+ at both interfaces is much greater than it was sup-
posed earlier.
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Fig. 7. Dependence of T'ca2+r and T'soi2— in 1072N CdSO4
+ 10—2N HpS0x4 on yr.

case the phenomenon of superequivalent adsorption
is much less pronounced. Considerable adsorption of
halogen ions on platinum is accompanied over a wide
potential range by slight adsorption of cations only
(Fig. 2). The same holds true in the case of adsorp-
tion of the anion SO42— in the presence of the Cd2+
ion (Fig. 7). In the latter case, however, it is this
small quantity of adsorbed anions and the positive
charges on Pt corresponding to them which determine
the ultimate positive sign of the potential difference
between metal and solution to be observed at poten-
tials more positive than the point of zero charge of
platinum in absence of specific adsorption. Hence it
follows that the effective charge of specifically ad-
sorbed cations Cd2* must be very small. It would
be possible to estimate this charge quantitatively

( Y ) .
and in
dTca oT4—

Ty Tcq
CdSOs + HySO04 solutions with varying concentration
of both components. At the present time, however,
such data are not available. The results of an attempt
to estimate the effective charge of adsorbed T1* ions
in (23) cannot be agreed with.

Adsorptivity of ions can also be determined from
the potential shift on introduction of an ion under iso-
electric conditions into a solution containing only
weakly, or not at all, specifically adsorbable ions.”
Such “adsorption” potentials of anions (24) (Cl-,
Br—, I-) and cations (25) (Tl*, Cd2+, Zn2+, Pb2+)
were determined by Obrucheva on platinized and
smooth platinum [see also (26)]. A supporting elec-
trolyte was used, e.g., N HySO4. Let us designate the
chemical potential and the surface density of the sur-
face active ion by u; and Iy, respectively. We assume
its concentration to be so small, compared to that of
other ions in the solution, that it can be varied, main-
taining the chemical potentials of the other ions in
the solution practically constant. Under these condi-
tions, the variables to be taken into consideration are
pg and w;. From the relation

by measuring, e.g., (

it follows
ar oy
(5=) -(5) 251
i Onp
M M
whence
() —-(3) (32
i - Ty dui
Ty B [5% 1
T; T
:(‘W") (a,) =(3’ ) [26]
o'y or 0Ty
wi i I3
Taking into consideration Eq. [4], Eq. [25] can be
written as
d 04 d
() - (5) () | e
Iui ary aI;
PH i [

7 Evidently, the isoelectricity condition cannot be fulfilled at
potentials which are so close to the reversible hydrogen potential
that the hydrogen content in the bulk of the solution becomes
con}parable to the amount of hydrogen adsorbed on the electrode
surface.
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We shall assume the adsorptivity of the ion i to be
so large that, in spite of small concentration, it will
displace from the ionic part of the double layer other
ions with charges of the same sign. Then in the case
of the surface-active anion

€=r1‘,—-~—rc+ [28]
and the surface-active cation
e=T, —T;+ [28a]

where C+ and A—- are cation and anion which do not
show significant specific adsorptivity. From [27], [28],
and [28a], it follows for the case of anion adsorption?

(5) = [ (&) ()
i i i i [29]}

'y i

and for the case of cation adsorption

() -+ [(8) - ()

T i [

[29a]

The expressions in square brackets determine the
sign and value of the potential shift under isoelectric
conditions with increasing concentration of the i ion,
assuming the adsorption equilibrium to be main-
tained all the time. These expressions differ from
those obtained in the case of the mercury electrode

dA
H ) , but
d

i

not only in that they contain the term(

i

. . oTc+
also in that the quantity 3

) and, accordingly,
o
) .

3ri+

) are small (unless the potential lies in the

M

immediate vicinity of the point of zero charge). The
latter fact is due to the insignificance of the value of
superequivalent adsorption on the Pt electrode, al-
ready mentioned earlier.® In the expression in square
brackets in Eq. [29] all items are always negative.

9
Therefore, the quantity ( 8% ) should be nega-
i

H
tive, as would be expected in the case of anion ad-
sorption, and less than unity in absolute value, ap-
proaching unity on complete displacement of adsorbed
hydrogen by the anion. The last conclusion is at vari-
ance with some results of Obrucheva (24), since, when
the concentration of Br— and 1- was increased ten
times, with HySO4; used as a supporting electrolyte,
under certain conditions adsorption shifts of the po-
tential in the direction of more negative values equal
to 0.12v or even larger were observed, which would

d
yr ) ~—2. It is possible, how-
aui

H

ever, that in more dilute solutions adsorption equi-
librium was not established. In the case of cation ad-
sorption (Eq. [29a]), the second and the third items
in square brackets are always positive. Usually, the
first item is also positive, and the positive value of
the sum determines in the case of cation adsorption
the shift of y, in the direction of higher values. In
some cases, however, e.g., in adsorption of Cd2+ from

correspond to (

8If Au = 0, Eq. [29], as it is easy to show, becomes identical
with the relation deduced recently by Dutkievicz and Parsons (48)
(loc. cit., Eq. [14]) to determine the shift of the potential of a mer-
cury electrode in a KF solution, caused by the adsorption of I-
ions at constant charge.

¢ For the mercury electrode in the case of specific adsorption of
ale+
anions, the quantity

is close to 0.3 (27).
e
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acid solution of CdSOy4, at small values of ¥, I+ in-
creases with increasing ¢» (7). Probably, this is the
result of the competition between Cd2+ and H for sites
on the platinum surface (Fig. 7). At large enough neg-

A ]
il ) , the quantity ( da )
I‘i+ al-’vi+

Hi Ty
may become negative, and the adsorption of the
cation may cause a potential shift toward more
negative values. Such effects were actually ob-
served in the case of the adsorption of the
T1* ion in the vicinity of the reversible hydrogen
potential and were explained by the displacement of
adsorbed hydrogen (25). It should be emphasized,
however, that these data are of a strictly qualitative
nature, and the verification of the quantitative theory
of adsorption shifts of potential in the case of specific
ion adsorption on platinum necessitates further study.

Measurements of adsorption shifts of potential also
give an independent method of determination of the
changes in the shape of the charging curve with chang-
ing composition of the solution since all the values
of yr obtained in passing from the values u; = ()1
to wi = (w)e at Ty = const. evidently can give a
charging curve corresponding to the solution with
wi = (w)2, provided the charging curve of the solu-
tion with g; = (wi)1 is known (28).

Recently much attention has been given to adsorp-
tion of organic substances on electrodes of the plat-
inum iype, and valuable results have been obtained by
Bockris and co-workers (29). Assuming that this kind
of adsorption can be considered to be a reversible
process, which does not seem to be true in all cases,
the -following relation can be used for a system with
constant concentration of all components except ad-
sorbed hydrogen and organic substance

ative values of (

do = — erMH - 1—‘orgd.“vorg [30]
where I'org and porg are adsorbed amount and chemical
potential of the organic substance (30).

Taking into consideration Eq. [4], it follows from
[30] that

A To
(:H>_(aﬂe )=_<Ba¢rg> [31]
forg v torg v
whence

Horg
( Otorg ) _ ( Ouorg ) ( Olorg )
ay - aT. 3y
T org e ¥ Morg
A 0
(=) — (o) e
arorg v arorg v
Equation [32] can also be writfen in the form

ory € A
(5=) = () +(5e) o
orgw org\[/

Torg

where AGorg is the standard free energy of adsorption
of organic substance. In the case of the mercury elec-
trode, the change in adsorptivity of organic substance
with the potential is determined by the first term in
the right hand side of Eq. [33]. To compare the values
of the first and of the second terms, let us put it as
it is usually done (31)

T T
S (1— lf”“ )+ez If" (341

@ @

where T, is the limiting adsorption of organic sub-
stance and ¢ and e the charge per unit surface on
uncovered and covered parfs of the surface, respec-
tively. Similarly, we can put

Downloaded 29 Jul 2009 to 195.208.208.146. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



Vol. 113, No. 10

T 1Y
A= (A1 (1— = )+ (Am)2—=2_ [35]
It follows from [34] and [35] that
e L ) [36]
Torg T, &
0An 1
Tors T [(An)2 m)1] [37]

For many organic substances and over a wide poten-
tial range, in the case of the mercury electrode |e
is known to be several times less than |ei|, which fact
determines the desorbing action of the electric field.
Judging by the few experimental data available (32),
a similar relation should exist between (Ag): and
(An)1. Thus, the relative importance of the first and
the second terms in the right-hand side of Eq. [33],
9AGorg )

k]

oy
Torg

depends in order of magnitude on the ratio of Ag and
le|. Taking into consideration that the maximum value
of Ay in the hydrogen region is ~2 x 10— coul/cm?,
and the maximum value of ¢ for the Pt electrode,
e.g., in acid sulfate solutions, is of the order of 10-5
coul/cm?, it is evident that the second term in the
right-hand side of Eq. [36] is of great importance.
Even at the positive boundary of the hydrogen region
and within the so-called “double layer” region, in
which in the case of solutions without surface-active
anions the amount of hydrogen adsorbed on plati-
num surface, small as it is, is not equal to zero, ¢ and
Ay can be of the same order of magnitude and the

i ) should be taken into

Lorg

as the factors determining the value of (

presence of the term (

consideration in determining the dependence of AGrg
on y. Hence it follows that the relations deduced-for
the mercury electrode are not applicable for the de-
termination of the position of the adsorption maxi-
mum of neutral molecules relative to the point of
zero charge in the case of the platinum electrode.
Whereas the point of zero charge of platinum at low
pH values lies in the hydrogen region, due to the de-
sorbing action of hydrogen, the potential of maximum
adsorption should be shifted into the double layer
region. The magnitude of this shift is limited by the
appearance on the platinum surface not only of
positive charges, but also of adsorbed oxygen. The
mutual influence of adsorption of organic substance
and oxygen cannot be considered using thermody-
namic methods owing to the irreversibility of oxygen
adsorption, but there is no doubt that the presence of
the latter also reduces the adsorption of organic mole~
cules. The shift of the potential of maximum adsorp-
tion in the direction of more positive values relative
to the point of zero charge must decrease in the pres-
ence of surface-active anions, since at not too small ¢,
the latter decrease Ay and increase e.

It should be noted that in considering the thermo-
dynamics of adsorption of organic substances on the
Pt electrode, we assumed the molecule to be adsorbed
without dissociation. In actual fact, the adsorption of
many compounds, e.g., aliphatic aleohols, involves de-
hydrogenation (33), which makes the treatment of the
process somewhat more complicated. This case should
be considered separately.

A suggestion was made to determine the point of
zero charge of platinum from the potential at which
adsorption of organic substance does not depend on
the electrolyte concentration (34). This conclusion
could be considered to be justified only if the quantity
Ap were proved to remain unchanged with changing
electrolyte concentration.

Finally, it should be noted that Eq. [33] is applicable
not only to adsorption of a neutral molecule, but also
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to that of the surface active cations and anions, pres-
ent as an addition to the supporting electrolyte, pro-
vided their concentration is so small that it can be
varied, keeping the concentration of the supporting
electrolyte practically constant. In this case, the quan-
tity I'org in Eq. [33] should be substituted by the sur-
face density of the ion being adsorbed I

ADDENDUM

Of essential importance for the development of
the theory of the double layer on platinum is the
determination of the potential of zero charge ye=o.
The following methods were used for this purpose:
direct determination of the quantity T'y+ from the
changes of the hydrogen ion concentration caused by
the adsorption process (I); determination of the po-
tential at which anion and cation adsorptions, ex-
pressed in electric units, become equal (II); deter-
mination of the deviation of a thin platinum wire in
an electric field (III); determination of the depend-
ence of the force which must be applied in order to
establish a contact between two crossed platinum
wires on the potential (IV); determination of the po-
tential corresponding to the maximum contact angle
(V). The last method is a roughly approximate one.
Some results obtained by the above methods are listed
in Table I.

As it is evident from Table I, the data obtained by
different methods are in fair agreement. In the case
of minimum specific adsorption ye.=¢ = 0.16-0.19. This
quantity shifts in the direction of more negative
values in adsorption of the anions Cl- and Br— and
in the direction of more positive values in adsorption
of the ion Cd2+.

In addition to investigations by the above men-
tioned methods, attempts have been made to deter-
mine the value of y.=o from the position of the mini-
mum on the differential capacitance-potential curve,
this minimum being assumed to correspond to the
maximum diffusivity of the electric double layer. The
use of this method, which gives reliable results for
metals that do not adsorb hydrogen, such as mer-
cury (38), gallium (39), silver (40), lead, tin, etc.
(41, 42), involves, however, considerable difficulties
in the case of the platinum electrode, on whose sur-
face adsorbed hydrogen and oxygen are present, since
in this case the pseudocapacity of ionization of these
gases is superimposed on the double layer capacity.
Additional difficulties arise due to the slowness of the
process of adsorption equilibrium establishment dur-
ing the formation of the double layer on platinum,
which was discussed earlier. Although, in principle,
measurements carried out in dilute solutions at suffi-
ciently high frequencies should give correct values of
Ye=q, the difficulties arising in such measurements do
not seem to have been overcome as yet. The values of
Y=o, Obtained by various investigators from ‘the ca-
pacitance measurements of the Pt electrode (43,44),
show great divergences. Moreover, the potential cor-
responding to the minimum observed on the differ-
ential capacitance curve greatly depends on pH, which
has been recently confirmed by Gileadi, Rubin, and
Bockris (45). As already shown by Frumkin and Sly-
gin, due to the polarity of the Pt-H bond, a depend-
ence of y.—¢ on pI should exist. But the linear rela-

Table 1. Zero charge potential of platinum in different solutions

Method of
We=0, Vs measurements,

Solution reference
2-10-3N H:S0. 0.16 111 (35)
N NasSOs + 10-2N H2SOs 0.11 (19)
10-3N Na:S0: + 102N H»SO¢ 0.18 II (7
10-2N Cs3S0 + 102N H3SO4 0.1¢ II {3)
1.8-10-2N Cs380; + 2-10-3N H2SO, 0.19 II (3)
2:10-5N HC1 0.19 111 (35)
N NaCl + 10-2N HC1 0.06 1 (19)
10-8N NaCl + 10-SN HCl1 0.10 i (@)
10-8N NaBr + 10-3N H2SO4 0.04 11 (7)
N NaBr + 10-2N HBr —0.02 I (19)
10-2N CdSO4 + 10-2N HzSO4 0.65 II (&4
N NaBr + 5-10-2N NaOH —0.26 I (19)
10-2N CsI + 10-2N CsOH —0.58 1I (7)
10-2N KCl 0.20 v (37)
10-3N KC1 0.20 v (37)
N NazSOs + 10-2N HaSO4 0.27 v (36)
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tionship between the supposed value of y.—¢ and pH,
established in (45), cannot be explained on the basis
of the theory and makes it probable that the minimum
observed reflects to some extent the minimum cov-
erage of the surface with adsorbed hydrogen and
oxygen rather than the maximum diffusivity of the
double layer (44). This is in agreement with the rela-
tion between the slopes of the I'y+, and the I'y,
curves in solution containing the SO42— ion (3, 7),
which shows that in this case, in the so-called double
layer region the amount of adsorbed hydrogen and
oxygen on the surface is commensurable with the
double layer charge. Thus, in 0.1N HySO4, within the
potential range 0.3-0.8, the value of gT'y+/dy is equal
to 36 x 5 pf/cm?2, whereas the value of — dI'u/dy,
determined from the slope of the charging curve, is
~T70 pf/cm? at ¢y = 0.3-0.5 and 150 uf/cm? at y = 0.5-
0.8 (3). An even greater discrepancy is observed at
higher pH (2). Only in the presence of specifically
adsorbed anions, such as Cl1— and Br—, the capacitance
values, determined from the adsorption measurements
and the charging curves coincide over some potential
range, i.e,, the surface is practically free of adsorbed
H and O.

It should be also kept in mind that a certain lower-
ing of the differential capacitance values with increas-
ing dilution is not necessarily connected with in-
creased diffusivity of the double layer and can be
caused by an exclusion of a part of the surface, which
is especially pronounced if the surface is not perfectly
smooth or markedly inhomogeneous.

On the whole we think that the capacitance mini-
mum of the platinum electrode, corresponding to the
maximum diffusivity of the double layer, has not yet
been established. It appears therefore doubtful
whether the value of y.=¢ equal to 0.48 at pH = 3
obtained by capacity measurements (45) really cor-
responds to the point of zero charge of platinum. The
question of the relationship between the potential of
zero charge and that of maximum adsorption of neu-
tral molecules in the case of the Pt electrode was dis-
cussed earlier.
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Discussion

M. W. Breiter: The paper stresses the important
aspects in which the adsorption of inorganic and
organic species on platinum differs from that on
mercury because of simultaneous adsorption of hydro-
gen atoms or oxygen atoms. The general predictions of
the thermodynamic treatment given first by Frumkin
and Slygin! are in good agreement with the numerous
results of direct measurements of ion adsorption on
platinum by the above authors. The influence! of the
compasition of the electrolyte on hydrogen adsorption
is also reflected by the heats of hydrogen adsorption23
at the same coverage in different electrolytes. The
heat decreases with increasing adsorbability and con-
centration of the anion. The decrease of the heat is
paralleled*5 by less negative values of the corre-
sponding entropy change at small hydrogen cover-
age (< 0.1). If organic species are chemisorbed, the
resulting decrease of hydrogen adsorption may be used
as a measure of the coverage with organic species. A
quantitative method was suggested recently.®

An attempt was made some time ago to apply the
thermodynamic treatment! to the determination of
halide ion adsorption from the measurements? of hy-
drogen adsorption on smooth platinum in 1M HCI1O.
with additions of HCI or HBr at halide ion concentra-
tions of 10—3 and 10—2M. However the changes of @
(see Eq. [7] in the paper) with the chemical potential
of HCl and HBr, respectively, were not large enough
to warrant a computation under the condition of hav-
ing the same surface state at different anion concen-
trations. The technique developed by Gilman® ap-
pears useful for the study of halide ion adsorption on
platinum.

S. Schuldiner: This paper gives an excellent thermo-
dynamic treatment of the Pt hydrogen -electrode.
Many useful relations are derived which are of value.
The initial assumption of the authors that the potential
range from 0 to 0.5-0.6v vs. the hydrogen electrode in

the same solution can be considered as a reversible °

system in acid solution is open to question. Work at
the U. S. Naval Research Laboratory has shown that
the reversible H*/H; reaction determines potential
on a Pt electrode in acid solution only up to 0.18v
vs. NHE. Furthermore this work and others has shown
that a large part of the hydrogen associated with a Pt
electrode is irreversibly sorbed. Thus, the potential
range Frumkin, Balashova, and Kazarinov assume to
be valid for the reversible hydrogen electrode appears
to be much less than claimed.

A. N. Frumkin (communicated): It is not important
for the theory developed by us whether the equilib-
rium of the reaction H*/H,, to which Dr. Schuldiner’s
remark refers, is realized in practice. The theory pre-
sumes only the existence of an equilibrium for the
ionization reaction of adsorbed hydrogen. The exist-
ence of this equilibrium is proved by the complete
reversibility of the charging curves in the potential
range indicated and by the independence of the length
and shape of the charging curves from the time of
measurement, which varied from 10 to 100 min, when

(1;:;%.) Frumkin and A. Slygin, Acta Physicochim. URSS., 5, 819

2'W. Bold and M. Breiter, Z. Elektrochem., 64, 897 (1960).

3 M. Breiter and B. Kennel, ibid., 64, 1180 (1960).

4+ M. Breiter, Elektrochim. Acta, 7, 25 (1962).

s M. W, Breiter, Ann. N. Y. Acad. Sci., 101, 709 (1963).

¢M. W. Breiter and S. Gilman, This Journal, 109, 622 {1962).
7M. W, Breiter, Electrochim. Acta, 8, 925 (1963).

88, Gilman, J. Phys. Chem., 68, 2098, 2112 (1964).
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employing our method (platinized platinum electrodes
with 5-10 mg Pt-black/cm? of visible surface).® Ap-
parently, owing to the wide use of fast pulse methods
in recent years it has become unusual to treat the
surface of the platinum hydrogen electrode as an
equilibrium system.

F. G. Will: In Eq. [7] of the thermodynamic treat-
ment, it is assumed that the amount of charge sup-
plied to the electrode to shift its potential from one
to another wvalue in the hydrogen adsorption region
is not substantially affected by molecular hydrogen in
the electrolyte. With the lightly platinized electrodes
used in this study, this assumption can lead to sig-
nificant errors, depending on the particular conditions
of charging. Recent, still unpublished calculations
show that an even more significant error may be in-
troduced by neglecting the diffusion of atomic hydro-
gen from the surface of the electrode into its interior.
The magnitude of this error will again depend on
transition times, surface roughness, and the size of the
platinum black grains.

With regard to the relative contributions of ad-
sorbed atomic hydrogen and of hydrogen ions to the
potential difference at the platinum solution interface,
it seems surprising that the contribution of the ions
should be an order of magnitude larger. While it is
granted that this would be true for the particular elec-
trolytes (1N NaCl + 0.01N HCI and 1N NaCl + 0.05N
KOH) considered in this study, it appears highly un-
likely that it is also true for many acid electrolytes.
In the case of the latter, a near 1:1 ratio between sur-
face platinum atoms and adsorbed hydrogen atoms is
found. From studies in the gas phasel®1! it is known
that the work function of platinum is changed by as
much as 1 electron volt when hydrogen is adsorbed.
Certainly, then, the effect of adsorbed ions cannot be
one order of magnitude larger.

E. Gileadi: I would like to agree with Dr. Will that
the surface area measured from a hydrogen charging
curve at very low current densities may be substan-
tially in error due to hydrogen diffusion from the
bulk of the metal. On the other hand, the authors
find agreement between their area measurement and
B. E. T. measurement so that their hydrogen charging
method probably cannot be very much in error.

A. N. Frumkin (communicated) : Contrary to Dr. Will’s
comments, the data presented by Marvet and Petryi2
also show that hydrogen solubility in the electrolyte
and the metal could not affect the results obtained.
The question as to how the presence of dissolved hy-
drogen could be taken into consideration in the equa-
tions derived by us, should this be necessary, will be
dealt with elsewhere.

Dr. Will’s remark regarding the relationship be-
tween the quantities designated by us X and Y seems
to be founded on a misunderstanding. The contribu-
tion of the adsorbed H atoms to the potential differ-
ence set up at the interface is by an order of magni-
tude less than that of the adsorbed Na+* and Cl— ions
per one adsorbed particle. The maximum amount of
adsorbed Na* and Cl— ions is, however, in about the
same proportion less than the maximum amount of ad-
sorbed hydrogen atoms. As the result, the contribution
of the ions and of the atoms to the potential differ-
ence being set up become comparable, which deter-

9 R. Marvet and O. Petry, Elektrokhimiya, 1, 1225 (1965).
10 Ref. (12) of the paper.
11 Sachtler, Rootsaert, and Van Reijen.

12 R, Marvet and O. Petry, Elektrokhimiya, 1, 1225 (1965).
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mines the shape of the charging curves observed. In
the case of ions with pronounced specific adsorptivity,
such as Tl* ions, when maximum ion adsorption be-
comes comparable with hydrogen adsorption owing
to the covalent bond between the metal and the ad-
sorbed ion, Y should approach X.

E. Gileadi: I would like to refer to two of the topics
mentioned in this paper, namely, the position of the
potential of zero charge on Pt and the interpretation
of the potential dependence of organic adsorption on
Pt.

The potential of zero charge on platinum has been
investigated in our laboratory in some detail by two
methods.!3 One method depends on the study of the
effect of natural salt concentration on the potential
dependence of organic adsorption!4¢ and the other is
the well-known measurement of differential double
layer capacity as a function of potential in highly
purified dilute solutions of HClO4 Results obtained
by the two methods were found to be in good agree-
ment, and I would like to concentrate on those ob-
tained by the capacitance method.

Fig. EG 1 shows a typical C-V plot in highly puri-
fied, dilute HClO, solution. The pretreatment of the
electrode was found to be of very great importance,
and in particular the absorption of hydrogen into the
bulk of the metal must be controlled. The curve

B E, Gileadi, S. D. Argade, and J. O'M. Bockris, J. Phys. Chem.,
70, 2044 (1965).

4 H., Dahms and M. Green, This Journal, 110, 466 (1963).

2
pH=25
26
o
o
€
E » o
3 without H
8
g4
©
o
a
s r o,
withH
22 o\o
A\b\ /
Il L 1 1 1 1 1 1

300 600

400 500
Potential (RHE)mV

Fig. EG 1. Capacitance-potential relationship in dilute HCIO,
solution.

pH =112
23
r with Hyp
\
\
~ 22
3 N
[
1
3
o
3
2
3 y without H,
2 o
-]
© 2
Q,
20 ¢ 1 : 1 1
200 300 600 700

400 500
Potentiol {R.HE.) my

Fig. EG 2. Capacitance-potential relationship in dilute NaClO,
+ NaOH solution at high pH.

JOURNAL OF THE ELECTROCHEMICAL SOCIETY

October 1966

20

a6~ x

-X- going cathodic
42/~ ~o—going anodic

-2
x ' 5%x10%m
38 x/o/
5-°
*r )/E/
X
x O
e 7 13x10% M
T ]
T
§ 29
'S
2 =]
I 8&5*
3 27
o
a
-]
(%]

’4x 1073m
il &-«s-/

o,
N Ixi03 M
‘\ °
o/
| | ] | | 1
400 450 500 550 600 650 T00
Potential (mV. RH.E}

Fig. EG 3. Variation of the shape of the C-V plots with increas-
ing HCIO4 concentration.

N
N
I

LINO2 M KCIO,
x ~1.5XI0 3MHCIO,

3.2XI03M KC 104
+1.5XI0™3 M HCIO,
8- o

HCIQ, solution 1.5XO™3 M
/

Capacitance pF ¢m-2
N
(o]
T

AT

N-

1 1 1 J | ] )
400 500 600 70

Potential {r h.e)

Fig. EG 4. Effect of addition of increasing amounts of KCIO4 on
the shape of the C-V curves.

marked “without H” in Fig. EG 1 was obtained on an
electrode which has been treated for 3 hr at 450°C in
an atmosphere of purified argon. Calculations based
on independent measurement of the diffusion coeffi-
cient of hydrogen in Pt carried out in our labora-
toryl5 confirmed that under these conditions all the
hydrogen was eliminated from the metal. Prolonged
heating (overnight) had no further effect. The curve
marked “with H” was obtained after keeping the
electrode at a potential of 0.2v r.h.e. for 5 min, allow~
ing for hydrogen diffusion into the metal. Figure EG 2
gives similar results in alkaline solutions.

5 E. Gileadi, M. A. Fullenwider, and J. O'M. Bockris, This Jour-
nal, in press.
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Fig. EG 5. Differential capacity measurements on platinum in
0.001N HCIQ4 solution as a function of frequency.

Two types of experiments were performed to prove
that the capacitance minimum observed here does in
fact correspond to the maximum diffusivity of the
double layer, i.e., to the potential of zero charge.
Figure EG 3 shows the variation of the shape of the
C-V plot with increasing concentration of HClO4 In
Fig. EG 4, the effect of increasing the total ionic
strength by addition of KC10, is shown. In both cases
the capacitance minimum characteristic of the poten-
tial of zero charge in dilute solutions disappears as
soon as the total concentration of electrolyte exceeds
5x 10-3N.

In Fig. EG 5, the effect of frequency on the C-V
blot in the vicinity of the potential of zero charge is
given for a frequency range of 0.5 x 103 to 8 x 103 cps.
A very small frequency variation is observed, which
can be attributed to the lack of complete symmetry
between the working and counter electrode, and to
a certain extent to a possible slight roughness of the
surface.

On the basis of the effect of concentration and fre-
dquency on the C-V plot we then conclude that the ca-
pacitance minimum observed in our measurements in
very dilute solution corresponds to the potential of
zero charge. The value of the potential of zero charge,
measured vs. a constant reference electrode, varies
linearly with pH to an extent of 60 mv/pH unit and
has a value of Vi, = 0.56 == 0.025v independent of
pH when measured vs. a reversible hydrogen electrode
in the same solution.

The disagreement between the results presented by
Frumkin et al. in this paper and our own recent re-
sult may be at least in part due to the different pre-
treatment of the electrode. Our values refer to a
“hydrogen free” Pt electrode, while the results of
Frumkin et al. and probably all other results re-
ported so far refer to a “hydrogen loaded” electrode.
Figures EG 1 and EG 2 indicate that the effect of hy-
drogen in the metal is at least in the right direction
to resolve this discrepancy.

I would like to turn now to the question of the in-
terpretation of the potential dependence of adsorption
of neutral organic molecules. on Pt. In several publica-
tions from our laboratory in recent yearsi6-1® this de-

1 J, O'M., Bockris, M. Green, and D. A, J. Swinkels, This Jour-
nal, 111, 736, 743 (1964).

17 E, Gileadi, B. T. Rubin, and J. O’'M. Bockris, J. Phys. Chem.,
69, 3335 (1965).

I8 W. Heiland, E. Gileadi, and J. O’M. Bockris, ibid., 70, (1966).
® E. Gileadi, J. Electroanal. Chem., 11, 137 (1966).
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pendence has been interpreted in terms of a “competi-
tion with water” model while according to the pres-
ent papers of Frumkin et al., this is more likely due
to essentially a competition with hydrogen and oxy-
gen adsorbed on the surface.

We are in agreement with the relevant Eq. [33] in
this text, which gives the variation of the free energy
of adsorption of organic with potential at constant
Torg as a function of the derivatives of the charge and
the hydrogen coverage Ap with respect to I'grg at con-
stant potential

() o ()« ()
3 T\ ar, ar
¢ rorg rg ¢ org 1P

The relative importance of the two terms on the
r.h.s. of this equation for the Pt system is, however,
disputed. Moreover, to explain the decrease of cover-
age with potential above 0.5v a similar equation would
have to be assumed for adsorbed oxygen. It is doubt-
ful if such an eguation would be valid, due to the ir-
reversible nature of oxygen adsorption, as pointed out
by Frumkin in a previous publication.20

Several experimental facts do not seem to be in
agreement with the theory proposed here by Frumkin.

1. Peak adsorption on Pt occurs at about 0.45v
(NHE) in 1N HySO4 The coverage decreases roughly
symmetrically on either side of Vmag, yet at 0.2v, 6u
= 0.5 while at 0.7v (i.e., at an equal distance on the
anodic side of Viax) the coverage by oxygen is prob-
ably not more than 0.05.

2. In a study of hydrocarbon adsorption on Pt on
open circuit it was found2?! that ethylene displaced
hydrogen from the electrode surface. On the other
hand, it was found to have essentially no effect on
oxygen coverage in the same system.?2 Thus

I (aAH/é)I‘org)w] >> I (aAo/aPorg)¢|

and an unsymmetrical 8¢ — ¢ relationship would be
predicted.

3. In the adsorption of naphthalene and n-decyl-
amine on Ni an increase of coverage with increasing
cathodic potential occurred in a region where coverage
by hydrogen also increased.

In conclusion, we agree that hydrogen adsorption
may have an effect on the potential dependence of
organic adsorption in certain systems. However, it
appears highly unlikely that our results for e.g.,
ethylene!? and benzenel® adsorption can be interpreted
even partially on this basis.

The pH dependence of the potential of zero charge
and the effect of pH on organic adsorption are con-
sistent with our interpretation of the ¢ — V relation-
ship. Figure EG 6 shows ¢ — V plots for the adsorp-
tion of benzene on Pt from mixtures of HySO, and
NazSO4 maintaining a constant concentration of SO4=
ions.!18 A plot of the potential of zero charge and the
potential of maximum adsorption vs. pH is given in

Ge0-

/’/ X\K\pn(: 08
040 A/K—A\;B/\ajo*\\o*\b \

\ pH=30

Fractional Coverage 8

1 |
-020 o] 020 040 060 080
Potentisl {volts NR.E.)

Fig. EG 6. The adsorption of benzene on Pt as g function of po-
tential and pH.
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Fig. EG 7. pH dependence of the potential of zero charge and
the potentiol of moximum adsorption on Pt.

Fig. EG 7. The two lines are parallel within experi-
mental error with Vs slightly cathodic to Vp at
all pH values as expected according to the water com-
petition model 16

A. N. Frumkin (Communicated): A number of at-
tempts have been made at the Institute of Electro-
chemistry to use for the platinum-hydrogen electrode
the method of the point of zero charge determination
from the capacitance minimum in dilute solutions, first
proposed by one of the authors.22 Although Birintseva
and Kabanov?¢ observed at ¢ == 0.18v the appearance
of a minimum on the C, ¢ curves in 0.01 and 0.001N
H,;SO4, which disappeared with increasing concen-
tration (C, the capacitance per unit electrode surface;
other designations, the same as in our paper), i.e.,
in. agreement with the point of zero charge deter-
mination, in our paper we pointed out with good rea-
son, as it seems to us, that the difficulties involved
in these measurements have not yet been overcome.
Recently Burshtein, Pshenichnikov, and Shevchenko,

20 A, M. Franklin, Doklady Akad. Nauk. SSSR, 154, 1432 (1964).
211, W. Niedrach, This Journal, 111, 1309 (1964).

2 J, O’'M. Bockris, H. Wroblowa, E. Gileadi, and B. J. Piersma,
Trans. Faraday Soc., 61, 2531 {1965).

C, pE
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Fig. AF 1. Dependence of the capacitance of an activated Pt
electrode on the potential vs. NHE in dilute solutions (Burshtein,

Pshenichnikov and Shevchenko). 1. 0.IN HaSO4; 2. 0.0018 NH2504;
frequency: 1. 10,000; 2. 5100 cps.
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of the same Instifute, apparently obtained more re-
liable results. The experiments were carried out with
a smooth Pt electrode, which after reduction in hy-
drogen at 450°C and outgassing in vacuo at 900°, had
been activated in the solution by the application of
sawtooth cathodic and anodic pulses in the interval
of ¢, values from 0.0 to 1.6v. As can be seen from
Fig. AF 1, at higher concentrations a minimum is ob-
served at y ~ 0.55v, which is, undoubtedly, a pseudo-
capacity minimum due to ionization of adsorbed hy-
drogen and oxygen. As the solution is diluted, how-
ever, a deeper minimum appears at ¢+ = 0.23v, i.e,, close
enough to the pzc determined by direct adsorption
measurements. The position of this minimum on the
y-axis does not change when the concentration of the
acid is changed from 0.01 to 0.002N and appears there-
fore to be pH independent. Further measurements
will show how far this result can be considered con-
clusive.

Comparing the results of his measurements by the
differential capacitance method with the data on the
pze given in our paper, Dr. Gileadi suggests that the
difference in the surface state of the electrode is one
of the reasons for the discrepancy observed. In Dr.
Gileadi’s opinion, his own data refer to a “hydrogen
free” electrode, whereas our data are for a “hydrogen
loaded” one. In this connection, we would like to
make two observations. The term “hydrogen loaded”
does not correctly describe the surface state of the
electrodes used by us, as under cathodic polarization
the electrode can be loaded with hydrogen to vari-
ous degrees. In actual fact, our aim was to establish
the conditions for the equilibrium relative to the ion-
ization reaction of adsorbed hydrogen as given by
Eq. [2]. Such conditions, as will be shown below,
really can be established. As regards the surface
treatment carried out by Dr. Gileadi, there is no doubt
that no equilibrium is established on the surface of
a smooth electrode deactivated by prolonged heating
at 450°C without subsequent activation by alternating
anodic and cathodic polarizations. Measurements of
the electronic work function of platinum, however,
performed at the Institute of Electrochemistry by
Fokina, Shurmovskaya, and Burshtein have shown that
in order to remove strongly adsorbed or dissolved
gases from the surface of solid smooth platinum it is
necessary to carry out degassing in vacuo at 900°C.
In addition, as it follows from a series of studies by
Bagotsky and collaborators,2s previously degassed
platinum absorbs appreciable amounts of oxygen
from the solution already at the potential v, ~ 0.4v.
Therefore, we suppose that the minimum observed
by Dr. Gileadi in the experiments with 0.001N HCIO4
is likely to be connected with the position of the pzc
of a somewhat oxidized platinum surface. In fact,
according to the data of Balashova and Frumkin,?
in dilute HSO4 the pzc of oxidized platinum lies at
¢ ~ 0.5v, ie., it is strongly shifted in the positive
direction.

At any rate, the shift in the minimum on the ca-
pacitance curve along the y-axis with changing pH
of the solution, observed by Dr. Gileadi, as well as
by Kheifets and Krasikov,2? shows adsorbed oxygen
(or hydrogen) to be present on the metal surface,
since otherwise it would be impossible to account
for this pH dependence by means of any theory. Un-
fortunately, Dr. Gileadi does not mention whether he
observed the dependence of the depth of this minimum

=T, Borisova, B. Ershler, and A. Frumkin, Zhur. Fiz. Khim., 22,
925 (1948).

2T, Birintseva and B, Kabanov, Zhur. Fiz. Khim., 37, 2600
(1963).

2 V. Lukianycheva and V., Bagotsky, Doklady Akad. Naeuk SSSR,
155, 160 (1964); V. Lukianycheva, V. Tikhomirova, and V. Bagot-
sky, Elektrokhimya, 1, 262 (1965).

2 N. Balashova and A. Frumkin, Doklady Akad. Nauk SSSR, 20,
449 (1938).

27 V. Kheifets and B. Krasikov, Zhur. Fiz. Khim., 31, 1992 (1952).
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Fig. AF 2, Dependence of T'u+ on y» for a platinized platinum
electrode in N KCI 4- 0.01N HCL The full drawn curve has been
calculated from Eq. [6]; the circles represent experimental values
(Frumkin, Petry, and Marvet).

on the concentration of the solution only in acid so-
lutions or at other pH as well. This point is an im-
portant one.

From our point of view, it was most important to
show that under the condifions of our experiments,
the surface of the platinum electrode could really be
treated as an equilibrium system, so that Gibbs ther-
modynamics could be applied to it. At present, Frum-
kin, Petry, and Marvet have been able to prove ex-
perimentally the correctness of this assumption, at
any rate for the case of a platinized platinum elec-
trode. In Fig. AF 2 the values of I'y+ in the function
of ¢, determined experimentally in N KClI + 0.01N
HC1 solution are compared with those calculated by
means of Eq. [6] of our paper from the values of

(5) e ()
and
oYr dup+
g+ 'y
The calculated values were obtained by the integra-
Ty +
tion of the ( B

curve determined from Eq.
T
[&: 82

[6] using the value of I'y+ at ¢, = 0 found experi-
mentally. Good agreement between calculated and ex-
perimental values corroborates the correctness of our
assumption as well as of the determination of the
pze by the method designated in our paper as
method I.

In the second part of his discussion, Dr. Gileadi
presents some arguments against the thermodynamic
treatment of the dependence of the adsorption of
organic substances on the potential, which was sug-
gested by one of the authors.?® According to Dr.
Gileadi, the relations like our Eq. [33] are quantifa~
tively inapplicable to the oxygen region of the charg-
ing curve owing to the irreversibility of oxygen ad-
sorption. This is quite correct and was emphasized
in our paper. It is not clear, however, how a model
based on “competition with water” can be quanti-
tatively used in this potential range when the meas-
urements of the anion adsorption show that in the
case of anions, which are not adsorbed specifically, the
tension of the electric field of the double layer, due
to positive surface charges and negative charges of
adsorbed anions, decreases rather than increases with
rising ¢,.29 The increase in the latter quantity de-
pends completely on that in the number of adsorbed

28 A. Frumkin, Doklady Akad. Nauk SSSR, 154, 1432 (1964).

» A, Slygin, A. Frumkin, and V. Medvedovsky, Acta physico-

chim. URSS, 4, 911 (1936); N. Balashova and V. Kazarinov, Usp.
Khim., 34, 1721 (1965).
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oxygen atoms and on the dipole nature of the Pt— O
bond.

Our treatment refers to the idealized case of or-
ganic substance adsorption when an equilibrium rela-
tive to adsorption of all components is established on
the surface. Naturally in the case of chemisorption
of such substances as ethylene, when adsorbed hy-
drogen 3031 appears on the platinum surface and meth-
ane and ethane can be detected in the gas phase3!
it is not possible to explain all the phenomena ob-
served in terms of a thermodynamic theory. The gen-
eral parallelism, however, between the position of
the potential of maximum adsorption and the sup-
posed pzc determined as it has been done by Dr.
Gileadi, follows from our interpretation of the phys-
ical significance of this potential and the relationship
between the adsorption of organic substances and
that of electrochemically active gases.

Hideaki Kita: 1. According to the statement on the
fourth paragraph, the Ht ions in the ionic part of
the double layer are adsorbed giving off their charges
to the metal and changing to H atoms. Thus, the
quantity I'y+ is identified with the charge density on
the electrode.

If we extend this identification further, I'y+ can
also be the quantity of adsorbed hydrogen atoms thus
formed. Since Ty is the symbol for the surface den-
sity of hydrogen atom, these quantities, T'y+ and I'gy,
appear not to be separated definitely from each other.

On the other hand, if we understand the quantity
T'y+ as the surface density of hydrogen ion as de-
fined in paragraph 3, the charge density of electrode
surface would be negligibly small according to the
statement in paragraph 4 that the presence of H+ ions
in the ionic part of the double layer can be neglected
at the conditions of an excess of C* cations.

2. Equation {2} can be taken as applicable only for
the case where the step, H* 4+ e~ = H(ads), is in
equilibrium, since the hydrogen electrode reaction
occurs irreversibly at the polarization of y,. Hence,
the quantity Ay, which is understood to be the amount
of hydrogen disappeared from the bulk of solution
according to the statement in paragraph 5 cannot be
the equilibrium quantity and must not be introduced
in the thermodynamical equations.

In short, interrelations among I'y+, I'y, and Ay do
not seem to be clear enough.

A. N. Frumkin (Communicated): 1. The quantities
I'y and T+ may become equal (but opposite in sign)
if no measurable amount of adsorbed hydrogen in
the atomic form is present on the electrode surface.
Such case was considered by one of the authors ear-
lier.32

2. The exchange current of the reaction H+ 4 e~
2 Hags at [HY] = 10—2N is of the order of 10—1 amp/
cm2. The maximum current density, used by us in
the measuremenis of the charging curves, calculated
per cm2 of true electrode surface, did not exceed
10—-% amp/cm2 Thus, the equilibrium conditions for
the above reaction were realized.

S. Gilman: It was suggested that the discrepancy
between the results of capacitance determination from
adsorption measurements and from the impedance
might be explained on the basis of slow establishment
of equilibrium between the adsorbed anion and the
platinum surface. While the observation need not
be general for all anions, evidence has been found33

30 R. Burshtein, V. Tiurin, and A. Pshenichnikov, Proc. 14th In-
ternat. Symp., Brighton, September 1964, p. 315, D. Collins, Editor,
Pergamon Press (1965); Doklady Akad. Nauk SSSR, 160, 629

(1965); V. Tiurin, A. Pshenichnikov, and R. Burshtein, Electrok-
himiya, In press.

81 1,. Niedrach, This Journal, 111, 1309 (1964).

22 B, Bruns and A. Frumkin, Z. physik. Chem. (A), 147, 125
{1930).

8 8, Gilman, J. Phys. Chem., 68, 2098, 2112 (1964).
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that (at potentials below ca. 0.8v in acid solution)
the adsorption-desorption of chloride and phosphate
ions is rapid and reversible. An alternative explana-
tion for low capacitance is naturally surface contam-
ination,* although it is not altogether certain that
the high values measured at clean smooth Pt elec-
trodes 3435 are entirely free of pseudocapacitance.

A. N. Frumkin (Communicated);: Our paper was
concerned with the discrepancy between the calcu-

or
lated value of Y1 = HY
oy

H
determined by the a-c measurements at a high enough
frequency, the former quantity proving to be much
larger than the latter. Since the presence of pseudo-
capacity of the ionization reaction of adsorbed hydro-
gen could have affected only the second guantity, tak-
ing it into consideration would have resulted only in
the increase in this discrepancy.

In the case of I~ adsorption from Nal solutions on
a platinized Pt electrode, it takes hours for the equi-
librium to be established.3®8 Such a delay was not ob-
served in the case of ions without specific adsorp-
tivity, which shows that it cannot be caused by the
diffusion difficulties or by the presence of impurities
in the solution. The effect of the latter moreover could
not be of great importance in the case of platinized
electrodes with a highly developed surface. The ad-
sorption process of such anions as I— on platinum
is in many respects similar to that of oxygen chemi-
sorption from the solution. Slow establishment of the
equilibrium in this case is a well known fact and has
been the object of a number of investigations (e.g.37).
In the case of the chlorine anion, these phenomena are
much less pronounced, but hardly absent altogether.
The technique used by Dr. Gilman is probably not
quite suitable for the investigation of very slow proc-
esses.

) and the capacitance

G. C. Barker: 1 do not question any of the experi-
mental facts reported by Professor Frumkin and his
co-workers. I merely wish to point out that the spe-
cific adsorption of certain metals on platinum is an
effect far more striking than might be suspected from
adsorption potential measurements. Our unpublished
work, based largely on studies of the rate of increase
of the part of the interfacial impedance connected
with the reduction of hydrogen ions and the oxida-
tion of adsorbed hydrogen atoms, suggests that hy-
drogen adsorption sites are readily occupied by ad-
sorbed metal atoms sometimes even when the solu-
tion concentration of the ion metal is as low as 10—8M.,
The adsorption for potentials in the range in which
hydrogen is adsorbed is very marked for Cd and Tl
and strong adsorption of the ions of Pb, Bi, and Sn in
the same potential region is also observed with
strongly acid solutions (HC1, HClO,). Generally the
adsorbed metal is displaced when the platinum elec-
trode is anodically polarized and this displacemrent
(due to oxygen adsorption) rather than the oxidation
of organic matter is usually the main reason why
platinum electrodes are “activated” by anodic po-
larization. Often the solutions used in studies of the
kinetics of the formation and oxidation of molecular
hydrogen contain copper and lead ions at concentra-
tions up to 10~7 — 10—%M and such concentrations are
sufficient to rapidly displace a substantial amount of
the adsorbed hydrogen from a smooth platinum elec-
trode and so greatly lower the activily of the electrode.
The fall in activity is generally accelerated in stirred
solution as the adsorption usually seems to be a diffu-

# 8, Gilman, Electrochim. Acta, 9, 1025 (1964).
3 M. Breiter, J. Electroanal. Chem., 7, 38 (1964).
% N, Balashova and V. Kazarinov, Elektrokhim., 1, 512 (1965).

(137 2V) Nesterova and A. Frumkin, Zhur. Fiz. Khim., 26, 1178
952).
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sion-controlled process. It might also be mentioned
that, if a smooth platinum electrode is suspended in
a sealed glass cell lined with platinum, the surface
of which has been platinized, after saturating the so-
lution with hydrogen and subjecting the electrode to
brief anodic polarization occasionally during the first
few days, the activity of the electrode (studied by
a-c means) remains almost constant for months with-
out further activation. This shows clearly that if
adequate precautions are taken to remove from the
solution organic matter and ions tending to be
strongly adsorbed, a spontaneous fall in activity such
as has been suggested from time to time in the litera-
ture does not occur. Clearly such falls are due to
faulty experimental techniques. Professor Frumkin
states that adsorbed Cd is covalently bound to the
electrode, and it seems likely that the same may be
true in other cases where almost complete coverage
(judging from the effect on the impedance) is cob-
tained at potentials considerably more positive than
that for bulk deposition of the metal. As has been
suggested earlier by Professor Frumkin, the strong
adsorption is presumably connected with the forma-
tion of a two-dimensional intermetallic compound.
Mossbauer studies of the bonding of specifically ad-
sorbed tin on platinum made recently by Bowles and
Cranshaw at Harwell suggest that the adsorbed tin
is very strongly bound to the electrode.

Reply by M. W. Breiter: Study of the deposition of
copper ions on smooth platinum from acidic solutions
(1M HCIO,) was carried out by me at potentials more
anodic than the potential of copper deposition about
two years ago. The results were not published because
of the presence of small amounts of organic impurities
leading to an anodic wave in the oxygen region dur-
ing an anodic sweep. It was observed that copper ions
may be deposited at potentials up to 0.25v more anodic
than the deposition potential. The layer formed is less
than a monolayer and considered by me as an ad-
sorbed layer of Cu atoms. Thicker layers are formed
at the potential of copper deposition. The layers can
be removed by anodic stripping.

H. D. Hurwitz: Without using the original method of
Gibbs, it seems to me that we may formulate the
problem of the nonideal polarized interphase in an
equivalent manner starting from the equation of
Gibbs-Duhem and the electroneutrality condition

I+ +e=Tp— —Tc+ [1]
At constant T one has
(do’)T = — PA—d,uA— —Pc+dﬂc+

— I"H+d,uH+ et AHdl”H — Edw [2]

In [1] and [2] one has stated that the Gibbs surface
defined by I'meo = 0 is permeable to H* and H, The
quantities Ty, I'c+, Ay and the charge « have been
defined in the paper. As for I'y+, the surface excess
of Ht, it has been assumed to vanish in the model of
Frumkin et al. in order to fit with the interpretation
of the value of e

For the condition of electrochemical equilibrium
respectively at the working electrode and at the ref-
erence electrode, one has

pu+ —Fy = uy (31
s+ — Fyref = (ug), [4]
and
( ; )o—
Vr=1y + _'U'_HTM_H: [5]

with yr the cell potential.
From Eq. [2] and [3] one deduces easily that

(dod7 = —Tp—-duy— —Te+duc+
—[T'y+ + e]d,u.H+ — [AH— €] dIJvH (61
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Another way to write [2] is obtained in making use
of [11, [3], and [4], thus

(do)r = —Ta-dusn —Tc+ducon — Fle— Anldyr

) I
in which

duan = dua— + dug+; ducom = duc+ — dug +

According to the definition ¢ = I'y+ and assumption
T'y+ = 0, Eq. [6] transforms into Eq. [1] of Frum-
kin et al., and relations [3] and [4] of this work are
readily inferred and may be extended to the case
where H* is not only in state of contact adsorption
(F'H+ Pl 0) .

THERMODYNAMICS OF THE PT H ELECTRODE

1025

From [6] it is observed that at u,— and pc+
constant, [I"'y+ + €] and [Ag — €] are thermody-
namically independent variables. Therefore, by exact
differential property, dy¢ could be written in terms of
these coordinates, or by introducing an analytical
change of coordinates* in terms of either [Ay 4+ I'g+]
and [I"y+ 4 €] or Ay and T'y+, according to the ap-
proximation of Frumkin. Equation [12] of Frumkin
with X-1 the pseudocapacitance of adsorption and
Y1 a capacitance of the double layer suggests that
such change of coordinates has been used.

Equation [10] of Frumkin et al. may be easily shown
to follow from Eq. [7] given above.

*With X = [Ag — el; ¥ = [ + €] and U = X
-

HA'4 Y
the Jacobian J(X,Y/U,V) of the transformation X, i y

+ Y =
U,V is unity.
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ABSTRACT

The influence of “bulk” ion pairing on electrode processes is easily de-
tected when its main effect is to decrease the activity of the depolarizer. On
the other hand, when association with the adsorbed ions of the supporting
electrolyte forms a more electroactive entity, it is known that it can be more
difficult to distinguish between direct discharge, or via ion pairs. However, a
broad intercomparison (under strictly identical experimental conditions) of
the influence of the nature and concentration of the supporting cation (Li*,
Na+*, K+, Cst*, Mg2+, Ca2t, Ba?2t) on depolarizers of various electronic
charge, allows to detect the abnormal behaviors, which are not determined by
the pure “static” ¢ effect. An indirect method has also been used, which es-
sentially consists in modifying the double layer profile by adding, at constant
concentration, increasing amounts of tensioactive ions having the same charge
as the electrode, e.g., iodide at not too negative charge densities.

The occurrence of chemical ion pairing as a con-
comitant rate-determining factor in electrode processes
is generally easily detected from the effect of suitable
composition changes at constant double layer struc-
ture: a typical case is the action of the sulfate ion
on cation reduction, recently studied in our laboratory
(15). However, it has been pointed out (1, 2) that,
in the case of anion reduction proceeding at sufficiently
negative potentials in not too concentrated solutions,
the variations of the apparent rate constant produced
by changing the concentration of the supporting elec-
trolyte can be referred either to the usual ¢ effect
acting on the “bulk” species or to a prior charge-de-
creasing process involving ion-pairing with the sup-
porting cations, which helps to circumvent the repul-
sive interaction with the electrode. In some cases,
sudden changes in «, values (for want of more definite
proof) seem even to suggest that each mechanism
could be rate-determining within separate potential
ranges (3).

Exact diagnosis of the type of mechanism unfortu-
nately is made more difficult by the conjunction of
three circumstances:

1. Since no double layer model of sufficient accuracy
is available (if it should be, it would probably
be hardly adaptable to electrode kinetics), the fact
that a given electrochemical reaction follows closely
the predictions derived from the Frumkin relation
coupled with for instance the Gouy-Chapman theory,
does not constitute in itself an overwhelming argu-
ment (2).

2. There is some tendency to focus the investigations
on electrochemical reactions which present quite ab-
normal characteristics, without paying enough interest
to reactions more apt to bring clearer information.

1Excerpts from dissertations to be submitted to the Faculty of
Sciences as partial fulfillment of the requirements for Ph.D. degree.

Some of these latter reactions have occasionally re-
ceived only superficial attention, or have been investi-
gated with inadequate methodology, enough however
to hinder their reexamination.

3. Most of the available data cannot be directly
compared, since experimental conditions (such as drop
time, compositions, temperature) and measured quan-
tities (average or instantaneous currents, 45° tangent
of half-wave potentials, etc. . . .) are highly variable.

The method adopted here consists in reassessing the
basic characteristics of a sufficient number of these
reactions, under strictly standardized conditions.2

The systematic intercomparison of the results ob-
tained allows the identification of the various types
of behavior and relates them specifically to their cor-
responding rate-determining mechanisms. Additional
evidence may be gained from a more general com-
parison considering other data relative to behaviors
which are known to be affected by ion pairing.

The present study is limited to concentrated solu-
tions (0.1 and 1N) of supporting electrolytes with
the most common mono- and divalent cations. As far
as the charge of the depolarizer is concerned, it is
worthwhile to distinguish: (a) the “formal” charge
zo calculated from valencies and stoichiometry; (b)
the “bulk” charge zg which prevails in solution and
may vary with the concentration of the supporting
electrolyte [for highly charged anions, zg is generally
close to —2 in 1N solutions (8)]; (¢) the “apparent”
charge zxg which best fits the Frumkin equation if it
is assumed that there is no prior labile association
with the supporting cation, and when ¢ is controlled
by the supporting electrolyte concentration; (d) the
“actual” charge z; of the electroactive entity itself.

3 8ince no claim for originality is made, the extended list of ref-
erences pertaining to each of the various depolarizers used has been

deliberately omitted. Such references are easily available in sys-
tematic polarographic surveys (6, 7).
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