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THERMODYNAMICAI. RELATIONS

The thermodynamics of surface phenomena on platinum-group metals (Pt,
Rh) electrodes was considered in refs. 1-7 where some of the thermodynamical
relations derived were also confirmed by experiment. In these studies, however, use
was made of the chemical potential of the HY ion, py+, i.e., of a quantity that cannot
be determrined from experimental data in the peneral case. This partly limts the
applicability of the results to dilute solutions. In the present communication we want,
pnmanly, to eliminate this limitation. :

Let us consider a solution containing a ncutral salt, CA, and an acid, HA.
Let pey34 and p, be the chemical potentials of HA and CA, 'y, and I', the surface
densities of these.components which are understood to mean the amounis of HA and
'CA to be introduced into the system for the solution composition to remain un-
changed with an increase in the interface by 1 cm? (I’ H,0="0), py and Iy the chemical
potential and surface density of hydrogen, respectively, ¢, the electrode potential
measured against the hydrogen electrode in the same solution in equilibrium with H, .
at atmospheric pressure and o the surface density of free energy. As in refs. 3-3,
I and p are expressed in electrical units. - ’

It is evident that

Tus=Tue; Tea=Tcii Tn-=TuatTeni Fe=Ta-=Fe. ()
Subsequent conclusions are ‘-Dasre,d ron the equation ' LT .
do= __FHdHH"FHAdﬂHA—-rCAdﬂCA S o o (2)
derived from Gibbs thermodynamcs or, since. S s
d.ﬂﬂ——dfp, - | ' | R
. d"'—rﬂd‘Pr—FuAdﬂHA—TCAdeA o
It follows frc)m eqﬁ (4) tl'*at : N
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Iy __{dTu de, {0l ua )’ ' 5
AT - e, Opiyp /. o dop, . ()
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Hca Hya.ttca :

As was shown in refs. 3-5, the change in I’y is related to the quantity of electricity, @,
imparted to the electrode from outside by the equation

Ally=—AQ @)
provided the electrode is not accessible to any substances which, in the potential

range under consideration, can act as oxidizing or reducing agents, and molecular H,
is not evolved in the bulk of the solution in measurable quantlnes Thus, eqn. (6) can

be written as:

.y (%) (22)
Oty 1O t0cn (a'?r HiasHca @, JHuA-HCA

- OI-H+ 6Q

- (% ) (T) ®

HygasHca

For the practical use of eqn. (8) it is in:mortant that the effect of dissolved H, upon
ptga and pc, can be neglected. Therefore, with HA and CA constant, and ¢, {and
hence, py) changing, u,, and u., remain constant.

Two particular cases of eqn. (8) are of especial interest.

1. Pure acid solution, [CA]=0.
In this case eqn. (8) is simplified

S, 7] 7, ' ,
(5a) =—2(F) , (5e) ©
Olig o) o, ﬂl:-'l:A Op, ﬂl?lz.m

where g, is the mean chemical potential of HA ions.
2. Acidified neutral salt solution in which [CA]3>[HA]. In this case, pa.-

remains practically constant with changing [HA], if {CA] is constant, and, kence

dtga =Apry+ +dps - =duy.

where duy+ can be determined from the change in the hydrogen electrode pbtenﬁal ,
with [CA] remaining constani. Under these conditions, the Jntroductmn of the quan-

tlty, ;zH+, is justified. In this case, it follows from eqn- (8) that

E) N N a . 7 - 7-77 a © V'- . - . R o s
‘HH Hca - Pr PHfSkA - (p : 'FH+"HCA,, T S S
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Equations (9) and (10) express the same relations as those derived earlier. It is easy to
show that eqn. (10) holds also in the case of an acid with a bivalent anion, H,A. '

The situation is somewhat more complicated ir the case of changing concen-
traton of CA with [HA] constant (see Appendix). '

In some cases it is more convenient to refer the potential being measured to a
constant reference electrode the potential of which does not change with gy, , rather
than to a hydrogen electrode in the same solution. Let us denote the potential meas-
ured against such an electrode, by ¢. If the condition [CA] > [HA]is fulfilled and pc,
is constant, 1t is evident that

de=de,+dpy- (11)
It follows from equns. (10) and (11) that
@), '~ Car) (%) o
QL pea PavsHea HavsHca

In solutions with varying concentration of HA, if the latter exceeds the applicability
limits of the laws of dilute solutions, the reference of the measured potential to an
electrode of constant potential is a problem lying beyond the scope of a thermodyna-
mical treatment. However, as was shown in ref. 8§, when the potential is referred to an
imaginary reference electrode the potential of which differs from that of an electrode
reversible with respect to the cation (in our case with respect to the H* ion) by the
quantity — ugt,, the thermodynamical relations of electrocapillarity theory in con-
centrated scolutions are of the same form as in dilute solutions. Therefore, such an
electrode can be conditionally regarded as a constant reference electrode; in dilute
solutions this definition becomes identical with the generally accepted one. Thus, for
pure acid solutions with varying concentration we shall assume

do=do,+dug, : (13)

It follows from eqns. (13) and (10) that

_Q_@___) :1_2(6F“*) - @) ' _ (14)
Ottt 24 o Hita -0 Pia g -

It was shown in refs. 4-7 how the dependence of I'yy+ upon @, could be de-
termined from the experimentally-obtained values of the dependence of the potential
upon the solution acidity at constant ¢ and from the slope of the chai-gmg curve,
d,/00, and then compared with the experimental I'y.—¢,-curve. In refs. 3-6 the
prerequisites for an expenmental reahzatmn of the moelec’mcu;y COIld].th]:l, i e, Q-
‘constant, were also considered.. - ' '
- Inthe case when [CA]> LHA], the H* Catlons can be assumed to ‘be completely
displaced from the ionic side of the doubie’ laycr by the C* cations. Under these'
COBdll’.lOl]S, I'H+ can- be equated WIth the electmde charge den31ty, _e- In th15 case

_j" Elec:manal Chem,: 16 (1963) 175—191,
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as was explained in refs. 4-5, it is assumed that the charge of the C* and A~ ions
" belongs to the ionic side of the double layer and the possibility of its being partly
redistributed between the adsorbed particle and the metal is not taken into consid-
cration, whether this correspond'a to the real structure of the double layer or not.

Under these assumptions, it follows from egn. (10) that

[ T T

Huavsfca Q.lca Hy+lica

The quantity in the Ieft-hand side of egn. (15) is the equilibrium value of the differential
capacity of the double layer at the electrode—solution interface. In principle, it would
be possible to obtain this value by differentiation of the experimental I'y i~ ,-curve.
This is, however, impracticable owing to the insufficiently accurate determination of
I'y+- Another possible method for determining the value of dg/de, is to raake a.c.
measurements of the electrode differential capacity at hlgh enough frequencies, at
which the pseudocapacxty of the reaction

H++€ = Hada_

can be neglected. Apart fromn the experimental difficulties encouniered in this case
(compare for example, ref. 4), one cannot be certain that the value of d&/dp, thus
found is the equilibrium value of the differential capacity of the double layer, owing
to the slowness of the processes leading to the establishment of equilibrium in the ion
adsorption on the surface of the platinum-group metals®. Thus, at the present time,
the use of egn. (15) seems to be the only possible method of determnining the equi-
librium value of the differential capacity of the double layer for this kind of electrode.

In solutions without an excess of the foreign cation C*, I'y. cannot be equated
with £ since some of the H™ ions, the surface density of which we shall denote by
Ik ., can take part in the formaton of the ionic side of the double layer. It is evident

that

FH4—=E+F:{+ (16)

It follows from eqmns. (9) and (16) that _
( I, ) = —Z(w) : ( 3Q) - 7 ) | V .'(17)
Oriia /g L N LT o

and. from the thermodynarmcal theory of electrocaplllanty " that at small surf‘ace )
charges, f.e., near the point of zero charge (p-z.c.), in the absence of spemﬁc adsorpnom ,
the excess ‘amounts of cation and -anion on the surfacc which are opposite in sign, -
are equal in their absolutc value to half the charge denSIty Assuming that this con-
,clus1on can be extended to the case under '..ODSIdel'at_lOl'l we obtaln o

i :H+_= f;rh_ '=_—J;E -7 . (llé')_r_

J. Electroanal. éﬁéru 16 (1963} 175—19r L
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It follows from egns. (17) and (18) that

o \ :__(ﬁqor)(BQ' (19)
(B(Pr )#l:—‘l:A ' 6“:&“ Q a(pr) - i

it is evident from a comparison of egns. (19) and (15) that, near the p.z.c., the same
potential change with changing acidity under isoelzctric conditions can be expected
to occur in pure acid solutions as in the presence of an excess of neutral salt.

A relation can be readily derived from egn. (17), that enables the Esin—Markov
coefficient to be determined for platinum-group electrodes. Let us substitute Iy,
as in refs. 1 and 2, by 4,,— &, where A is the amount of atomic hydrogen adsorbed
on 1 cm? of surface, expressed in electrical units. Thus, taking into consideration that
in an acid solution

E:FA—— -]:{-ln (20)
we find
d0=—dIy=de—dA,=dr, —drj.—dA, (21)

It follows from egns. (13), (17), (20) and (21) that

( naqi ) 142 (&{'A_ ) : [a(AH—FA_-:-r;“)]
Olga cQ + Jdo

Q Hua ' #}il:A

[E(AH+FA_ +1‘;,+)]
Haa

(22)

At A,;=0, the condition Q=constant becomes e=constant and eqn. (22) can be
presented in the form :

o) - () () e

HA

Ecmation (23) coincides with the thermodynamical expression for the Esin—Markov
-effect known from electrocapillarity theory®-1°. In contrast to mercury, however, it is
inapplicable at £=0, since the condition A4y, =0is rea.hzed only in solutions of halogen
acids within a certain range of positive values of ¢ %~
The above treatment can be readily extended to alka]me solutlons COH

and alkaline solutions of a neutral salt, CA + COH (assuming as above ICAl> [COH]
and [CA]=constant, which justifies the mtroductxon of the quantlty pOH—) It s
.evident that in alkaline solutlons 7

FCOH‘—FOH* FC*_"FCA_I'PCOH:-":FA* VFcAJ Fo}r*’rc+—‘r‘a— 24)

The ston:fnornetry ‘of the chargmg of a hydrogen electrode 1n a_lkahne solutlon is
,expressed by the react_lon ' : SRR

Hnds +OH_- "4 H20+e }

.. J- Eléctvoanal. CKem., 16 (1968} 175191
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Therefore, in the presence of an excess Of neutral salt

&= ‘_FOH— (25)

and in a pure élkali solution
8= —Fou-+4op- (26)
where 'Ly~ is the surface density of OH ™ ions in the ionic side of the electric double

layer.
In the case of pure alkali selutions, we obtain in place of eqgns. (9) and (14)

(2, - (), ()
Heon Q Pr !létOH QJ;_ .u-é:OH
(o) = —12(%2m) |, (5e) e
dutonly ( o s \Ndp ] s
O : HcoH HcoH

where pcgy is the mean chemical potential of the C* and OH ™ ions, and for alkaline
neutral salt solutions the following two equations replace, respectively, eqns. (10)

and (12)*:
(gre) - (%= ) (o) 29)
O.1con —>Hcowy Hou-,Hca 7
CHon- Ostcou Howu--Heou s Hou-:Hcon 7

The potential, ¢, in alkaline soluiions is referred to a reference clectrode, that differs
from an electrode in the solution under consideration reversible with respect to H,
at atmospheric pressure, by the quantity Hou- 1n the case of alkaline solutions of

neutral salts, and by the quantity g2,y in the case of pure alkali.
Finally, Iet us attempt to extend the above relations to the potentials at wluch

adsorbed hydrogen on the electrode svrface is substituted by adsorbed oxygen, i.e., to
the oxygen part of the charging curve. Assuming that under these conditions the
system can still be treated as reversible (to what extent this is admissible will be shown
in the expertimental part of the present paper), eqns. (2), (3) and (7) should be sub-
stituted by the following equations: _

dpro=dp, ED
do= —Iodug— rmd#m“rcndﬂm 7 (32)
ATo=AQ , ' ' - (33)

where pg and Fg are also expressed in electrical units. Since the changes of sign

* It is obvious that equs ao and (12) can be used in the case of alkaline m:utral salt Solutlous mstead
of eqns. (29) and (30) as wcll : . . - .

]-’_Eledroanal. Clu_m., 6 (1968) I75-I9%



ESIN-MARKOVY EFFECT AND ELECTRIC DOUBLE LAYER ON Pt METALS 181

before de¢, in eqn. (31) compared to eqn. (3), and before AQ in eqn. (33) compared to
eqn. (7), are mutually compensating, eqn. (8), and all the relations derived from it,
remain valid. This holds also for egns. (27)(30) derived for alkaline solutions. Thus,
if the assumption of reversibility of the ionization reaction of adsorbed oxygen is at
least approximately justified, the experimental results can be treated alike whether
there is adsorbed hydrogen or oxygen present on the clectrode surface. This is
already apparent for the reason that, taking into account the condition I'y,o=0,
oxypen adsorption can be considered as a negative hydrogen adsorption. The case
when H,,, and O_,. are present simultaneously does not require special considera-
tion, since their presence in equivalent quantities is indistinguishable thermodynamical-
ly from water chemisorption and, according to the condition I'y o =0, should not be
taken into account. Only that fraction of I'g that exceeds the equivalent of I'y; and
vice versa is to be taken into consideration in the ecalculations.

EXPERIMENTAL RESULTS
Equation (14) has been experimentally verified for a 10~ % N HCI solution on a

Pt/Pt electrade (the characteristics of the electrodes used and the experimental details
are given in ref. 11. In Fig. 1, the dependence of (8p/duia)e upon ¢, for a 1072 NHCI

-1_0L—

Fig- 1. Dependence of (3¢/3pn+)q upon qp,- for 0-01 N HCl 3 KC[(I) and of (a,p/aym) upan tpr for
0.01 NHCI (2) and 0.1 N HCI (3) oma Pt[Pt cIectrode : o . .

- “F- _E‘kdroanal Chem 16 (1968) 175—191



1Bz . | A. FRUMKIN, O. PETRY, A 'KOSSAYA, v. ENTINA v. TOPOLEV
. solunon (Curve 2) is compared w1th a smn]ar dependence of (6ga/6,uﬁ+)g fora 10-2 N
" HCI+ N ¥.CI solution (Curve 1), which was determined- previously>-®. The tranmﬂon
- from experimental values of (9g:/dpis)g o (29/8pfia)o Was made on the basis of
- egn. (13). At small ¢, the values of the derivatives for both Solutlons are close to
- ‘unity. The reasons for this have already been discussed®-®. In the range of ¢, 0.06—
0.16 V, curves 1.and 2 practically coincide. Smce the p.z.c. of a Pt/Pt electrode in a
1072 NI—ICI+N KC1 lies at ¢, =0.16 V1:5-6_ihe poteritials, 0.06-0.16 V correspond to
small negative surface charges.” Therefore, the coincidence between the values of

o (aga/apﬂ alg 10 pure acid solutions and of (6@/5#H+)Q in those with neutral salt addition

_ appears to be due to the appI'OXJIllate va_hdlty of cqno- (I 8) for the case under con-

sideration. _ :

. With mcreasmg anodlc potenﬂal the values of the derivatives decrease for
boﬂi solutions, but according to different Jaws. At ¢, =0.5 V in the case of a 10~ 2N
HCIl+ N KCl solution, (2¢/dpuy +)p vanishes which, as was shown earlier, is the result

- ‘'of the dlsappf:arance of Ay. In a pure acid solution, in the range of values of @, at
‘which A;(=0, (0¢/duis)e passes through a minimum, reaching a value closs to — 1.
Thus, in the above range of ¢,, in an acid solution without a neutral sait addition, the
Pt/Pt electrode -under ﬁoelectnc CO]]d]lJOl]S behaves approxm:nately as a reversible

chlorme electrode.

I+ (C)
.75 -
/ OS5 -
0.25
- . P
o |2 1 1 i 1 R |
(ok] o2 a3 O.q o5 - 0.6 O 7z

Fig. 2. Comparison of: (— -, theoretlcaﬂy calcd (by meansof eqn. (9)) and( .) , exptl. dependences of
L+ upon.g: for 0.01 ¥ HFICI on a Pt/Pt electrode. '+ is given in coulombs for the whole electrode
Surface (ED, PH+-value used in the detcmunanon of- the integration constant. : o

. In FJg_ 2, the FH+cp,—curve calcu]ated from eqgn. (9) is compared w1th the. :
experimental curve. In Fig. 2 and in ‘Figs. 5 and 6, the experlmental -values of 'y,
which were used in the determmatlon of the integration constant, are marked with a .
special symbo[- A quantlta{lvc agreement between the meorehcaﬂy-caleu]ated Curve
and the expen_mental curve is observed over the whole potentta] Tange mvesugated
S Equatmns (10) and (29) were verified for the fo].lowxng systecms: NKCI+0.01 N
"HCYP’, ¥ Na;50,+ 0.01¥ H,50, and N KC1+0.01 N KOH'? on Pi coated with Rl
‘plack, and N K.Cl+0.0I N HCI on Pt coated with Ru black” “The preparatlon of the :
electrodes a.nd expenmental deta:ls have already been descnbe:d7 A2 e

_)' Ekz.-iraanal Clmm 16- (1963) 175—191 S
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“In F1gs 3 a.nd 4 are shown the expenmentally—determmed dependences of
(5¢/5ﬂH+)Q upon @, for the systems mvestlgated
o As is evident from Fig. 3, the dependence of (6’4:/6;1“0(2 upon @, for the Rh
electrode i in an acidified KCl solution has, on the whole, the same shape as the similar
dependence for the Pt/Pt electrode. At small ¢, the Rh clectrode behaves as a rever-
mble hydrogen electrode in. ethbnum with hydrogen gas at constant pressure At
=04V, (aqp/a;,:ﬂ+)Q—0 from which it can be inferred that on a Rh electrode i in
ac:dlﬁed chloride solutions, AH becomes zero. In contrast, in acidified su]fate and

' N ' ®r
) : 1 : € 1 \\‘k ol i L |
: Q2 -O.4 . as | a8

Fig. 3 Dcpendenc:e of (Gp/Bur+)q upon ¢r for: (1),0.01 & HC1 { N KCI; (2), 0.0t NH;.SO.a -+ AN
Na=S03s; (3), 0.01 N KOH + N KCl1 on Rh h]ack electrode.

. P
15~ (ﬁer)Q

1.0 .

9-? R 02 o 04 Ry 06 “ -

Fig. 4. Dependence of (B-p/ﬁpn+)g upon <p.- for O 01 N HC] + N KC! on a Ru blac]: electroda ]

7-_;Eiectr0a1ml Chcnz 16 (1968) 175—191
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a]kahne: chlonde so]utlons in the potentla.l range 0-0.8 V, the value of (B(pfa.uﬂ+)g re-
mains close to umty This phenomenon can be accountcd for only by the absence
in such solutions of a potentjal range in which 4,=0 own'lg to the overlapping of the
hydrogen and oxygen adsorpiion regions. On the Ru electrode a similar situation
' obtains in acidified chloride soluticns. Thus, on Ru, even at high concentrations of
Cl™ ions; there is a continuwous transition from the hydrogen adsorption region to

that of oxygen adsorption.
At ¢, >0.4V in acidified sulfate solunons and atep, >0.3 V in alkaline ch]orlde

solutions on Rh, and at @, =>0.35 V in an acidified chlonde solution on Ru, (aqo/aﬂm),,_
7 &0 %l';ﬁqucfun'z)

40 1

20

c
T
\\r
[N
.
L |
4
4
<q

Fig. 5. Comparison of the calcd. (by means of eqn. (1)) (full drawn curve) and expll. (dots) dependen-~
ces of iz + mpon ¢« for: (13, 0.01 NHCl-+ N KCL; (23, 0.01 N H2S04 1 N NasSOa; (3), 0.01 ¥V KOH -

N KCl on a2 Rh black electrode. .

[q+ 2

B i 0z 03 04 - 05 ,'Q.G,\.OJ ,
Fig. 6. Comparison of: (—), caled: (by means of eqn. {10) and (@), exptl. dependences of g+ upon
e for 0.01 N HCi + N KC] 011 a Ru b!ack eIectrode I’H+ is g:ven m ooulombs for t!:u:: wholc cIectrode' :
surfaot' : -

J- Ezmgoam.g- Chem., 16 (1968) 175-1g1
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is greater than unity. According to egn. (12), this is possible owing to the value of
9Ty /6w, becoming negative, i.e., the dependence of 'y, upon ¢, must pass through
a maximum. 7 '

In Figs. 5and 6, the Iy .- ~curves theoretically-calculated from eqgn. (10) are
compared with the experimental curves*. The following should be noted. In the
measurements of the slow charging curves of Rh and Ra by the usual method at the
potentials of hydrogen adscrption (up to ~0.3 V) the anodic and cathodic charging
curves coincide. However, when the measurements are performed up to 0.8 V, an
appreciable hysteresis is observed. This introduces an uncertainty into the determina-
tion of the values of #Q/dp,, which are necessary for calculations by means of eqn.
(10). The hysteresis is apparently due to slow establishment of equilibrium in oxygen
adsorption. Therefore, the charging curves were determined as follows. A certain
charge was supplied to the electrode, whereupon the polarizing circuit was opened.
After the establishment of a constant potential, the electrode was again polarized, ctc.
The potentials established at open circuit were plotted against the amournt of elec-
tricity passed. To distinguish these charging curves from those measured by the
conventional method, we shall call them equilibrium curves. At the potential of
hydrogen adsorption, the anodic and cathodic equilibrium charging curves coincide;
at the potentials of oxygen adsorption (up to 0.8 V) only a slight hysteresis is observed,
so that the choice of the direction of potential change in the charging curve measure-~
ments has little effect upon the calculation of the I'y .—¢p -curves’?-** The anodic
charging curve was used in the calculations presented

- It can be seen from Figs- 5 and 6, that there is a quantitative agrcement between
the theoretically-calculated and experimental I',.—@ -curves for acid solutions. On
the Rh electrode in an alkaline solutioﬁ, a quantitative agreement is observed only up
to @,~0.3 V, which is possibly due to the difficulties in the establishment of equilib-
rium in alkaline solutions at the potentials of oxygen adsorption. However, at more
anodic potentials also, there is a great similarity between the calculated and experi-
mental curves.

According to Fig. 5, the p.z.c. of a Rh electrode in N NaZSO4+0 01 NH,.80,
solution lies at ¢,20.10 V, and in N KC1+0.01 N HCI solution, at ¢,20 V, ie,
Q.. is —0.04 and —0.12 V, respectively. The value of the p.z.c. of a Rb electrode in a
sulfate solution coincides with that determined by the tracer method!3. As was
shown earlier'*¢+'? also for a Pt/Pt electrode; no p.z.c. in the usual sense is observed

with a Rh electrode in alkaline solution. After passing through a minimum, the cation
-adsorption begins to increase again. At ¢,.=0, a marked acid adsorptlon is observed
on a Ru electrode. In other words, the p.z.c. of Ru lies at a negative potential. The
Vabmssa axis intersects with the I” H+—(p,-curve only at @,~0.61V. Th.ls potenual can be
considered as a p.z.c. of oxidized Ru. -
: . Figure 7 shows the differential capac1ty .curves of a Pt/Pt and Rh black elec-
trodes in & KCI+0 01 N HCI and N NaZSO +0 01 N HZSO.,, solutlons respectwely

* The values of T+ on the Rh. electrode are glven[ cm? of true surfaee whn:h was determmed from the
—hydrogen sectwn of the chargmg curve a.ccord.m.g to ref. 14. S

o ]- Ely;traana[ Cham 16(;968} 175-—191
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The differential capacity curves were calculated from equn. (15). The curves obtained
have a feature in common, viz. at the potentials of hydrogen -adsorption they pass
through a pronouncad maximuni.

c(£,)
300
|
100:
0 B

Fig. 7. Dependence of the differential capacity of the electric dovble layer upon ¢, on: (1), Pt/Pt elec-
trode in 0.01 A HC] -} &N KCl; (2), Rh black electrode in 0.01 N H2S0O; |+ N NaoS()q The capa-
city values ane caled. [cm~ of the true surface of the elecirodes.

DISCUSSION OF RESULTS

The quantitative agreement between the theoretically-calculated and experi-
mentai I'y; . —p -curves justifies treating the surface of the platinum-metals electrodes in .
solutions of varying composition as equilibrinvm systems, the state of which at
Hea=constant is determnined by the independent variables, gy and pya Or Ucooy-
Especially interesting, and even somewhat surprising, is the fact that the assumption
of reversibility holds ot only for potentials of hydrogen adsorption, but to some
extent also for those of oxygen adsorption, at-least in acid solutions.

According to the I 'g+—@ ~curves, the appearance of adsorbed oxygen on f_he
surface of Rh and Ru electrades brings about a decrease in anion adsorption, as was
earlier observed on a Pt/Pt elecirade’ '¢-17. Similar relationships appear to exist
between t.he catlon and hydrogen adsorptlons* Thus, the values of (ﬁqafa,uﬂ»,)g on a

* A .small maximum of c:ztlan adso:—pﬂon had a]rl:ady bcen observed in ref. 1 m an approxmte @kﬂ-'
labon of‘ thc ads;;:rphon curve. : - . B
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Rh electrode in a 1072 N H,SO, + N Na,S0, solution at small ¢, are larger than
unity, which should correspond to a decrease of I'c. with decreasing ¢,. With direct
adsorption measurements, however, a decrease in the cation adsorption could not be
detected with certainty. Apparently, the method of measuring the dependence of the
potential upon pH of the solution at constant @ (which gives directly the slope of the
adsorption curve) permits a more accurate determination of the shape of the ad-
sorption curve on approaching to ¢,=0. At low ¢,, however, it becomes difficult to
realize isoelectric conditions of the experiments and definite conclusions can be
drawn only when the experimental technique is further refined, in accordance wiih
the theory set out in ref. 5, to fit the case of the presence of dissolved H; in the solution
in measurable concentrations.

As is evident from Fig. 1, on a Pt/Pt electrode in pure acid solutions at the
potentizls of the double-layer region 8¢/dug, = — 1. In other words, the electrode
potential, ¢, shifts by ~ 58 V when the HCI concentration is changed by one order of
magnitude. Thus, the Esin-Markov effect associated with the discrete structure of the
double layer is not observed with a Pt ¢lectrode in the case of Cl™ 1ons. In this respect,
the Pt electrode differs from the Hg electrode. The absence of the effect of discreteness
may be assumed to be due to a strong chemisorptive interaction between the adsorbed
anions and the platinum surface, which results in the anions sharing their charges, to a
considerable degree, with the metal*. According to eqn- (40)**, the absence of any
appreciable super-equivalent adsorption of cations and anions*-'” on platinum also
points to the absence of a Esin-Markov effiect. The high values of the electric double-
layer capacity of the Pt/Pt electrode at the potentials of the double-layer region
(~70-100 pF/cm?) are an indication of a strong deformation of anions upon ad-
sorption. The decrease of the capacity observed in the casc of Rhin H SO4+N32304
(Fig. 7, curve 2) is caused by the appearance of oxygen.

The differential capacity curves of the electric double layer of a Pt/Pt electrode,
oiven in the present paper, show some interesting features. The decrease in the
capacity on approaching to ¢ =0, due to the surface coverage with adsorbed hydro-
gen, had already been observed and discussed in the literature'**. The data obtained
show that a similar phenomena is also observed on a Rh electrode. The decrease in the
capacity on lowering g, is preceded by a strong increase up to values of the order of
300 uF/cm? in the region of hydrogen adsorption. In the case of the Pt/Pt electrode,
the highest value of the capacity is observed necar the p.z.c. of the electrode. This
coincidence seems to be accidental, however, since on a Rh electrode the maximum is
observed at potentials that are remote from the p.z.c. Thus, the capacity maximum
cannot be explained by the change in the double-layer structure with changing sign
of the surface charge. Nor can the capacity maximum be associated with the peculari-
ties of specific anion adsorption since it is also observed in the presence of weakly
adsorbable 5042‘ anions. The Capacity maximum seems' to be due to the displaéement

* According to the- theory developed by LevicH, KIRYANOV AND. KRYLOV]-E the Es1n Ma.rkov eﬁ‘ect
should disappear with dccrc,asmg dlstance between the mner I—Ielmho]tz plane and ﬂ:u: metal surfacc:
* See Appendlx- 7 : s SRR , P , :
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' ,of adsorbed anions by adsorbed hyd:ogen, formmg dlpoles turned with th61r negative
ends towards the solution and at the same time decreasing the electric double-layer
capacity. A more complete interpretation of this phenomenon necessitates further

investigation involving a greater number of systems.
APPENDIX
Potential change under isoelectric conditions with changing concentration of neutral

salr
It follows from eqns. (4) and (7) that

Gﬁﬁ) :..(a“m) ' (34)

Ftrca PrHua 9¢: HcasHna
) =-GR) G
Otca Ty, lpga oFw Hrya e Droflpm
- —(“""‘”‘) o) - (%8) o9
9o HeasHua o Mca-Hua 72 HcasHua

It follows from equns. (35) and (1) that

opZ
Hea, sHua HeasMaa

where pu&, is the mean chemical potential of CA ions.
Let us introduce in place of ¢,, the potential ¢+ measured against an electrode

reversible with respect to the C* cation. Since

Pc+ e+ =@ty +Const.
and, hence, @ +ycA=-;o,+,um+const., we get, according to eqn. (35)

aqa - C"F +
(apcc ) > ) -1 - G7
Al PCA:?-‘HA - .- '

At Ay =0, dQ d£ ar, —dr.. and egn. (37) becomes the well k.nown equation Of
electrocapﬂlanty theory : : - ,

a¢c+) - (Z) o S
E?;t& o ce )] . _ . B , (38_)
‘S s | , : : S

Ifin p]ace of -;u'c+, we mtroduoc the potcntlal ‘@, referred to an_ mnagmary reference
electrode wlnch is by Héa more negatlve than the electrodt revcrs:ble w1th respect .
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to C', and which in thermodynamical relations can serve as a constant reference
elecirode at any concentrations® {see above), we obtain from eqn. (37):

o ) | (arc+ ) I |
=) = =2 —1 | 39
sHHA : HHA>
At A,;=0, egn. (39) becomes
(o) - () @
T .
aFICA E:FLHA ,aE Hpasi Hﬂ’ﬁlé:ﬁ- 3

Equation (40) is a thermodynamical expression forrthe Esin—Markov coefficient as
applied to the change in neutral salt concentration; it is similar to the relation known
from electrocapillarity theory. By means of this expression, it is possible to find the
coefficient in question from the (8p/0ut,). ... value at any concentrations, whereas
the relation derived earlier (egn. (9a) in ref. 5), which can be written as: '

(o), ), S, e

st . HcasHy~ HCas-Ha~+

is applicable only to dilute solution. It can be readily shown (see footnote on p. 190)
that in the case of dilute solutions, it 1s possible to obtain eqn. (41) from:eqn. (40).

It is more convenient, for use with experimental data, to have relations ex-
pressing the dependence of ¢, or ¢ upon uZ, under isoelectric conditions, not at
constant puy, as for example, in eqn. (36), but at constant [HA]. This dependence can
be obtained from egn. (36) using eqns. (6) or (8), i.e., by superimposing upon the
change of u-, a change of uy, to bring [HA] to its original value. Assummg [CA] >
[HA], it follows from eqns. (3) and (8) that

& ocins ™ 0 0,
=_2(a§5*) -5 ) " (g’%ﬂ[ﬂm(‘m
It follows from eqns. (42) and (1) that | |
) "(;“?")Q_,EHAlz ST T e
B ) '”a_ ),,; ;,,';;

@-”I—D_\ 7 [HA]
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+ . Ioan expenmcntal venﬁcanon of equ (43), (6umjﬁucﬂ)ﬁul can he found for
- example from tue change of e.m.f. of a cell withi electrodes reversible with respect to
‘H"* and A~ in an (HA +CA) solut:lon on changing [CA] at constant [HA] -Since
[CAlz > [HA], nZ, can be taken from i'_he data in the llterature - ) .

my

A derivation of the equations relating the potential change of an hydrogen
adsorbing electrode with changing hydrogen ion activity under isoelectric conditions,

to the dependence of the hydrogen ion adsorption upon the potential has been given,

which can be applled to solutions of any concentration. Smula.r equations have been
derived for alkaline solutions and for an oxygen adsorbing electrode. The calenlated
dependences of the hydrogen ion adsorption upoen the potentlal have been compared
- with the experimental data for the following systems: Pt in 102 N HCl Rh in &
Na,SO,.+ 1072 ¥ H,S80,, Rh in N KCl+ 1072 ¥ HCl, Rhin ¥ KCI+ 102 N KOH,

Ruin &% KCIi+ 102 N HCL It has been found that in the case of Cl~ ions adsorption
on Pt from HCI solutions, the Esin—-Markov effect disappears; this seems to be due to
the traunsfer of the charge of the adsorbed anions to the electrode surface. It has been
shown that measurements of the dependence of the potential upon the hydrogen ion
activity under isoelectric conditions in the presence of an excess of neutral salt, is a
direct method for the determination of the double-layer differential capacity of a

‘hydrogen adsorbing electrode.

REFERENCES
A. FRUMEIN AND A. SLYGIN, Acta Physicockim. URSS, 5 (1936) 819.
A_ FrRUMBIN, Adrvan. Electrachem. Electrochemn. Eng., Vol. 3, edited by P. Delahay, Interscience

Publishers Inc., New York, 1963, p. 287.

A Ferusmzan, Elektrokhimiya, 2 (1966) 387, :
A. FRUMKIN, N. BaLASHOVA AND V. Kazarmnwov, J. Electrachern. Soc., 113 (1966) 1011.

3

a4

5 A. FruskN, O. PETRY AND R. MARVET, J. Elecrroanal - Chem., 12 (1966} 504.
6 O. PETRY. R. MARVET AND A_ FrumriN, Elektrokkiniya, 3 (1967) 116.
7
8

TN

O. PETRY, A. KOSSAYA-TSYRULEVSKAVA AND Yu. Twurn, Elektrofhimi ya, 3 (1967) 617. _
‘A, Frumiaw, Zh. Fiz. Khim., 30 (1956) 2066. '
9 S. CRaAXFORD, O. GATTY AND H. A.C. McKav, P}ul. Mag., _2 (1936) 359,

- Il‘l dilute solutons where the meqguality [CA] > [HA] is valid, #a— can be equated wﬂ;h .uCA, and since
HEA = put + pa— o I
a R ) - " - V - 7 - ) 7_ . B -

“iaa S o (44)

anuCA [-H:A] .
In this case, the cond:tmn [FHIA] = constant com(:ldes wnh Ha+ = constant. Thus for dﬂute salutlons )

it t‘ollows from cqns '(43) and (44) that

(aqz.. | :(aq; '_'_(arc+_) : 4(31}; L *,-(45)-
at -\ 90 JpEa.su+r \ 80 JpEapm+

Bug, Qsﬂl—l"‘ S al‘c:A Qu"‘ﬂ:“‘
At AH 0 eqn- (45) become; eqn (41)

f Ekdroanal C}:cm 16 (1968} 175 19.1:;"'



ESIN-MARKOV EFFECT AND ELECTRIC (DC-)UBI-.E LAVER oN Pt METALS. - 191

10 R PARSONS Prac Ind Cong“r Surf Acnuuy, Elecmcal Phenomena 1937, Burtcrworths London,
1957 p- 38.

11 O. PETRY AND V. Topou—:v Efeﬁ:tralch:mtya in press.

12 A. FrRuMKIN, O. PETRY AND A. KossaYa, Elektmkmmrya, in. press.

13 O. Perry ann V. ENTiNa, Elekirokhimiva, in press.

14 M. Tarasevicy, K. RADYUsSHKINA AND R. BursHTEIN, Flektrokhimiva, 3 (1967) 455.

15 N. BALASHOVA, A. KO55aYA AND N. GOROKHOVA, Elekirokkimiya, 3 (1967) 656.

16 A. EI-YGI‘N’ A. FRUMEIN AND V. -MEV'EDOVSK;x' Acta Physicochiz:. IIRSS, 4 (1936) 911.

17 ™. BaLasHova AND V. Kasarinov, Usp. Khim., 34 (1965) 1721,

18 B, LEvicn, V. Kmkvanov anD V. Kryrov, Dokl Akad Nauk SSSR, 135 (1960) 1425

f- Electroanal Chem., 16 (19G68) 175—-191




