DEPENDENCE OF THE CHARGE OF THE SURFACE
OF A PLATINUM ELECTRODE ON THE POTENTIAL
IN ALKALINE SOLUTIONS
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The state of the surface of a Pt/Pt electrode in solutions of 10-2 N KOH + 1 N KX, where X = C1,",
Br™, or I", and 10~ N KOH was studied by the method of isoelectric shifts of the potential, varying
thepH of the solution. It was concluded that the specific adsorption of anions in alkaline solutions
increases in the series C1™ < Br < I”. A quantitative coincidence of calculation and experiment was
obtained, which permits us to conclude that the Gibbs thermodynamics of surface phenomena is ap-
plicable to a Pt/Pt electrode in alkaline solutions. The zero charge potential in a solution of 10-2
N KOH + 1 N KBrisequalto —0.39V, while in a soluticn of 10™2 N KOH + 1 N KI it is equal to
—0.52 V relative to the normal hydrogen electrode. The thermodynamic function for the depend-
ence of the point of zero charge of the electrade, adsorbing hydrogen or oxygen, upon the pH of the
solution was derived and analyzed. :

The structure of the electrical double layer on platinum in alkaline solutions was investigated in [1] according
to the change in the composition of the solution during the formation of a double layer and in [2] by the method of
radioactive tracers. In this work the state of the surface of a Pt/ Pt electrode was studied by the method of isoelectric
potential shifts, varying the pH of the solution [3-5].

The procedure for the measurements and preparation of the electrodes was described in [6]. The experiments
were conducted at 20 + 1°C. The isoelectric shifts of the potential were determined by replacing solutions of 10™3
N KOH + 1.009 N KX by 107! N KOH + 0.91 N KX, where X = Cl, Br, or I, or by replacing a solution of 10™® N'KOH
by 101 N OKH. Usually whenthe solutions were replaced, the establishment of a time-invariant potential was im-
mediately observed. Within a pericd of several minutes, small changes occurred only in solutions of bromides and
lodides at the potentials of the "double layer” region. In the work we used special-purity solutions of alkali, which
were subjected to prolonged purification on a Pt/ Pt electode with cathodic polarization, The salts were recrystal-
lized twice from double-distilled water and calcined (K1 in an atmosphere of hydrogen). The true surface of the
elecrrode was determined from the length of the hydrogen portion of the charging curve in 1N H,S80; [17, 8].

The thermodynamic functions of the hydrogen electrode in alkaline solutions were considered in [9] [eas. (2T)
and (29)]. Since under the conditions FHZO: 0,Tpy-= —I'y+ the indicated functions can be transformed into Eq.
(1) in the case of solutions of alkali without the background:
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and Eq. (2) in solutions with an excess of an indifferent electrolyte:
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where TOH™ and Ty+ are the Gibbs adsorptions of the OH~ and H* ions; ¢r is the potential relative to the reversi-
ble hydrogen electrode in the same solurion; “iCOH is the average chemical potential of alkali ions; Hep and
Moy~ are the chemical potentials of the ions of the salts and OH", respectively; Q is the charge communicated to
the system. The values of u,T, and Q are expressed in elecmical units. In the presence of an excess of an
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Fig. 1. Dependence of (5‘,;3_ )g and Fig. 2. Comparison of the theoretically cal-
2 COH culated (solid lines) and experimental (points)

(— i ) upon ¢ on a Pt/ Pt electrode in dependence of I+ upon ¢ on a Pt/ Pt elec-

OMou-/ 9 4y trode in solutions: 1) 0.01 N KOH; 2y 0,01 N
solutions: 1) 0.01 N KOH; 2) 0.0l NKOH +1 N KOH+ 1 N KCL; 3) 0.0l NKOH + 1 N KBr;
KCI; 3) 0.01 N KOH +1 N KBr; 4) 0.01 N KOH 4) 0.0l NKOH + 1 N KI.
+1 N KI.

indifferent electrolyte, according to the model of the double layer on platinum proposed in [3, 5], I+ s equal to

the charge of the metallic coating of the double layer ¢. The values of 3Q/3 ¢ were determined from the anodic
charging curves, which were measured in the usual way, and in the investigated interval of ¢ proved to be sufficient~
ly reversible,

: d \ &
Figure 1 shows the dependence of /—-—a?_._. = {——r!-)-'.; | Al | and (ﬁ__f-.. )
\ apicmi Q a“tCUH Q Onon~ ARy
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systems. Regardless of the composition of the solution, at low @ ( — and \ . 4—-)
duon-/ g, u Bl a“:f:ou Q

are close to —1,i.e., the behavior of a Pt/Pt electrode approaches that in the case of equilibrium of the electrode
Olys

with gaseous hydrogen at constant pressure. According to [4, 5], this means that ar low @ 3
P

case of more anodic ¢r» a strong dependence of the shape of the curves upon the compositon of the solution is detec-

a
ted. Thus, in 0.01 N KOH, (-—EM) is close to —1in the entire region of ¢p, which is the result of overlap=

ping of the regions of adsorption of hydrogen and oxygen. In the presence of KI, however, when . 205V,
( G

e = 0, i.e., at the indicated ¢ there is no adsorbed hydrogen or oxygen on the surface of Pt i

detectable amounts. From the shape of the curves obtained, it can be concluded that the specific adsorption in al-
kaline solutions increases in the series ClI<Br <I. This conclusion agrees with the results of measurements by

L i a a
other methods [7]. The interacrions of the (———-j—)—- - or {——ql—-) curves with the lipne
.3;11‘50“ Q Oon- /o 4 ca
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TABLE 1

¥Z ¢ Pzero charges V (n.h.e.)

Solution ccordingaccordingour measure=_
o1] | 1] mens

1N NaBr+5-10-2¥ NaOH —0,26 2 o ]
IN KBe+10-2¥ KOH = — —0,39
10-2¥ NaBr + 10-2N NaOH = —0,36* s
10-2 N CsI -+ 10-2 N CsOlL = —0,55 d- :
IN KI + 10-2V KOH — ek —052

* The value of the point of zero charge in the hydrogen region
is cited here. According to [2], there is also a point of zero
charge in the oxygen region at 0.3 V. - e

7 a
cormresponding to ( - i or ( -—:L—) == lcharacterize the positions of the extremeson the I‘H+
Tnor- - @, cx Oon ' @ '

versus @, curves [5, 9].

In Fig. 2 the calculated [+ versus ¢p curves are compared with the experimental curves, found by titrating
the solution [1, 6]. A quantitative coincidence of calculation and experiment is observed for all the investigated
systems. The shape of the I'y+ versus ¢r curves is analogous to the shape of the corresponding curves described in
the literature [1, 2]. The values of I, +, which, according to our data, comprise ~ 22-23 uC/cm? at ¢r=0.04 Vv,
are close to those found in [1] and somewhat higher than those obtained in (2] (~15 pC/cm? in 1072 N NaOH + 10~2
N NaBr and ~20 pC/cm? in 1072 N CsOH). Table 1 summarizes the zero charge potentials ¢, . of platinum in
alkaline solutions according to the data of various authors. '

The results of a determination of the point of zero charge in this work, ingeneral agree with the data of mea-
surements using radioactive tracers.

Figure 3 shows the anodic ch arging curves in the investigated solutions and the curves of the dependence of the
amount of hydrogen adsorbed on the electrode, Ay Upon ¢, calculated according to the equation:

Q = I'n* — Ag. (3)

On the Ay versus ¢, curve in a solution of 102 N KOH =+ 1 N KI there is a vertical portion, corresponding to Ky = 0.
The behavior of a Pt/ Pt elecwode in a solution of 10™2 N KOH + 1 N KI is thus analogous to the behavior in a solu-
tion of 1072 N HCI + 1 N Kcl [5, 6]. No vertical portions are observed on the other curves, which is a result of over-
lapping of the regions of adsorption of hydrogen and oxygen.

de
The curves of the equilibrium differential electrical double-layer capacitance [f1C= ( ) s
09r / u oa-*ca

obtained‘according to Eq. (2), are given in Fig. 4. At the potentials of the double-layer region in a solution of 1 N
KI+1072 N KOH, the capacitance is equal to ~70 pE/cm?. When ¢r decreases, the C versus ¢; curve passes through
a maximum ar the potentials of the hydrogen region, the height of which reaches ~400 uF/cm?®. Such high values
of the capacitance are due to the occurrence of a process of displacement of anions by the dipoles of adsorbed hy-
drogen [9, 10]. :

The results presented in Fig. 2 permit us to conclude that the thermodynamic theory of the hydrogen electrode
[3] is applicable to the Pt/ Pt electrode in alkaline solutions. .Such a conclusion was obtained earlier in measure-
ments of Pt in acid solutions [5, 6], as well as on Rh [9], Ru, and Pt + Ru alloy [9, 11].

The value of I + in alkaline solutions, found in this work, just like that obtained by other methods in [1, 2],
in the absence of specifically adsorbed anions, depends little upon ¢, Such a phenomenon is apparently explained
by random compensation of two effects: the adsorption of cations, related to the ionization of H,ps and decreasing

698




Ir V

ML
q
-’g, 4, Ay 434‘
a7}
_____ A,
45 r
0,3 ¢
a1+
ﬂ L L 1 i 1 1
4d a9 L5 2.1 47 QuCkm?

Fig. 3. Charging curves (a) and Ay versus ¢r curves (b) on a Pt/ Pt
electrode in solutions 1) 0.01 N KOH; 2). 0.01 NKOH + 1 N KCI; 3)
0.01 N KOH + 1 N KBr; 4) 0.01 N KOH + 1 N KI.

with increasing ¢, and the adsorption by hydrated surface oxide groups, increasing within some interval of or [12].
This form of adsorption may be considered just like the adsorption of anions with the composition ONa~ (or O,Ba%”
in the case of doubly charged cations [13]). The specifically adsorbed anions displace the ONa~ ions from the sur-
face, which leads to a substantial change in the shape of the [ versus ¢ curve.

A comparison of ¢, .c. in alkali bromide, cited in Table 1, with o in a solution of 10" N HBr + 1 N
NaBr, equal to 0.02 V [1], leads to the conclusion that ¥z.c. of platinum is shifted with changing pH in the pre-
sence of Br~ ions, which, according to the data of various authors, is from 0,25 to 0.35 V. As was indicated in [3,
12], the point of zero charge of metals adsorbing hydrogen and oxygen can be shifted with changing pH of the solu-
tion. Let us consider this question in greater detail. From the Gibbs equation, written as applied to the hydrogen
elecmode under the condition of an excess of an indifferent electrolyte [3, 4]:

do= Fu(ll’;‘_.- — [y dp.u*’

(4)
it follows that
7]
( 'y ) e (_ I‘H+) : &)
Opm+ @, O%r His
/6111':("' ( arp,. ﬂpm-
\ 5 ) a ) Eﬁ'“) ezl (6)
Pr B, OHa+ Ta, Ht/ g
or :
Btpr 6FH+
= () . ™
WH+/ Prs o'y ®,

In the functions cited, ¢ is the free surface: energy per cm? [}y is the Gibbs adsorption of hydrogen; py;+ is the chem-
ical potential of H* ions, If we use the model of the structure of the double layer on Pt given in [3, 5], then Eq. (N,

expresses the shift of ¢r with the pH at a constant charge of the double layer, Considering Eq. (3), Eq. {7) can be
represented in the form:

a dA dA ar
e, —UIGS ) iy ey ®
5#1!+vrm \ Olu+ °, dpn+ e, \Juu+ e,
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: - (a‘:+)r =(6T:+),.' +1‘_h-(aar‘::),;/{(éakti),r_i]" . (8a).

H+ H+

where ¢ is the potential, measured relative to ’;he normal hydrogen electrode. An analysis of Eqs. (8) and (8a) per-
('p :

dpr+ Pyt

mits us to estimate the possible values of - (

As it foll fi Egs. (8) and (8a). ( arp,' ) 1or ( 9 ) :
| t follows from Egs. : = —_ 2 :
. : ua+ /p ; \ Oun+ Ty 0, i.e., ¢, ¢ does notdep\end on

Ay : ;
the pH, if f i ) = 0, and in particular, when Ag = 0. This conclusion is confirmed by measurement on

£

Vopns “,

e —

metals that do not adsorb hydrogen, for example, on mercury [14]. Recently Balashova and associates did not detect
any dependence of P of Pt upon the pH in solutions of HyS0, + Na,8Oy (within the interval of pH from 2 to 5) by

the method of radioactive wacers. In the investigated solutions, ¢, . of Ptis close to the region of ¢; in which, in-
sofar as can be judged from the data of [3], the following condition is approximately fulfilled:

dAg
),
HH* /g
’ ; : ¢,
4 On the other hand, the quantity =0 or
£, uF/cm BEESE e
a0 / do
) =1 could be strictly observed only in the
w \ ap}r}' 1‘”
case when I'y+ did not vary with Ay, in the presence of va-
200 riation of p__+ and observance of constancy of Ppo which,
however, contradicts the experimental data, Actually, as it
follows from a comparison of the Ay versus ¢, and I+ ver-
190 sus ¢, curves, measured at various Hy* (in acid and alkaline
solutions), a change in the pH of the solution has a greater
g effect on the value of I+ than on thevalueof Ay. Bockris
et al. [15] found by an impedance method that the shift of
100 ¢z.c. of Pt in solutions of HCIO, + NaClO, and NaClO, +
: do,
2071 NaOH corresponds to the equation = 8. Thus,
Jpn+ / e=o

this result cannot-be brought into agreement with the conclu-
sions from the thermodynamic theory of the hydrogen elec-
trode and the experimental data obtained by other methods,
which has also been noted earlier [12].

Fig. 4. Dependence of the equilibrium differential
double-layer capacitance upon ¢ on a Pt/ Pt elec-
trode in solutions: 1) 0,01 N KOH + 1 N KCIL; 2)
0.01 NKOH +1 N KBr; 3) 0.01 NKOH + 1 NKI
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