THERMODYNAMICS OF SURFACE PHENOMENA
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POTENTIALS IN BASIC SOLUTIONS
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The thermodynamics of surface phenomena on electrodes made of metals of the platinum group were examined
in [1-6]. The relations in these papers, and their verification, referred in general to acidic solutions and to potentials
of hydrogen adsorption on the electrode surface. In this paper, the thermodynamic relations for basic solutions and
for oxygen adsorption potentials are considered, and an experimental confirmation of these relations for the case of
the rhodium electrode is reported.

We consider a solution containing a neutral salt CA and a base COH. We denote by pca and ucoy the chem-
ical potentials of CA and COH, and by I'ca and T'col the surface densities of these components in the Gibbs sense
(TH,0 = 0). We denote by py and I'y respectively the chemical potential and the surface density of hydrogen; ¢
is the electrode potential, measured relative to the reversible hydrogen electrode in the same solution, in equilibrium
with H, at atmospheric pressure, and o is the surface free-energy density. We assume that the effects of dissolved
H, on ucOH and pca can be neglected. The quantities T and i are given in electrical units, It is evident that in
basic solutions

I'con = T'orn™; T'ct = lca + lcom; Ta~ = Tca; Ton = I'ct — T'a-. (1)
From the Gibbs equation,
do = —Talin = Peondilcon — Foadlios (2)
using
dpr = —dgr, (3)
we obtain
f@[‘con) =( 31‘03") =(ﬁ) (_._a&_)
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Since the relation [4]
Al'g — —AQ (5)

holds between the change in the magnitude of T'yy and the amount of charge Q brought to the electrode from outside,
Eq. (4) can also be written in the following form;:

(31-‘03_'_) 2_(50\ A, )
Ogr g,/ Oucon -
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- (6)

When there is an excess of an inert electrolyte ([CA] > [COH]), p+remains practically constantwith a change in
[COH], if [CA]= const. Then

ducon = dpon~ + dpct = dpon, (7

where the quantity dpgy~ can be found from the change in the potential of the hydrogen electrode with [CA] = const.
In this case it follows from (6) that
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Fig. 1. Dependence of (9@/dumt)o, ncs o0 ¢ for the rthodium electrode
in the solutions 0.01 N HySO4 + 1 N Na,SO, (curve 3); 0,01 NKOH + 1 N
KCIl (curve 2); and 0,01 N HC1 + 1 N KCl (curve 1). |r

(M—O‘r) g _( £ —'aL) (8)
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Since Toy-= — Tty and dugyg- = —dpyt, Eq. (8) can be rewritten in the form
(31‘1&) =_(60) / a{prD ;
¢, “Bhgy Boa 09, Pt ’*cgk Oun+ '/ q “GA’ )

which is identical to the equation given in [2] for acid solutions, and is thus applicable for any pH values.

The region of applicability of Eq. (9) can be extended to potentials at which the hydrogen adsorbed on the-
electrode surface is replaced by adsorbed oxygen; i.e., in the oxygen region of the charging curve. Assuming that
under these conditions the system can be treated as reversible, Egs. (3), (2), and (5) must bereplaced by the following:

dpo = dg, 10) f
do = T'odpo — T'madpma — Toaduca, 11 |
where HA is the acid, or
do = — T'odpo — Loordpcon — Ioadpca, | AFo = AQ, (12)

where g and T, are also expressed in electrical units, Since the changes in the signs preceding d ¢ in (10) com-
pared with(8) and precedingAQ in(12) compared with (5) compensate for each other, Eq.(9) and all those which follow
from (9) retain their validity. If thenonly the assumption of the reversibility of the ionization of adsorbed oxygen is justi-
fied, the experimental results can be treatedregardless of whether there is adsorbed hydrogen or oxygen onthe surface.
This result is understandable, for when I'H,0=0, oxygen adsorption may be considered a negative adsorption of
hydrogen. The case of a simultaneous presence of -Hads and Oads does not require a separate consideration, for their
presence in equivalent amounts does not differ thermodynamically from the chemisorption of water, and need not
be taken into account under the condition I'y,0= 0. Only that part of I'g or T'p which exceeds the equivalent of
the other need be considered in the calculation.

An experimental check of Eq. (9) was made for the following systems: 1 N KCl + 0,01 N KOH and 1 N Na,SO,
+ 0,01 N H,S0, on platinum covered with rhodium black. The preparation of the electrodes, the experimental pro-
cedure, and the treatment of the results are laid out in detail in [3, 6].

The dependence of (8¢ / dum+)e, boa = (09r/0un*)e, g(;A —+ 1 on ¢; for the systems studied is shown in
Fig, 1, with a comparison of the data for the solution 1 N KCI + 0,01 N NCI obtained earlier [6]. The quantities
(3tpr/6ur::+) Qugy Were determined by substituting the solutions 0.001 N H,SO, (or KOH) + 1.009 N Na,SOy (or
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Fig. 2, Comparison of experimental (points) and calculated (solid lines)
adsorption curves for the rhodium electrode in the solutions 0.01 N HCI
+ 1 N KCI (curve 1); 0,01 N H,SO,4 + 1 N Na,S0, (curve 2); and 0.01 N
KOH + 1 N KCI (curve 3).

KCl) for the solutions 0.1 N Hy8O, (or KOH) + 0.91 N Na,S8O, (or KClI). At small ¢y in all solutions, the rhodium
electrode behaves approximately as the reversible hydrogen electrode, remaining in equilibrium with gaseous hydro-
gen at constant pressure, For more anodic potentials, however, the shape of the (an[auH+)Q, Bgar @p-curves de-
pends strongly on the composition of the solution. If then the value of (¢ / dpat) @, pna retums to zero with ¢ >
0.4 V in an acidified chloride solution, the values of (3¢ [ 3}!&[*) Q, nca in acidified sulfate and basic chloride solu-
tions remain close to unity over the whole range of ¢, from 0 to 0.8 V, This means that the regions of hydrogen and
oxygen adsorption overlap in the solutions named [2, 4, 5]. At ¢ > 0.4 V in the sulfate solution and at ¢ » 0.3 V
in the basic chloride solution (8@ [ pun*) @, nca. exceeds unity. This becomes possible, according to Eq. (9), be-
cause the quantity (9I'a+ 7 chf)u]“, becomes negative; i.e., the dependence of I'yy; on ¢, passes through a
maximum.

Bca

A comparison of the experimental and calculated (from Eq. (9)) I'y+, ¢, curves is shown in Fig, 2, The values
of (60/ 0p;) B Bgy WeIE found from the equilibrium charging curves for the rhodium electrode (for the method
of measuring such curves, see [7]). The calculated and experimental curves agree quantitatively for acidic solutions.
In basic solutions there is agreement only up to ¢, ~ 0.3 V. This may be connected with the difficulties of estab-
lishing an equilibrium in basic solutions at oxygen adsorption potentials, Even at the more anodic ¢, however, the
calculated curve approximately follows the path of the experimental one. The quantitative agreement of the theo-
retical and experimental curves shows the validity of treating the rhodium electrode surface in solutions of various
compositions as an equilibrium system whose state at y-a = const is determined by the independent variables up
and pp+ or poyg~. Especially interesting (and to a certain extent surprising) is that the assumption of reversibility
is justified not only at hydrogen adsorption potentials, but at oxygen adsorption potentials also, within certain limits,

According to Fig. 2, the zero charge point of the rhodium electrode in the solution 1 N Na,SO4 + 0,01 N HySO,
lies at ¢ ~0.10 V, i.e., ¢, oy = —0.04 V with respect to the N.H.E. The value of the zero charge point found for
the sulfate solution agrees with that determined in [8] by a tracer atom method. In the basic solution, as was ob-
served earlier on the Pt/Pt electrode [9, 10], there is no zero charge point in the usual sense on the rhodium elec-
trode. Cation adsorption, passing through a minimum, begins to increase again, The change in cation adsorption
in basic solutions is somewhat stronger, however, on rhodium that on platinum,

According to [8], the appearance of adsorbed oxygen on the surface of the rhodium electrode in acidic solu-
tion is caused by the drop in anion adsorption. Similar correlations apparently exist between the adsorption of ca-
tions and hydrogen.* Thus the values of (ﬁq),r'aun"‘) @, uga on rhodium in 1072 N Hp80, + 1 N Na,SOy4 at smallvalues
of ¢, exceed unity, implying a growth of I'y+ with a decrease of ¢.. A decrease in cation adsorption is not observed,
however, during direct adsorption changes, The method of measuring the pH dependence of the potential at con-
stant Q, yielding the slope of the adsorption curve directly, allows an apparently more accurate determination of
the path of the T'ip+, ¢ curve near ¢ = 0. At low ¢, however, difficulties in creating isoelectric experimental
conditions arise; conclusions can be made after a refining of the experimental procedure for the case when dissolved
H, is present in the solution in measurable concentrations according to the theory laid out in [4].

* It should be noted that a slight maximum in cation adsorption was obtained earlier in [1] in an approximate cal-
culation of the platinum adsorption curve., The maximum was also described in [4, 5].
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In comparison of the adsorption curves obtained in this work for the solution 1072 N H,SO, + 1 N NaySOy and in
(8] for the solution 1072 N H,SO, + 107% N Na,SO,, a strong increase in the adsorption of SOf~ anions and a shift of
the anion adsorption potential drop in the anodic direction in the presence of high Na,SO, concentrations is evident.
This apparently implies the specific adsorption of SO%~ anions on rhodium in the concentrated solutions, which pro-
vide more favorable conditions for the competition of anions with adsorbed hydrogen and oxygen for a place on the
surface.
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