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The potential of an electrode in equlibrium with hydrogen or oxygen at constant gas pressure as a function of
solution pH is given by well known thermodynamic relations that have been repeatedly confirmed by experiment.
Much less study has been devoted to the question of the variation with pH of the potential of an electrode on which
oxygen or hydrogen is adsorbed, if the pH change is brought about under conditions such that there is no possibility of
reacting with the volumn gas phase or the dissolved gas, and in addition there is no passage of current in the external
circuit. This condition maintains constancy of the quantity § £AF, where & is the charge density on the electrode
surface, and A is the amount of adsorbed gas in g -equiv/em?, with the + sign for oxygen and the - sign for hydrogen
[1]. The correctness of this relation follows from the fact that under the above conditions, a change in the value of
& can only occur as the result of ionization of the adsorbed gases. The absorbed hydrogen or oxygen may thus be re-
garded as potential sources of electric charge, and keeping the value of 62 AF constant may be regarded as the 1so-
electric condition in the experiment.

A potential change under isoelectric conditions may be determined by different factors. The potential changes
occurring as the result of specific adsorption of halogen anions or various cations have recently been investigated by
Obrucheva [2]. In the present paper, we are considering the changes associated with transition from acid to alkaline
solutions. The electrode behavior 1n this case depends of the relation between the quantities| AF|and | §]. If | AF]
>> Ié'_lin both the initial and the final state of the electrode, possible changes in § cannot produce any substantial
change in the relative value of AF. In other words, the amount of adsoroed gas, and hence its activity,t change
comparatively little with change in solution pH, and the change in the potential difference between the electrode and
the solution will not be too greatly different from the one which occurs in the case of an electrode 1n equilibrium with
the gaseous phase.

This case realized by Frumkin and Shlygin [1], who investigated the dependence on solution pH of the potential
of a platinum electrode with considerable amounts of hydrogen adsorbed on the surface. The other case, corresponding
to the condition| AF] << | ﬂor, in the limit, A = 0 which, 1f sausfied, reduces the constancy condition on § £+ AF to
the condition & = const, is realized on an ideally polarized mercury electrode. The potential of such an electrode
under isoelectric conditions remauns constant with change in pH, as follows, for example, from the fact that the poten-
tial maximum on the electrocapillary curve is independent of solution pH. It will be seen from the matenal given
below that a carbon electrode occupies an intermediate position between these two limiting cases.

EXPERIMENTAL

The study of the potential shift of carbon with change in solution pH as a function of the initial carbon potential
in 0.01 N H,SO4 was conducted in the following way. The electrode, made of sol-free sugar charcoal, was placed in
0.01 N H,80; solution, through which was passed nitrogen carefully freed of oxygen, and was subjected to cathode

*This paper 1s published on the basis of a meeting of the principal editors of the journals of the Academy of Sciences,
USSR, held July 12, 1962, as the dissertation work of E. A. Ponomarenko.

1This conclusion is however of an approximate nature, since the bond energy of the adserbed hydrogen and oxygen 1s,
generally speaking, dependent on solution pH.
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polarization with a current of 10 mA up to soine potential. Atter the current was turned off and a steady state potential
was set up on the carbon electrode, an alkaline solution saturated with nitrogen was added to the apparatus, and the

pH of solution was brought to a value in the vicinuy of 12. The tesults of these expeunments are shown 1n Fig, 1. It
may be seen from the curves given that after the alkali has been added to the solution, a discontinuous shift 1 poten-
tial occurs 1n the negative direction, after which the potential shift occurs more slowly. The total amount of the shuft
depends on the steady state potential to which the carbon has been polarized. Experiments at initial values of ¢ > 0.2
were made with carbon on the surface of which a certan amount of oxygen had been cheinisorbed from the gaseous
phase, as described 1n [3]. The expeniment with the initial value of ¢=6.65 gives the behavior of carbon 1n contact
with air. Figure 2 gives the negative potennal shift A¢ of the carbon electrode as a function of the initial carbon
potential in 0.01 N H,SO,; The munimum in the curve comes at a potential of -0.03 V.

The results obtained in this way were checked by

a
?);,_m-. taking charging curves, a method furst applied to the car~
4r bon electrode along with adsorption measurements in {41}
- The charging curves were taken in the following way. A

41 carbon electrode weighing 0.075 g was immersed m 0.01 N

. H,80, solutien through which mitrogen carefully freed of ox-
RO =KX — =~ b

2t ygen was being passed. The carbon electrode was given a
' ] long cathode polarization with the current gradually reduced
f - until a potential of + 0.130 V (n.c.e.) was reached, which 1s

_Eﬁ:ﬁ; neatly the same as that taken on by degased carbon m 0.01N
. H,S0, solution. The potential stayed constant after the cur-
rent was turned off. The potential change was produced by
- a current of 7.5-107° A. Taking the charging curve under
these conditions took 450 hours. This choice of current
strength was determined by the fact that preliminary exper-
iments had shown that with a more rapid change m electrode
e N potential it was not possible to establish equilibnium between
h %5 7 % 70 T hours the hydrogen and oxygen adsorbed on the caibon surface on
the one hand, and the solutiun on the other, with the result

Fig. 1. Chaage in potential of a carbon electrode that a lovering in the electrode capacity was observed. The

when 0.01 N H,SOy is replaced by 0.01 N KOli charging curve was first varied to a cithode potential of
under isoelectric conditions: a) potential in acid; 0.25 V. The rate of molecular hydrogen evolution at this
b) in alkali. potential, although it already lies in the hydrogen over volt-

age range, is so small that the current consuined in this
reaction may still be neglected in comparison with the current consumed imn charging the electrode. Then, the car-
bon potential was returned by means of anode polarization to 1ts wnitial value of + 0.13 V, after which the anode
charging curve was measured up to a potential of + 0.74 V.

The electrode was then given a cathode polarization to 4 steady state potential of +0.13 V, after which the acid
solution was removed by N, pressure and replaced by 0.01 N KO solution. When the acid solution was teplaced by
alkaline solution in a nitrogen atmosphere, the potential of the carbon electrode jumped 1n the negative direction to
a potential of -0.08 V, which 1s nearly the same as the potential of degased carbon in 0.01 N KOH soluiion (~0.05 V)
[3]. In 0.01 N KOH solution, using the same current strength 7 5- 107° A, a cathode charging curve was taken, which
was carried up to a potential of -0.55 V, after which the electrode was returned by anode polarization to the steady
state potential of -0.08 V, and an anode charging curve was taken up to +0.28 V. The tesulting charging curves are
shown 1n Fig, 3.

The abscissas are the total charge Q expendud w ineasurur g the charging curve, from an witial potential of
+0.13 V for acid solutions (curve 1) and from =0.03 V for atkaline solutions {curve 2). It 1s obvious that with this choice
of initial values of ¢ correspond into equal amounts of charge Q ziven to the electrode in acud and alkaline solution
respectively will be equal to the potential shift A ¢ on going from acid to alkaline solution under isoelectric conditions.
The dotted line 1n Fig, 2 gives & ¢ as a function of ¢ 1 0.1 N 1,80y, as determuned i this way from the charging
curves. It may be scen that the A ¢ vs. ¢ curve calculated frow the. charging curves gives a4 youd approach to the
A ¢ vs, 9curve found directly by experiinent, although the minunum s somewhat less clearly pronounced,
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Fig. 3. Charging curves for an activated carbon
electode in 0.01 N H,S50; (1), and 1n 0.01 N KOH
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DISCUSSION OF EXPERIMENTAL RESULTS

The charge curves of Fig. 3 have segments with a large
slope between segments of less slope lying at the more
negative potentials. In acid solution, the high slope seg-
ment lies between ¢=0.0 and ¢=0,25, and 1n alkaline so-
lution, where it is less clearly pronounced, 1t is close to
and somewhat more negative than ¢=0.1. By analogy with
the behavior of the platinum electrode [1,5], 1t may be
assumed that on these segments, on which the capacity of
the carbon electrode dQ/d¢ is a minimum, there 15 also a
minimum in the concentration of adsorbed gases, and at
more positie potentials the electrode has excess oxygen
adsorbed on it, while at more negative potentials 1t has
excess hydrogen. We shall refine these ideas somewhat
later on. The surface of the carbon with which these mea-
surements were made, measured by the BET method from
low temperature argon adsorption, was ~500 m?/g, and the
capacities calculated from this value are equal, in acid
solution, to 61, 6, and 27 uF/cm® respectively for the hy-
drogen, the double layer, and the oxygen parts of the charg -
ing curve. For ¢>0.65, the capacity increases to 61 pFcm?.
In alkaline solution, the capacities for the sanie three parts
of the charging curve are equal to 30, 13, and 58 uE/em?.
The values of the capacities for a carbon electrode are
much less than the corresponding values for a platinum elec~-
trode. The small capacity in the double layer region in
acid solution 1s partly due to the fact that this part of the
charging curve lies near the zero charge point {3], with the
result that the double layer has a diffuse structure. It is
impossible that the diffuseness of the double layer shows
up more sharply in the case of a porous carbon electrode,
as the result of the molecular dimensions of the pores in
the carbon, which make if difficult for hydrated ions to
peneuate [5].

In order to use the values of the total capacity found
from the charging curves to find the amount of adsorbed
gases, it is necessary to determine the amount of charge
which goes into charging the double layer. To this end, the
amounts of 1,80, and KOH were determined which are ad-

sorbed respectively on positively and negatively charged carbon at two different potentials. These measurements gave
the following results: adsorption of acid from 0.01 N H,SO; on positively charged carbon was 0.40 mequiv/g for

¢ = 0.65 V, and 0.069 mequiv/g for ¢ = 0.250 V, while the adsorption of alkali on negatively charged carbon was

0.30 mequiv/g for ¢ = - 0.69, and 0.005 mequiv/g for ¢ =0.220. From these data, we find for the capacity of a double
layer with positive surface charge, the value 17y F/cm?, and for negative charge, the value of 14p F/em?. A com-
parison of these values with those given above for the total capacity of the carbon electrode makes 1t possible to find
the amounts of chemisorbed gases. Thus, for the pseudc:apacity from the adsorbed oxygen in acid solution at ¢<0.65,
we find ~ (27 -1T)p F/cm?, i.e., ~10 g F/em®. Thus, the concentration of chemisorbed oxygen in this range of
potentials is small.* The amount of chemisorbed oxygen at ¢ = 0.65 is, for orientational purposes, only 0.20 mequiv/g,
and only with further increase in ¢ does it increase appreciably.

*Judging from the slope of the charging curve, the chemisorbed oxygen is present on the surface at ¢ >0.25.in spite

+ of the fact that in experiments with degased carbon it onlyoccurs at values of ¢>0.32 [3], This small duifference 1s
possibly due to difference in preparation of the carbon surface in the two cases. In calculating the amount of chemi~
sorbed oxygen, we have assumed that the oxygen branch of the charging curve in 0,01 N H,SO, begins at ¢=0.25 V,
while in 0.01 N KOH, it begins at 9= —0.05 V.,
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The large (up to 67 uF/cmz) increase 1n electrode capacity at potentials more negative than ¢= 0.0, with a
double layer capacity of 14 pF/cm?, indicates that atomic hydrogen is being adsorbed on the surface, as was to be
expected, considering that equilibrium with hydrogen at atmospheric pressure has already been reached at ¢ = ~0.11.
At potentials more negative than ¢ =-0.25, it 1s impossible for the charging curve to change, since at these potennals
large amounts of charge are already being consumed in the evolution of molecular H, Making an onientational cor-
rection for the amount of charge consumed 1n charging the double layer, and assuming that the hydrogen branch of the
charging curve in 0,01 N H;SO, begins at ¢ = -0.02, it is possible to make an approximate estimate of the amount of
the hydrogen chemisorbed at the most negative potential reached when measuring the ¢ = -0.25 charging curve. The
value is ~0.55 mequiv/g. Thus, 1n acid solution, the amount of chemisorbed hydrogen that can be fastened to the
carbon surface with cathode polarization, 1s c[)nmderably greater than the amount of oxygen present on the surface at
air potential. A different picture 15 observed in alkaline solutions. The potenuial of «0.03 V, which is taken on 1 a
solution with pH =12 by carbon depolarized to the zero charge potential in acid solutions [3], is only 0,21 Vmore ca~
thodic than the air potential of carbon (0.18), and 0.54 V more cathodic than the reversible oxygen potential in the same
alkaline solution. At the same time, in acid solution, the potential of degased carbon, ¢ = 0.16, is 0.49 more cathodic
than the air potential, and 0.95 V more cathodic than rhe reversible oxygen potential in the same solunion. In accor-
dance with this, the amount of oxygen that can be sorbed on the carbon surface at the initial point in the charging
curve, and at more positive values of ¢, will be considerably greater for an alkaline solution than an acid solution.
Actually, at the value of ¢ = 0.28, to which the charging curve was taken in our measurements 10 alkaline solution,
the amount of oxygen on the electrode surface is ~0.68 mequiv g,* which is considerably in excess of the amount of
calculated for an acid solution. The inverse of these relations occur in the hydrogen part of the charging curves.
While the potential of degased carbon at 0.01 N H,SOy 15 only 0.28 V more positve than the reversible hydrogen
potential in the same solution, the potential of the same carbon in the ‘sOlution with pH ~12 differs from the
reversible hydrogen potanila by 0.65 V. In accordance with this, the concéntration of adsorbed hydrogen on the carbon
surface over the whole hydrogen part of the charging curve in alkaline solution is small, and even at the highest
negative potentials that we were able to reach (¢ = - 0.55 V), the amount of adsorbed hydrogen, calculated in the
same way as shown above, assuming that the hydrogen branch of the charging curve mn 0.01 N KOH lies at ¢ = -0.,16,
is only ~0.31 mequiv/g. Although the calculation of the amounts of O and H adsorbed are inaccurate because of the
unreliability of-the correction for the double layer charge e and because of a certain amount of arbitrariness in the
selection of the initial points on the oxygen and hydrogen parts of the charging curves, no doubts are raised about
having more O adsorption in alkaline solutions and more H adsorption in acid solutions under isoelectric conditions.
Thus, going from acid to alkaline solution and the more positive potential range 1s accompanied by an increase in the
amount of adsorbed hydrogen in accordance with the reaction

Cy -+ 20H= = €0 -+ Hy0 -+ 2¢-

or
C,+ OH=— C_(OH) -+ e~
while in the more negative potential range, the amount of adsorbed oxygen decreased in accordance with the reaction

C.H 4 OH=~» C, 4 1130 + e~

The above reactions lead to a potential shift in a negative direction, since the liberated electrons remain on the elec-
trode surface. The minimum potential shift will occur under conditions where the amount of oxygen and hydrogen
adsorbed is as small as possible in both the initial and final state of the electrode. It may be seen from Fig. 3 that
this condition is realized for an initial potential somewhat more negative than ¢ = 0.0, since this case both the initial
and final state fall in the "double layer” range of the charging curves. This agrees with the position of the minimum
on the curve of Fig. 2. The potential shift in the negative direction will increase with increase in the amount of Oads

*This is in good agreement with the data for the irreversible adsorption of oxygen on sugar charcoal fror the gaseous
phase, obtained by Juza and Langheim (6],
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in the final state of the electrode and H, 4 in the initial state, i.e., on both sides of the potential corresponding to

the minimum displacement, which serves to explain the form of the curve in Fig, 2. With increase 1n ¢, the value of
A ¢ increases, but for ¢ > 0.65, growth of A ¢ is held down even wathout A ¢ approaching the value 0.58 which should
be observed for a reversible oxygen electrode when the pH changes by 10 units. This discrepancy comes from the
essentially irreversible nature of the oxygen carbon electrode, which is more clearly pronounced in acid than in alkaline
solutions. A consideration of the causes of the irreversibility is beyond the range of the present work.

The calculations given above make it possible to compare the values of | AF| and | & |for an electrode made of
activated charcoal. The value of | AF|in the range of potentials from 0.65 wmn acidto - 0.55 V inalkaline solution, 1n-
vestigated in the present paper, are not greater than 14 uC fem?, while the largest value of [ €] this same range 1s
7 uC/cm_z . Thus, these quantities are not of the same order of magnitude, in contrast with both the platinum electrode,
where | AF [ reaches hundreds of uC/cmz, and the mercury electrode, where |AF] may be neglected. The surface filling
of the carbon electrode with chemisorbed gases reaches several per cent of the total surface.

Garten and Weiss [7,8] relate the adsorption of cations on negatively charged carbon with transition of the qui-
none groups existing, in their opinion, on the carbon surface, to hydroquinone groups with ionization of the hydrogen,
It may be seen fron! the charging curves given Fig. 3 that the concentration of ionized hydrogen on the carbon sur-
face as a function of potential is not in accord with an equilibrium between two groups, changing into one another
with addition of two electrons and two H* ions, and the explanation proposed by Garten and Weuss for the adsorption
of alkali by high temperature activated charcoal 1s in just as poor agreement with the experimental data as the cor-
responding explanation for the adsorption of acids on positively charged carbon [3]. Garten and Weiss denive, from
their theory, a formula, which, in their opinion, agrees with the experimental data on the adsorption of alkali on car-
bon with cathode polarization, obtained in [4], but the agreement can only be reached if the coefficient RT/F In 10
is given the value of ¢ 3-0.4 instead of the theorectical value 0.029.

SUMMARY

1. A discussion is given of the change in electrode potential with change in solution pH under conditions where
the electrode surface has oxygen or hydrogen adsorbed on it,

2. The magnitude of the potential change depends on the relation between the amount of electrochemically
active gases adsorbed and the surface charge in the initial and final states of the electrodes.

3. The changes in potential of a carbon electrode on going from 0.01 N H,;SO; to 0.01 N KOH as a function of
the initial value of the potential, found from experiment, are in agreement with theory. The minimum potential
shift in the negative direction (0.1-0.15 V) is observed for an initial potential in 0.01 N H,S0; of ~ -0.03 V, at which
the amounts of adsorbed gases are a minimum in both the initial and final states.

4. It follows from the charging curves that at equal distances from the zero charge point, the amount of hydro-
gen chemisorbed on the surface is greater in acid, and the amount of chemisorbed oxygen is greater in alkaline solu~
tions.
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