ACTIVATION ENERGY AND PREEXPONENTIAL FACTOR
FOR THE EVOLUTION OF HYDROGEN AT GALLIUM AND
ITS ALLOYS ' '

I. ALKALINE SOLUTIONS
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By comparison of the activation energies and preexponential factors for the evolution of hydrogen
from acidic and alkaline solutions it is possible to compare the characteristics of the elementary discharge
event of two particles with different nature, i.e., the hydroxonium ion in acidic solutions (H;0" + e = H,0 +
H,4g) and the neutral water molecule in alkaline solutions (H;0 + e = Hygg + OH').

However, there have so far been no published data on the temperature dependence of the hydrogen
overpotential for the water molecule discharge reaction. This is evidently due to the difficulty of creating -
conditions which eliminate the effect of the entry of alkali-metal cations into the electrode on the kinetics
and mechanism of the evolution of hydrogen from alkaline solutions. '

In [1] it was shown that alkali metal cations are not discharged with an appreciable rate and do not *

have an effect on the kinetics of the evolution of hydrogen at liquid gallium up to —2.05 V (s.c.e.). For ° s
electrodes of indium~—gallium alloys (16.4 at.% In) in solutions containing_Li+, Na+, K, and Cs"’ cations

and mercury—gallium alloys (2.1 at.% Hg) in solutions containing Li*‘ (2, 3] it is also possible tovsi’r'xgle ‘s
out a region of potentials in which the discharge rate of the alkali metal cations is in any case significantly
less than the discharge rate of the water molecules, and possible discharge of the alkali metal cations
does not affect the energy of adsorption of atomic hydrogen., With gallium, indium—gallium, and mercury—

gallium electrodes it is thus possible to compare the activation energies and preexpc_men'gia,l_ja.c.‘.olrs~ ln o ’

acidic and alkaline solutio_ns.

As for the discharge of the hydroxonium ion [4], the temperature dependences of the hydrogen over-
potential for the discharge of water molecules at gallium, indium—gallium, and mercury—gallium were
measured at dropping electrodes in 0.1 N NaOH (LiOH) + 0.9 N NaCl (LiC]) solutions, The sodium chloride
and lithium chloride of special purity were calcined, the sodium hydroxide solution was obtained by de-. i
composition of sodium amalgam, and chemically pure lithium hydroxide was used. The ir}vestigé.ted solu-_
tions were purified and the temperature was controlled as described in [4]. = L -

Typical polarization curves for gallium, indium—gallium, and mercury—gallium are presented in . !
Fig. 1, The parameters of the Tafel equation for these electrodes in the investigated range of temperatures
are given in Table1., SR LA o -
The dependences of log 17) =coﬁst onl/ T for gallium, indium—gallium, and mercury—gallium are
given in Fig. 2. The activation energies E™ and preexponential factors k, calculated from these curves,
are presented in Tables 2 and 3. From Tables 2 and 3 it is seen that the E* and log k values increase
with increase in the hydrogen overpotential in the order gallium, indium~gallium, and mercury— gallium,
For mercury—gallium, as already mentioned in [4], the E* and log k values are anomalously high, As dis-
cussed earlier [4-6], the increase in the absolute value of log k on passing from gallium to indium—gallium
and mercury—gallium may be due to decréase in the energy of adsorption of hydrogen, As a result of this,
as follows from the quantum-mechanical theory of the elementary discharge event [7], the degree of over-
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Fig. 1. Polarization curves: 1) At gallium at 32°C; 2) at
indium—gallium at 30°C; 3) at mercury—gallium at 40°C.

Fig. 2. Dependence of log ion1/T for: 1) Indium-galli-
um with 9 = 1.0; 2) mercury—gallium with n = 1.3; 3) gal-
lium withn =1.0 V. ‘

lap of the wave functions of the proton in the initial and final states increases, and the probability of tun-
nelling increases, i.e., the k value increases.

From Table 3 it is seen that at gallium and indium—gallium inalkaline solutions, unlike acidic solu-
tion [4], the log k value remains practically unchanged with increase in the overpotential and, accordingly,
the negative charge of the surface. This is clearly due to the fact that the hydrogen is released from a
neutral water molecule, the attraction of which to the negatively charged surface of the electrode is less
clearly expressed than for the hydroxonium ion, and the degree of overlap of the wave functions depends
little on the charge of the electrode. The different nature of the variation of log k with the electrode po-’
tential in acidic and alkaline solutions is consistent with data on the dependence of the separation factors
for the hydrogen isotopes on the electrode potential [6].

- During comparison of the experimental values for the preexponential factors for one and the same
electrode in acidic and alkaline solutions it is necessary to take account of, firstly, the different concen-
tration of the discharging particles (H;O* ion and H, 0 molecules) and, secondly, the fact that the real (ac-
cording to Temkin [8]) and not the ideal preexponential factor is determined by the experiment, The real
preexponential factor differs from the ideal by the exponential of the equilibrium standard change in en-
tropy AS for the given electrode process., The AS value is inaccessible to direct experimental determina-
tion, and only approximate estimates are possible [9]. However, as will be shown below, the change in this

correction on passing from acidic to alkaline solutions can be determined with a fairly high degree of -~

accuracy.

The ideal preexponential factor for the discharge of the hydroxonium ion is ecjual fo kH3O+ nH,0% ’,

where ky,o* is a constant determined by the range of vibrational frequencies of the polar medium and the
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TABLE 2. Activation Energy, " TABLE 3. The log k Values
kecal/mole ‘ : ~ (preexponential factor k, A/cm?)
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TABLE 4 probability of a subbarrier transfer of the proton at the intersection of ‘
the electron—proton terms (7, 10], and ny, o+ is the number of H;,O"'» o
Ga |in—Ga| HR—Ga jons per unit surface of electrode. In the absence of ¥ effects and - :

specific adsorption of HyO%, ny,o* = BH,0 * Xg,0*. Hereny, o is the "~
corresponding number of water molecules, and xy, ot is the mole frac-
v tion of hydroxonium ions in the volume of the solution, which in a dilute
log kfnlik 16| 28| 82 solution is practically equal to my, o+/55.5, where my,o* is the molari-
Alog k 56 1 481 32 ty of the H;O" ions.* 1 Ty ‘

tog Kejq (4] 34 | 38| 76

As mentioned, the real preexponential factor differs from the ideal

by exp(aASa‘c/ R), where AS,. relates to the equilibrium 1/,H, + H,0 = -

}130:.;1 + €y et- The subscript m indicates the concentration of hydrogen™

jons. Indicating the standard entropies by the superscript ?, we obtain AS,c = S%Isoﬁ R Ian30+ +8g~ -
sk o—1/,5%,. Similarly, for discharge from an alkaline solution the ideal preexponential factor is equal -

to i(Hz 0 " DH,Or and the real preexponential factor differs from it by an exp(a@AS,1/R), whérg ASpy =
% o * Se—Sou- +R Inmgy-—Y,Sy, relates to the equilibrium ¥/,H, ‘_r+ OHy, = H,0 + emet.. Henéé we ob-,
taih the ratio of the real preexponen’gial terms: S R TS P TEEE SO -
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This expression contains the sum of the entropies of the two ions, 1.e., a quantity which is amenable to de=*

termination. The tabular values for the ionic entropies are given on an arbitrary scale, in Which itis.
assumed that .S+ = S‘I’{so+— S%IZO = 0. On this scale 5rpSby- = —2.57 eu [12]. The sum included in the

power index is Sfy o+ + Sop-~28},0 = arbSh+ + arpSby-—Sh,0 = 0-2.57-16.71 = ~19.28 ey, L.e., the ex-

ponential term is equal to 10721 (with @ = 0.5). Thus, from the ratio of the real preexponential factor it is
possible to obtain the ratio of the ideal constants and, since the solvent is the same in both cases, the ratio
of the probabilities of the tunnelling of the proton: -

o . 3 : _
kuor _ Kior (mou— )l’_ 55.5.40%1 = ky,o+ (fnon- ) 10
kH.O - k:’[’o mH,O\f ) ) kH'o mH;O"’ ) :

Since under the conditions of our experiments mgoy- = my,of = 0.1, the ratio of the probabilities of tunnel-
ling is 10385 times greater than the ratio of the experimental values for the real preexponential factors.

* Strictly speaking, the specific adsorption of H,O" ions in the first monolayer should be taken into account;
without this it is difficult to explain a number of the relationships in the kinetics of hydrogen evolution [11].
The appropriate correction is, however, largely related to the difference in the energies of the jon in the
volume of the solution and at the surface of the electrode and should therefore be reflected primarily in the
activation energy and not in the preexponential factor. Of course, there is still a correction due to the
change in the entropies of the H;O* ion and H, O molecules on adsorption, but these quantities can scarcely
be large (probably not more than the entropy of the freezing of water in magnitude, i.e., ~6 eu) and what

is most important, an analogous and similar (in magnitude) correction will apply to alkaline solutions (the
entropies of the adsorption of water and OH') so that the difference in these effects can be neglected.
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The mean real log kT values for acidic and alkaline solutiorfs and allsgl th};a A log kld values calcﬁlated
on the basis of the preceding arguments are given in Table 4 It .1s. seent : tt tclal 1de‘a1 value.s of the pre-
exponential factor are several orders of magnitude greatel: in acidic solutlons. an in alkz-llm'e solutions,
and A log kid decreases in the order gallium, indium—gallium, mereury— gallium, i.e., thh‘ increase iy
the absolute value of k. Within the scope of the model used pr'evxously in [6]+t.he observed difference in th,
k values can be explained qualitatively by the stronger attraction of the ’1130 ions towards the electroge by
the electric field compared with the water molecules. As a .result c?f this the transfer of the proton takes
place over a shorter distance in the discharge of H;O* than in the c%nsc‘harge of .Hz O, and the probability of
a this process increases. In addition, it is seen that in gallium and indium— gallullm, vf/here the absolute
. values of k are small and, consequently, the degree of overlap of.the wave functions is small, the nature
of the discharging particle has an appreciable effect on the magnitude of k. For the mercury- gallium
electrode, where the k value is significantly larger, i.e., the overlap of the wave fun.c.txons of the proton g
large, change in the distance of the transfer does not significantly affect the probability of tunnelling, The
observed ratio of the log k values in acidic and alkaline solutions is in qualitative agreement with data on

the dependence of log k on the electrode potential.
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