HYDROGEN OVERVOLTAGE ON MERCURY AT LOW CURRENT DENSITIES

Iv. TEMPERATURE DEPENDENCE OF THE OVERVOLTAGE

UDC 541.13
L. 1. Krishtalik

We studied the temperature dependence of the overvoltage of hydrogen generation on mercury during
barrier-free discharge of hydrogen ions. We determined the actual activation energy and the actual
preexponential multiple. There is put forward a theoretical calculation of the entropy of the acti-
vated complex during barrier-free discharge. We demonstrate the discrepancy between the theoreti-
cal and experimental preexponential multiple, which seems to be due to the approximate nature of
the theory of absolute reaction rates. It is shown that knowledge of the activation energy for barrier-
free discharge enables us to determine the adsorption energy for hydrogen on the cathode. We found
the energy of the mercury/hydrogen adsorption bond to be 29 keal. N

The aim of the present paper is to study the temperature dependence of the barrier-free discharge rate for hy- -
drogen ions. This dependence, interesting per se, also makes it possible to ascertain certain characteristics of the
hydrogen generation process on mercury. '

A procedure for the experiments and for purification of the materials that provides good reproducibility of the ™
data was described in [1,2]. The temperature was maintained with an accuracy of £ 0.2°. Typical polarization
curves obtained during one of the experiments are shown in Fig. 1. In Fig. 2 in the form of log i~1/T we plot the
temperature dependence of the reaction rate at a constant overvoltage for some of the solutions investigated by us- -
(in each case we selected an exact value of the overvoltage falling at all temperatures within the region where the
Tafel relationship b = 0.06 V is satisfied easily). The experimental points lie closely along the lines, which enables -
us to use them to find the activation energy of the discharge and the preexponential multiple. Data for all our-ex- .-
periments are grouped together in Table 1. This table, apart from the activation energy Ap, corresponding to a cer-
tain value of the overvoltage 7, also shows the activation energy at the equilibrium potential A9 = Ay + nF.

DISCUSSION OF RESULTS

The shape of the polarization curves is virtually identical for all temperatures. Just as at 25°, at all tempera-
tures we observe that the overvoltage is not a function of the composition of the solution in the region corresponding .
to the bottom rectilinear segment, i.e., we observe a regularity typical of barrier-free discharge of hydrogen ions. =, " ..
The slope of the curves, as can be seen from Table 2, is close to the theorencal value 2.3 R'I‘/F The shght dxt’fer-
ences from the theory most likely falls within the limits of experimental error. :

Let us consider the preexponential multiple during barrier-free discharge. To calculate preexponents by the
transitional state theory we must, as is known, find the kinetic activity factor and the activation entropy. - The first
of these quantities was found by us earlier [2] To calculate the entropy of the activated complex we used two dis-

tinct methods.

The first of these is similar to the one used earlier by Temkin [3]. Temkin started out from the analogy be-
tween transfer of a particle from a concentrated solution to 2 dilute one, and transfer of the particle from one sol-
vent to another, and considered water at two close temperatures as two distinct solvents. According to Frumkin and
Iofa (4], RT logy ™ = BRT logy H,0", l.&., AG ™ = BAGH,0F, where y is the activity coefficient, and AG is the
variation in Gibbs standard free energy during transfer of the relevant particle from an ideal, infinitely-dilute solu-
tion to an actual, concentrated one. Taking it that this relationsh’p also holds for transition from one temperature
to another, and dividing it by AT and making AT tend to zero, we get . ~ : .

S* o BSmiot. : .\;
] Slmllar arguments for barrier-free discharge based on the equahty y* e 7Hzo derived by us earuer (2]1ead to ..
the relationship
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TABLE 1

@ = JActivation energy, kcal
=2 E at equi-
Femperas 239 >3 | at over- ibri
Composition of solution ture |l 28 librium log K
P o |55 o 5] voltage 7, ial g
range, C gSE S g A potential,
gresl Ay
8859
1 KI+ 0, 10--50 | 440 12,6 22,7 2.8,
3 : Kxi gﬁig{ 95--50 | 460 12,0 22.6 2’7
1.2 KI+ 041CI 10--60 | 470 12.3 23.1 3°0
42 KI+ 05HCI 25--60 | 470 13,2 24,0 4.0
43 K4 0,3HCI 10--50 | 450 11,4 21,8 2.1
4.3 KI+ 091ICL 95--60 | 460 12,4 23,0 30
5.2 KI+ 1.2HCl 95--60 | 460 13,5 241 4.0
56 K1+ 0,81Cl .| 25--60 | 460 11,0 21,6 2,2,
6,0 KI4+ 0551Cl 25--60 | 460 12,2 22,8 2,9,
60 KI + 0,61iCI 25--50 | 460 13,0 23,6 3.6
6,0 KI+ 0,7HCl 95--50 | 475 13.3 24,2 4.3
3,0 KI+ 0.91ICl + 500 11,3 22.8 2'8s
+ 13-10" TBA 10--60 | 440 13,0 23.1 3.0
e 0.41iCl
CORLE QA T 10--50 | 460 12,5 23,1 2.7
6.6NdBr + 0,85 25--60 | 360 13,3 21,6 2.1
7NdBr + 0,8;}Cl 25--60 400 13,8 23,0 3,0s
11,8LiBr + 0,018HCl 25--60 | 410 12,9 22,3 2.3
11,8LiBr + 0,111C1 10--50 | 460 12,4 23.0 29
TABLE 2
Temperature, °C 10 :23:'1) ‘ltg ?g (158
No. of experiments 6
Experimegtal b, mV 55,5 58 59,5 60,5 63,5
Theoretical b, mv 36 59 62 64 66
S* ~ Sy o. (2

A relationship of type (2) can be obtained by another method, without resorting to the approximate dependence
mentioned above for the activity coefficients, or to the analogy between variation in temperature and solvent varia-
ble. Indeed, as pointed out in earlier papers [2,5), without barrier-free discharge, the activated complex coincides
with the end state, i.e., with the adsorbed H atom and H,0 molecule. Hence

0 0
§#* = SHads + Sﬂaoads (3)
S:l ads Only contains the oscillating component,

The oscillation frequency for the Hg—H bond can be evaluated with the help of an empirical rule linking
frequency and bond energy [6]. The latter amounts to about 30 kcal, as will be shown later, which corresponds to
the wave number v & 1100 cm™. Hence, by using the known expression for the entropy of the harmonic oscillator

(see, for example, [7]), we get Sf ,4¢ & 0.06 eu, Le., a quantity negligibly small compared with the second term
in (3). Consequently,

. :
 S*~SHoa4s | (3a)
The variation in entropy during transition of the water from the body of the electrode to its surface can be
. 0 : -
found fr_c;;n' the follow?ng ar§uments AGgH,0 is equal to N- 10715 (ng ~H,0—0 Hg)s where N is the Avogadro num-
ber, 10™ is the area in cm?® per molecule of water in the surface layer, 0 g~ HoO is the mercury/water surface
tension, and Oyy,.is the surface tension of the mercury. Differentiating this expression with respect to the tempera-

ture, we find ASgy,0. Applying the data for temperature dependence to the mercury’s surface tension (8] and boundary
tension at the maximum on the electrocapillary curve [9], we get ASgp,0 = ~1.15 eu. There is some doubt as to
how accurately this quantity relating to adsorption of the water at the ze

tion € zerocharge point potential describes the state
of the water molecule formed through the H;O discharge. However, the order of magnitude is definitely correct,
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and ASaHzO is much smaller than Sf.{zo = 16.72 eu [10]. It follows
from this that §° H,0 ads & SHZO' i.e., we come back to the earher
quoted expression

7, mV
7001

S* o~ St o. (2)

It was noted in [2] that relationships between the activity coef-
ficients found experimentally for normal and barrier-free discharge can
be generalized as

500r

500r .
B a :
Y* 2 YH,0+YH,0. ' 4) -

Applying the same arguments as before to this generalized form, we gei -

-5 =4 . ]
log i, A/cm? S* =~ BSu,0+ + aSu,o. o (5)
Fig. 1. Typical polarization curves ' '
for different temperatures (5.2 KI +
1.2 HC1): 1) 25; 2) 40; 3) 60°C.

Equation (5) differs from Temkin's (1) as regards the term con- "’
taining the water entropy. The expression for y™ used by Temkin as ~» -
his initial one does not take into account the activity coefficient of the
water, which in most cases is virtually unity. But if it is taken into act
count, we find an additional item in the expresswn for the entropy of .
log i, A/cm? the activated complex. .

In reality, Eq. (5) means that the entropy of the éctivated com-
plex is a quantity halfway between the entropies of the initial (H;OF +-7 -
emet) and final (HZO + Hads) states (here we take it into account that:
Semet = 0 and 8y 545 = 0). This deduction seems reasonable masmuch o
as the activated complex corresponds to a certain conﬁguranon inter-+ <
mediate between the initial and fmal states. As is well-known, m the . .
general case the entropy of the activated complex is not equal to the oo
mean entropy of the initial and final states. But in the given case, as :
pointed out by Temkin [3] in regard to Eq. (1), the entropy items con-’
nected with oscillations in the covalent bonds are extremely small, and :
for practical purposes the entmpy of the activated complex is deter-
mined entirely by its interaction with the solvent. But the latter (po-

30 3.2 3.4 lm’/r larization of the dielectric, hydrogen bonds, etc.) proves to be halfway
between the corresponding effects for H30 and HZO It is tlus fact that.
is shown in Eq. (5). : R -

Fig, 2. Temperature dependence of
current density i at constant over-

voltage 7 for solutions of different -~ ... If we consider the entropy of the activated complex as the mean . |
compositions: 1) 11.8 LiBr + 0.1 HCI, of two corresponding values for the initial and final states, it would be =~ ®
1= 460 mV; 2) 7 NaBr + 0.85 HCl, n = more correct to write down Eq. (5) as :

400 mV; 3) 4.2 KI+ 0.45 HC1, 7 = 470 0 0 : .

mV; 4) 3 KI+ 0.9 HC1 + 1.3+ 1073 e = BSm0*ags + 0SHoads ~ (5a)

N(C Hg)Br, n = 500 mV. 5) same solu-

At oo = 1 and B8 = 0 this equation becomes (3a), i.e., it turns into the ex-
tion n 440 mV.

pression derived directly for the entropy of the activated complex dur-
ing barrier-free discharge. :

For non-activation dxscharge the transmonal state comades with the initial one, from whzch it follows
directly that ~
: o _ .
S* = SHJ°+adS‘ . . (6’ S
But Eq. (6) may also be derived from (5a) at o = 0 and 8= 1.

The fact that under limiting conditions Eq. (52) gives us correct results obtained by an independent method -
suggests that the generahzation of experimental data used to derive it is reasonable, and that (5a) may be applied o
aswelltothe case aa = 8= /2. i.e., to normal d1scharge
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Earlier [5], whenthe kinetic equatiorn. for barrier-free discharge
was derived, the identity of the activated and finite states (entropy of
the activated complex was determined by (3a)) was taken into account,
but the value of the kinetic activity factor was not discovered [2].

<
<
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When the relevant refinement has been made, the equation assumes

Hzgas 77 ‘ﬂ{:usa‘ the form (the relationship szo/szo ads is taken as equal to unity)
4 i et #108525 0Pyt (1 — 0)
Fig. 3. Diagram showing profile of h
potential energy for barrier-free dis- 1 1 .
charge of the ion H;O" at equilibrial X exp {— W [Aﬂauzo + Al gn + T( > Su,® — ASuugo) - 'qF]} .
potential. AU, is the adsorption
energy of the corresponding particles; (7

Ay is the apparent actual activation
energy at equilibrial potential. The
horizontal line 1 marks the energy
level for gaseous H,.

Here ¢ is the electron charge, « is the transmission coefficient, XH,0 is
the molar portion of water in the solution, 6 is the coverage of the cath-
ode surface by hydrogen, and AH, represents the enthalpies of adsorption
of the corresponding particles, while the remaining designations are con-
ventional.

The actual energy activation A is determined from the slope of the curve Ini — 1/T at constant overvoltage
[11).* The corresponding expression for A is obtained by differentiating (7)

i R Ilni ) Allu + All -+ RT F
A = — = ; a aH, — ).
( ar |, H .o ! (8)

From (7) and (8) we find the actual preexponential multiple K

K=c¢ _1‘1 ey u”;;’? (1 — O)G.\'p[ - (—-B—SH 0 — ASoH o )/ R]
h o R/ (9)
Equation (9) enables us to calculate the preexponential multiple provided we take it, as is usually done, that
the transmission coefficient is » = 1 (an adiabatic process). All the constants needed for this are known and the
value of Asgﬂzo has been evaluated above (even if the error in evaluation is of the same order of magnitude, the
inaccuracy introduced thereby into the calculation K is smaller than the experimental error). As a result of the cal-

culation, we get log K = 5.7. The mean logK obtained from 17 independent experiments (see Table 1) is 3.0 (10.4)
(the mean square error is given in parenthesis).

Hence, there is a discrepancy between theory and experiment far beyond the limits of possible error.

Temkin (3] found the quantity logK = 2.6-3.3 (for two different solutions) from Iofa and Mikulin's data [12]
for normal discharge; according to Post and Hiskey [13] logK = 4. In this way, for normal discharge the preexponen-

tial multiple is close to the value found by us for barrier-free discharge (the discrepancy is of the order of the ex-
perimental error).

felt to be quite satisfactory. The slight discrepancy was ascribed, with certain reservations, to the effect of the tun-
nel passage of the proton. If, however, we use (5) or (5a) rather than (1), which Temkin uses, to calculate the pre-
exponent, which now seems more valid, the preexponential multiple increases considerably and logK becomes equal
10 6.7-6.8. When derived in this manner, K is an order larger than the theoretical value for barrier-free discharge.

And so both for normal as well as barrier-free discharge, we observe an a
and practice. But we cannot explain this by the tunnel effect since in the case
potential barrier through which the proton ought to pass. The tunnel effect mig
normal discharge (the difference between theory and experiment would here be
fairly firm conclusions from the facts given does not seem to us to be possible.

ppreciable difference between theory
of barrier-free discharge there is no
ht be manifested to some extent in
somewhat greater), but to draw

19

*Just as comparison of i at different temperatures is made for a constant H 0%
the surface, the activation energy determined this way is a so-called apparent
term associated with the adsorption energy of the H;0, -

concentration in the bulk and not on
qQuantity, i.e., it does not contain the
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We should note that for barrier-free discharge at least, the discrepancy between theory and experiment is not
due to the assumptions made when assessing the properties of the activated complex; we are not dealing here with a
case in which an exact calculation is possible and we do not need to introduce additional assumptions. Hence, the
reason for the discrepancy must evidently be sought in the approximations on which is based the theory of absolute
reaction rates.

One such assumption might be that of the Maxwell-Boltzmann energy distribution for activated complexes
[14,15]. A stricter quantum-mechanical derivation of the kinetic equation does not require this assumption, and all
that is needed is observance of the Maxwell-Boltzmann distribution for initial particles [16]. The equation thus
derived does contain a cofactor reminiscent in shape of ordinary expressions for a statistical sum, yet there is evi-
dently no clear proof of its identity, considered in the theory of absolute rates, with the distribution function of the
activated complex. Hence, exponential dependence on temperature including the height of the activation barrier
can be considered fairly firmly justified, but the calculation of the preexponential multiple has a less reliable theo-
retical basis.

Similar conclusions can be reached on the basis of the statistical theory of the diffusion of particles through
the potential barrier [17]. In this case, too, to obtain an exponential temperature dependence there must be equi-
librial distribution only in the initial state, though not in the region of the barrier. Deviation from the equilibrial
distribution at the top of the barrier results in reduction of the preexponential multiple.

In principle, it cannot be considered out of the question that the discharge of the hydrogen ions is to some
degree nonadiabatic. ' ‘

This may be due to peculiarities of the hydrogen adsorption bond. There may also be reduction of the trans-
mission coefficient through curving or other features of the shape of the trough on the potential energy surface. The:
latter effects may be sensitive to the mass of the reacting particles [16], so that for this very reason the hydrogen

reactions may not conform with the predictions of the absolute rate theory which usually describes the experimental .. .

data very well.*

In any event, the reaction involving cathodic generation of hydrogen is not the only one in which we observe '
a substantial difference between the theory and experiments. M. L. Temkin has drawn our attention to the work of
Evzerikhin and Lyubarskii [19] in which they studied a chemical reaction with participation of adsorbed hydrogen —
the catalytic hydration of benzene on nickel-cobalt and nickel-copper alloys. In this work they discovered a strong
dependence (up to two ordeis) of the preexponential multiple on the composition of the alloy, which could hardly
be explained without going beyond the range of the normal propositions of the theory of absolute rates.

The data contained in Table 1 gives us the mean activation energy for barrier-free discharge at an equilibrium
potential Ay = 22.9 £ 0.7 kcal/mole. As can be seen from Eq. (8) (and from the potential curve diagram in Fig. 3),
this quantity enables us to determine the hydrogen adsorption energy. Up till now it has not been possible to deter-
mine the latter experimentally because of the very low adsorbability of hydrogen on mercury.

Equation(8)contains AH aH,O- It can be found from the data for Oyg . 4,0, and g and their temperature
dependence, used above to evaluate ASj 0. The value AHj 0 = ~1.0 keal/mole; the error involved in deter-
mining this quantity is not of any importance in further deductions.

By using the experimental value of A, and the above evaluation of AHg 11,0 we can find AHg = 23.3 keal/g*
atom. The error in determining this quantity hardly exceeds 2 kcal (considering that AH aH,O is determined with an
accuracy of the active order of magnitude. By knowing the heat of adsorption of the hydrogen and its heat of dis-
sociation [10], we can find the energy of the adsorption bond Hg—H. It was found to 29 kcal.

The literature contains a number of evaluations of the adsorption bond energy for hydrogen and mercury.
Kobozev [20] took this value to be 68 kcal, basing himself on data on the dissociation energy of gaseous mercury
hydride and on certain approximate calculations. The errors in his argument were pointed out in [21]. ~The bond
energy found by us is considerably above the evaluation given by Kobozev. A value of Eyg_ 1 = 29 keal makes any
substantial contribution by "evaporation® of H atoms during removal of hydrogen from the surface unrealistic.

Another, extremely high value of Ejg - H is given in papers by Bockris and fellow-workers [22,23]. They as-
sumed the value to be close to 50 kcal. As far as we know, there has not been publication in detail of Low's data.
In arecent papers by Nickolas et al. [24] it was demonstrated that provided there is thorough purification of all

*It is interesting to note in this connection that for D;O* the preexponent is slightly larger than for HyO* [18]. :
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materials, the hydrogen has no effect on the surface tension of the mercury. Consequently, the bond energy of the
adsorbed hydrogen and mercury is much less than 50 keal.

Parsons and Bockris [22] concluded on the basis of model calculations of the discharge activation energy that
Epyo.pg > 40 keal, otherwise, in their opinion, the activation energy would prove t-oo great.compared w'ith the experi-
me%nal value. It should be noted that the activation energy as calculated by the intersection of potential curves
method is fairly sensitive to the parameters of the model selected, hence it is hardly .possible on the basis of.thefe
calculations to evaluate the boundary of permissible Eyg.H 80 harshly. The c.:alculauon we mz%de f)f the activation
energy of the discharge is less sensitive to variations in the initial data since it was not the actfvanon e{xergy at an
equilibrium potential that we calculated directly from the model, but the energy at the potential at which the po-
tential curve minimums are all on the same level [6]. This quantity hardly depends at all on evaluation of the ad-
sorption energy and furthermore, is quite small, about 8 kcal. Hence, the errors in calculating it from the absolute
value are also rather small. The result of these calculations tallies with experimental data for an Hg—H bond energy
of about 30 kcal, ie., one coinciding with the experimental value obtained in the research in question. Without
overestimating the accuracy of model calculations in the least, we feel we should stress that use of EHg- H = 29 kcal
does not involve any inconsistencies in evaluation of the activation energy.

Frumkin, Bagotskii, and Iofa [21] found Epg-H = 27 keal by comparing overvoltages on mercury and platinum.
Although the mechanisms of hydrogen generation on these two cathodes are substantially different, the rate of the
discharge process on platinum is closer in order of magnitude to the rate of the process as a whole [25], and for this
reason the evaluation given in [21] is legitimate as a first approximation. This, in fact, explains why it conforms
so well with the experimental value given above.

In [21] the assumption was expressed that the activation energy of the electrochemical desorption of hydrogen
from a mercury cathode was tremendously small (the rough calculations were made on the assumption that it was
zero). Since the adsorption heat we calculated for hydrogen amounted to 23.3 keal, it is clear that the process of
electrochemical desorption is very much exothermal. Hence, virtually unactivated occurrence is most likely.
Model calculations by the method described above show that for mercury at all potentials of the cathode electro-
chemical desorption is nonactivational [26). Its rate is sufficient for current flow right up to extremely high current
densities, and at all overvoltages that can be studied in practice the recombination removal of hydrogen plays no
part to speak of [5,26). The calculated coverage of the surface is very low, about 10™% at equilibrium, and 107% at
current densities of the order of 1 A/cm? This tallies well with data from capacitance and electrocapillary measure-
ments, which show that coverage of the surface of a mercury cathode by hydrogen at any event is not greater than
1074 (see, for example, [21]). A different picture would be observed at EHg-H 5 50 kcal — activated electrochemi-

cal desorption, considerable participation of recombination and relatively high coverage of the surface by hydrogen,
open to determination by electrochemical methods.

In conclusion we should like to €xpress our appreciation to M. L Temkin,

Yu. A, Chizmadzhev, and R. R Dog-
onadze for very valuable discussion of problems relating to the applicability of t

he theory of absolute reaction rates.
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