








































































































































































































































































































































































































curves were then determined at various tqm’perai:uure intervals for
descending values 6f the témpe:aturé;v In selected cases (e. g., Pt .
and Cd; see "I}esults" section), the‘expérirnents were. cdnime'nced
at the lowest temperature and.the pbla.rization curves were obtained
at various te_fhperature inte:%r’_a.is for é,scending values of the tempera-
ture. In some cases, the direction of temperature change was found
to be important.

Potentiodynamic measurements were also carried out at
Ni and Pt at low temperatures in order to examine if quantitative H-
adsorption measurements could be made as they can in aqueous
solutions at the noble metals. Here the initial setting of the potentio-
stat and the time-dependent bias potential applied to it from the
triangular wave-form generator were so arranged that the potential
region under study lay within the two extremes of the time-dependent
signal. The value of resistance in the resistance box (joined in series
in the polarization circuit) was chosen in the usual way so that a
sufficient potential was generated to give a proper display of the
charging current peaks (if any) at the appropriate settings of the
sensitivity of the y-axis on the oscilloscope. The minimum series
resistance was always used with the maximum oscilloscope y-axis
sensitivity, The time-dependent current-potential relations thus
obtained were recorded photographically on the oscilloscope at
several sweep rates. Typical examples are shown in Figure 28 for
Pt and Ni in HC1-MeOH solution at -90°C, which are essentially
similar to results obtained at 25°C as shown in Figure 29. Since
the H-adsorption peaks normally seen in aqueous solution experi-
ments were not dete::ted and because of experimental difficulties
arising partly on account of the high solution resistance, these experi-
ments were not developed to any great extent. The absence of
significant H adsorption (i.e., =} 0.05 in coverage © by H) is

probably due to competitive adsorption of methanol which alrea.dy
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Figure 28

Potentiostatic sweep diagram for detection of H adsorption at

Ni and Pt in MeOH at -90°C.
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Figure 29

Potentiodynamic sweep diagram for detection of H adsorption

at Ni and Pt in MeOH at $25°C.
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covers the Pt surface in aqueous solution of methanol (90, 91, 92)
except at high anodic potentials where it is known to become

oxidatively desorbed (90, 92). | : o
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2, RESULTS

a) H,E.R. at Ni, Pt, Cd, and Pb over a Wide Range of Temperatures

- (i) Cathodic Polarization Curves

Current-~potential relations for a number of metais, Ni,
Pt, Cd, and Pb were obtained in ethanol (and methanol) solutions,
0.5N w. r.t. HCl, at various temperatures ranging from +25 to -125°C.
In several cases, the upper limit of the temperature range was

extended to +60°C.

1. Nickel. Typical overpotential-log [current density]
plots for nickel in 0.5 N HC1-EtOH and 0. 5N HC1-MeOH are shown
in Figures 30(a) and 30(b), respectively. It is to be noted that these
Plots exhibit two distinct and reproducible linear Tafel regions. From
about 60°C, through room temperature and down to approximately
-40°C, the high current density (c.d.) region is characterized by
higher Tafel slopes than those found at lower current densities.
This phenomenon is characteristic of a change of mechanism in
which reactions in a Eonsecutive or '"'series'' relation to one another
are oécurring. At approximately -40°C, the Tafel line is linear over
the entire c.d. range with a slope of b = 0.120. As the temperature
is further decreased below ca. -40°C. , the slope in the high c.d.
region becomes lower than that in the low c.d. region. This
behavior is now characteristic of a mechanistic change in which
alternative (or parallel) reactions are occurring, or one in which
desorption of anions occurs at a critical potential.

These two cases arise as follows (cf. ref. 59). In the
Series reaction sequence, the step having the smaller rate constant

‘at any given potentiallimits the overall rate. Two Tafel lines that
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Fig\_l_re 30

Tafel relations for the h.e.r. as a function of temperature.
(2) Ni cathodes in anhydrous HC1-EtOH.
(b) Ni cathodes in anhydrous HC1-MeOH.
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proceed one into the other with an increase in slope (relatively
higher potentials required for an equivalent increase in rate) thus
correspond to a change from one rate-determining step to another
ina consecuti\;e sequence of tvs}o reactions since in the region' of
higher slope at higher potentials, the first process of lower slope

would have proceeded at a rate i, at potextial 7 (Figure 31(a)) but

1
the actual rate of the process is limited by a consecutive step so

that the overall rate is iII at % .
| Correspondingly, in Figure 31(b), the rate of the process

:
!
[}
B

. f occurring at higher potentials in a parallel reaction sequence is
determined by the pathway having the greater velocity at a given
potential, For two pathways having different Tafel slopes, the one
which has a rate constant which increases to the greater extent with
potential (slope b lower) will be the dominant pathway in the kinetics
of the process. Thus (Figure 31(b)), at potential % pathway I would
increasing with potential with a slope b_ but

1 I
if I is an alternative process, the kinetics will be determined by

have passed a current i

the faster process passing current i . along the line of slope b

In order to test whetherItIhe changes of Tafel slopeII
discussed above were due to.the effect of specific adsorption of the
cl’ anion, results were also obtained for the h.e.r. at Ni in 0.5N
HCI1O 4-MeOH solutions. These results, which are presented in
the Discussion section (see Figures 52 and 53), differ from those
obtained in the alcoholic -HC1 solutions in that they exhibit a linear
Tafel behavior over the entire c.d. range and the Tafel slope
corresponds to that obtained for the high c.d. region in the alcoholic-
HCl case. The significance of these findings will be discussed in

detail in Chapter V.
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Figure 31

Changes of mechanism.
(a) Consecutive reactions (series).

(b) Alternative reactions (parallel).
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-2 Platinum. The current-potential lines aré shown in
Figure 32(a) and are linear over a c. d. range of up to two decades
and are based.on 7 to 8 experimental points per decade, | Although
most measurements were conducted over a series of descending
temperatures, Tafel lines for this metal were also obtained by
'starting from the lowest témperature é,nd gradually increasing the
temperature at intervals up to room temperature and the results

[which differ markedly from those in Figure 32(a)] are shown in
Figure 32(b). )

3. Lead. .The Tafel lines for this metai are characterized

by soine shortness of the linear portion of the curve, so that even
under optimum conditions, the linear region could be obtained only
over 1.5 decades of current density. The Tafel slopes for Pb-

were extremely high, often reaching values of 300 mV/decade. In
6rder to achieve reasonable values of b for lead, it was necessary

f;o polarize the electrode for several hours at the maximum c.d.

The results obtained with electrodes treated in this manner are
shown in Figure 33(a). Such high slopes at Pb have been encountered
previously (93) and may be associated with re sidual thin barrier
layers which require prolonged cathodic polarization for their

reduction.

4., Cadmium. As in the case of lead, the linear region of
‘the Tafel plots for cadmium, shown in Figure 33(b), were limited
to a range of current densities of. only 1.5 decades. Identical
results were, however, obtained at Cd irrespective of whether the
measurements were made in an ascending or a descending direction

of temperature change.
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Figure 32

Tafel relations for the h.e, r. as a function of temperature.
(a) Pt cathodes in anhydrous HC1-EtOH for a
descending series of temperatures.

(b) Pt cathodes in anhydrous HC1-EtOH for

ascending values of temperatures.
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Figure 33

Tafel relations for the h.e.r. as a function of temperature.

(a) Pb cathodes in anhydrous HC1-MeOH.
(b) Cd cathodes in anhydrous HC1-EtOH.
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(ii) Tafel Slope, b, as a Function of Temperature

From the polarization curves described above, values
of the Tafel slope, b, were obtained and plotted as a function of

the absolute temperature.

1. Nickel. Figures 34(a) and 34(b) show typically the
va.riation’of the Tafel slopes (for the two linear n - log i regions)
with temperature for this metal. The b values for the high c.d.
region decrease linearly with decreasing temperature (T) down to
approximately -40°C; but from this point, as the temperature is
further decreased, b increases again along a smooth curve. For
the low c.d. region, the surprising but qualitatively reproducible
result is found that the b values increase linearly as T decreases.
Although it was not possible to obtain exactly reproducible b v.alues,
the trend was always the same in many independent runs and in

Figure 35 a ''statistical' b vs. T plot for eight runs is shown.

2. Platinum. The bvs. T plot is shown in Figure 36(a)
where the Tafel slope is seen to increase graduauy as T decreases
and then more rapidly as the temperature is decreased below -50°C.
The trend here is somewhat similar to the b vs. T behavior for the
low c.d. region at nickel. Figure 36(b) shows the b vs. T plot for
Pt under conditions (see Figure 32(b)) where the Tafel lines were
obtained by gradually increasing the temperature from an initial low
value. Under such conditions, b is found to be practically independent
of T until approximately 0°c beyond which there is a sharp decrease

inb as T increases.

L 4
3, Lead. For this case, the b vs. T curves show an initial

decrease as T decreases but begin to increase gradually as T is

further decreased. The results are shown in Figure 37(a).
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Figure 34

Tafel slope, b, as a function of temperature.
(a) Ni cathodes in anhydrous HC1-MeOH and in
anhydrous DC1-MeOD.
(b) Ni cathodes in anhydrous HC1-EtOH.
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Figure 35

Statistical plot of Tafel slope, b, as a function of temperature
for Ni cathodes in anhydrous HC1-EtOH and in anhydrous
DC1-MeOD. (Graphs are based on data for 8 independent

runs. ).
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Figure 36

as a function of temperature.

Pt cathodes in anhydrous HC1-MeOH and in
anhydrous DC1-MeOD.

Pt cathodes in anhydrous HC1-EtOH for

ascending values of temperature.
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4. Cadmium. The plot of b vs. T is shown in Figure 37(b)
and the trend in this case is identical with that found at lead although
the b values tend to be numerically lo§ver. This t.rend observed for
cadmium is thé same irrespective of how the Tafel lines were
obtained and is thus to be distinguished from that observed in the

case of Pt.

(iii) Exchange c.d. as a Function of Temperature

The logarithm of the exchange c.d. (log'io), corresponding
* -
to the experimental region of current-potential behavior actually
observed, was obtained for each temperature by calculation using

the experimental Tafel lines and the equation
7 = a+b logi - [61]
which gives, when N = 0

logi = -a/b [62]

where a is the value (negative for the cathodic process) of K when

i is unity; bis also taken as a negative quantity.

1. Nickel. In this case, two lines were obtained for HCl
solutions corresponding to the two Tafel regions of Figures 30(a)
and 30(b). The plot for the high c. d. region shows a departure from
linearity at approximately -40°C and gives an apparent value of
AH;’{'i= of 10. 4 kcal. mole-1 as shown in Figure 38. The plot for the
low c.d. region exhibits curvature and gives limitingly values of
AHY ¥ of 7: 1 for the upper region and 3.9 kcal. mole-l for the

R
lower section (see Figure 38).

* . . .

The value of log i, so calculated may not be identical with that
actually obtaining at % =0 in an inaccessible (e.g. at Pb or Hg)
range of current densities io to 10 io near the reversible potential.
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Figure 37

Tafel slope, b, as a function of temperature.
(a) Pb cathodes in anhydrous HC1-EtOH.
(b) Cd cathodes in anhydrous DC1-MeOD and in
anhydrous HC1-EtOH for both ascending and

descending values of temperature.
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]
Figure 38

Arrhenius type plots for the h.e.r. at Ni cathodes in anhydrous
HC1-EtOH.
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2. ' Platinum, As in the cﬂa‘.se-.fbbr the low c. d. fegion at
nickel, the electrochemical Ai'rhenius plots for platinum exhiﬁit
marked curva.ture espec1a11y a.t hlgher overpotentials; AH;*
varies from 3::_a. 8 kcal., mole (+25 to -46° C) to ca. 3.5 kcal. mole
(-46 to -125°C) as shown in Figure 39(a). The correspondmg plot
for the experiment conducted over a range of ascending temperatures
is shown in Figure 39(b) and exhibits surprisingly an apparent

negative activation energy at the high temperature end.

3. Lead. In Figure 40(a) is shown the kinetic behavior
which gives an apparent negative energy of activation at values of
-30,-1 3 o,-1

1/T>39x10 K. AH;*forl/T<3.9x10' K™ is,

however, +6.3 kcal. mple-l.

4. Cadmium. The log i vs. (1/"1'3) plot shown in Figure 40(b)
shows a break at approximately 4,0 x 10~ c’K-]' where log io becomes
practically independent of temperature.' The value of AH;:i= calcu-
lated from the results at the high temperature end (i.e., 1/T < 4. 0x10 -3

°k” )1s 7.1 kcal. mole 1.

(iv) Apparent Activation Energies as a Function of 7

Values of (log 1) were plotted as a function of (1/ T) for
each of the metals under consideration for various values of 72 .

From these plots, values for AH;+ are obtained (cf. equation in

|
H
&
4
b

Chapter 1I) for each 7( value and can then be plotted as a function
of 7 ; according to previous treatments (68), such relations can be f
represented by the following equation if B is a constant, independent

of T: ‘

ar’t - At . B F [52]

K] R

in this equation, AH°+ is the value of the activation energy at zero

R



Figgre 39

Arrhenius type plots for the h.e.r. and d. e, r.
(a) Pt cathodes in anhydrous HC1-EtOH and in
anhydrous DC1-MeOD.,
(b) Pt cathodes in anhydrous HC1-EtOH for

ascending values of temperature,
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Figure 40

Arrhenius type plots for the h.e.r. and d. e. r.
('a) Pb cathodes in anhydrous HC1-MeOH.
(b) Cdj cathodes in anhydrous HCl-EtOH and
in anhydrous DC1-MeOD.
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overpotential, i. e., the value pertaining to the backward and forward
dn-ectmns of the process at the revers1b1e potent1a1 It will be
shown in Chapter V, however, that the relation between AH 0% and

2
AHR* is more complex when B is f(T) or if b is not simply RT/pF. .

1. Nxckel- High c. d. region: In Figure 41(a) is shown a plot.

of (log i), vs. (1/T) for 9 values ranging from 0 to -0, 6 V.

AH,I* decreases as 7 increases as required by the above equation,
and the non-linearity of the log 10 vs. (1/T) plot gradually disappears
as % increases, the relation becoming more or less linear over the
entire temperature range at the higher % values. A plot of AH: *
vs. 7 is shown in Figure 41(b).

Lower c.d., region: The results are shown in Figure 42 but, contrary

to the above equation, AH’I o ; increases as » increases and there is
S ——————t———— et tm———

curvature in the plot which becomes more pronounced as % becomes

more negative.

2. Platinum., The plot of (log i)’l vs. (1/T) is shown in
Figure 43(a); it is evident that there is some resemblance to the
results for the low c.d. region at nickel as shown in Figure 42,
Figure 43(b) shows a plot of AH,’ 0% vs. » and indicates again an
apparent negatwe value of B, the symmetry factor in equation [52].

3. Lead. In Figure 44(a) is shown the plot of (log 1) vs.
(1/T) and it can be seen that as 7] increases the apparent negatwe

activation energy at the lower temperature disappears and the

relations become lirrear at approximately ?] = =0.9 volt.

4. Cadmium. The results for this case are quite similar

to those for lead and are shown in Figure 44(b).
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Figure 4]

The h.e. r. at'Ni cathodes in anhydrous HC1-EtOH; upper c.d.

region.,

(a) Arrhenius type plots as a function of over-
potential,
(b) Apparent heat of activation as a function of

overpotential,
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Figure 42

Arrhenius type plots as a function of overpotential for the h.e. r,

at Ni cathodes in anhydrous HC1-EtOH; lower c.d. region,
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Figure 43

The h.e.r. at Pt cathodes in anhydrous HCl-EtOH,

(a) Arrhenius type plots as a function of over-

potential. _
(b) Apparent heat of activation as a function of

overpotential,
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FiEre 44

Arrhenius type plots as a function of overpotential for the h.e. r.
(a) Pb cathodes in anhydrous HCl-EtOH.
(b) Cd cathodes in anhydrous HC1-EtOH.
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b)  Deuterium Evolution Reaction (D, E.R, ) at Ni, Cd, and Pt

over a Wide Range of Temperatures

(i) Cathodic Polarization Curves

Tafel relations for the deuterium evolution react1on at
nickel, cadmium and platinum were obtained over a wide range of
'temperatures for comparison with the results presented above for
the analogous h.e.r. studied under similar conditions, Usually,
however, the reproducibility of the results was not as good as that

in the protic solutions.

1, Nickel. A typical set of polarization curves is shown in
Figure 45(a) and, as in the case of the h.e.r., two easily distinguishable
linear Tafel regions arise. However, in this case, the change over
from the "consecuhve" to the "alternative' relation between the lines

occurs at a higher temperature (cf. Figures 30(a) and 30(b)).

2, Platinum. Again, the general trend shown in Figure 45(b)
is similar to that in the case of the h.e.r. but the Tafel slopes are
higher and the polarization curves are not so satisfactory or

reproducible as they are in ordinary alcohol solutions.

3. Cadmium. The trend here, as shown in Figure 45(c) is
similar to the h. e.r. case although the b values are somewhat
higher (cf. Figure 33(b)).

(ii) Tafel Slopes as a Function of Temperature for the D, E, R,

Values of the Tafel slope b Were obtained from the
polarization curves described above and were plotted as-a function

of the absolute temperature.

1. Nickel. The trend in the b vs. T plots as shown in
Figure 34(a) is the same as for the h, e, r. at nickel except that the

bend in the curve for the high c.d. region occurs at a higher




Figure 45

Tafel relations for the d.e. r. as a function of temperature.

(2) Ni cathodes in anhydrous DC1-MeOD.

(b) Pt cathodes in anhydrous DC1-MeOD.

Rt

(c) Cd cathodes in anhydrous DC1-MeOD.
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temperature. In Figure 34(a) are given the results for two typical
runs of H2 and DZ evolution at Ni while "statistical" b values for

the d.e. r. and.h. e.r. are shown comparatively in Figure 35.

2, Platinum. Figure 36(a) shows the plot of b vs. T for the
d.e.r. at platinum and, although the trend is similar to that for the
h.e.r., the b values are generally higher than those found in

ordinary alcohol solutions.

3. Cadmium. The trend here is similar to that for the

h.e.r. and the results are shown in Figure 37(b).

(iii) Exchange Current Density for the D, E, R. as a Function

of Temperature

As in the case of the h.e.r., log io values were derived
from the Tafel parameters and plotted against the reciprocal of the

absolute temperature (1/T).

1. Nickel. A plot of log io vs. (1/T) is given in Figure 46, -
The plots for low c.d.'s exhibit two linear regions with AH; e 5.2
and 1. 4 kcal. mole-l respectively, while those for high c.d.'s
exhibit 2 marked curvature which occurs, however, at a tempera-
ture higher than that in the corresponding H case with AH;* = 14
kcal. mole -, a comparison of the results for the H and D cases

is also shown in Figure 46.

2., Cadmium. The curvature in the log io vs. (1/T) plot
shown in Figure 40(b) occurs at a lower temperature than that for

the corresponding plot in the H.case. In the high tempera.tufe region

o% o -1 s
= 11. = 7. . but
AHR, D 11.5 and AHR, u 7.1 kcal, mole ~, but the derived
apparent i values are greater than the i values, an unusual

O,D O:H
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Figure 46

Comparative Arrhenius type plots for the h.e,r. and d. e. r. at

Ni cathodes in anhydrous HC1-MeOH and in anhydrous DC1-MeOD.
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- &
result which arises, however, because of the fact that bD > bH.
Figure 40(b) also shows a comparison between the results for the

Hand D beha.v.ior of this metal.

3. Platinum. Figure 39(a) shows a plot of log i vs. (1/T)
for the d.e.'r, at Pt and, as in the h.e.r. case, two linear regions
are observed. Again the apparent i > i s Figure 39(a) also
. o,D o,H
shows a comparison between the results for the H and D cases.

(iv) Apparent Activation Energies as a Function of %

As in the case of the h.e.r., values of (log 1) were

calculated and plotted against (1/ T).

1. Nickel. Figures 47(a) and 47(b) show plots of (log 1) Vs,
(1/T) for the lower and upper c.d. regions, respectively. Itis to
be noted that the behavior is similar to that for the h.e. r. at this
metal,

2, Cadmium. Figure 48(a) shows the tread of the results
for the d.e. r. at cadmium which are again similar to those for the

h.e. r. at this metal.

3. Platinum. Figure 48(b) gives the trend at Pt; again the

similarity to the behavior in the h.e.r. case is to be noted.

c) H.E,R, at Mercury in Methanol for Temperatures above 20°C

Cathodic polarization curves were obtained at mercury
for the temperatures +24, +41, +52 and +58°C. The purpose of

these experiments was to provide carefully obtained results for

%See footnote on p.99 which applies again here; the order of the
extrapolated values for H and D doesnot necessarily mean that at the
respective reversible potentials there would actually be an inverse
isotope effect. The apparent iy values simply characterize the parts
of the Tafel lines for which the experimental results were obtained,
i.e., above the reversible potentials,
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Figure 47

Arrhenius type plots as a function of overpotential for the d.e.r.
(Va.) Ni cathodes in anhydrous DC1-MeOD; lower
c.d. region.

(b) Ni cathodes in anhydrous DC1-MeOD; upper

c.d. region,
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Figure 48

Arrhenius type plots as a function of overpotential for the d.e. r.
(a) Cd cathodes in anhydrous DC1-MeOD.
(b) Pt cathodes in anhydrous DC1-MeOD.
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cbmparison with those found in earlier work by Salomon (86) in
this laboratory but carried out at temperatures between -1n0°c
and +25°C in alcoholic solutioas,

From the polarization curves, values of the Tafel siope b
were obtained and plotted against the absolute temperature together
with Salomon's results; the data are shown in Figure 49. It is
gratifying that all the points fall on the same line. Also, in Figure 49
are showﬁ the results of Post and Hiskey (50) for aqueous solution -
and it is seen that they are in excellent agreement with the data
obtained in the present work in a different solvent. This section of
the work provided some of the most satisfactory data for b as £(T)
which will be discussed below.

The activation energy for the range of temperatures used
in this work has the value AH;+ = 8.1 kcal, mo:.e -1 which is in
moderate agreement with that of 11, 2 kcal mole = found by

Salomon (86).

d) The Anbdic Reaction of Br at Graphite

The purpose of this part of the work was to provide for
comparative purposes some low temperature results for a one-
electron oxidation process not involving H or D transfer. The most
suitable solution for this study was found to be 0.4 M(C 3H7) 4NBr in
spectroscopically pure acetonitrile (CH3CN).

Early trials to find a suitable system for this study

included the following:

(1) The anodic Clz evolution ‘reaction at graphite from
constant boiling (7. 5N) HC1 solutions, This system was not
satisfactory as anomalous Tafel slopes were observed at low
temperatures and the reproducibility of the results was not

satisfactory.
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Figure 49

Tafel slope, b, as a function of temperature for the h.e. r. at

Hg cathodes; results of various workers.
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9.

(2) An attempt to use the system graphite/ HCl-triﬂuoro-
acetic anhydride was unsuccessful as no significant current could
be passed, po§sib1y because the HCl gas was not readily soluble in

the anhydride, or dissociated.

(3) The following inorganic chlorides were tested for
their solﬁbility in acetonitrile:‘ LiCl, AgCl, CuCl, HgZCIZ, NiCl
CdClZ, MnClZ, Ba.ClZ and SnClz.
not sufficiently soluble to provide a reasonable current density range

2’
It was found that these salts were

over which satisfactory polarization curves could be obtained,

(4) Organic chloride salts such as (CH3) 4NCI were also
not soluble to any great extent in acetonitrile. However, the tetra-
alkyl ammonium bromides were more soluﬁle than their chloride
analogues and it was subsequently found, as mentioned above, that

the system gra.phite/(C3H7) ,NBr-CH,CN was satisfactory.

3
Although the inorganic bromides were more soluble than
their chloride analogues, they were, however, not soluble enough
to be used for this study.
| Typical anodic polarization curves for the Br discharge
reaction at pyrolytic graphite (see Experimental Section, p. 77 ) are
shown in Figure 50(a) for measurements carried out over the
temperature range of +26 to -45°C. A decrease in temperature
below -45°C caused the electroiyte to soli.dify.
In Figure 50(b), b values and apparent ¢ values are plotted
together as a function of teinperature for three independent runs and

it is seen that for all practical purposes b is independent of T and «
§

is linear in T.

i

PN Sy 2
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Figure 50 . L

Bromine evolution reaction (b. e.r.) at graphite in
0.4M (C3H7)4 NBr-CH3CN. |
(a) Tafel relations for the b.e.r. as a function
of temperature,
(b) Tafel slope, b, and apparent a values as a

function of temperature for the b. e. r.
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e) Accuracy of the log io and b Values

Slopes of the lines drawn through the linear regions of
log[current de;).sity]-potentia.l data can be estimated to * 2 mV,. In
the cases of.mercury, lead, cadmium and the high c.d. region for.
nickel, extrapolation of the 1inea.r poftion of these lines to qbtain
log io can lead to appreciable error since the extrapolation is made
over 5-6 decades of current density. Therefore, the method employed
to obtain the log i values was to draw the best lines through the
experimental % -log i points and calculate log io by the method
described on page 99 . This pProcedure, also used to obtain the
log io values for Pt and for the low c. d. region at Ni where such
long extrapolations are not involved, is rather more precise than
the direct graphical method especially when a long extrapolation is

required.

H
3
!
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CHAPTER V

DISCUSSION

a) General Introduction

A complete and rigorously quantitative interpretation
of the experimental results presented in Chapter IV of this thesis
is rendered difficult on account of the complicated nature of the
experimentally observed behavior. However, it is the aim of
this Chapter to present a qualita.tive (and where possible, a
quantitative) interpretation of the results and to comment on their
general significance with regard to the h.e.r. in particular and
electrode kinetics in general.

The role of the s‘tructure of the double -layer* is of

fundamental importance in electrochemical kinetics (95, 96, 101)

and double-layer effects, such as the specific adsorption of anions,.
Provide a basis for some of the qualitative interpretations presented
in this Chapter (see Section c) of the experimental results,
Electrochemical proton transfer reactions are by their
nature heterogeneous. Hence, the rates of proton transfer will
depend upon such factors as the adsorptive properties of the metal
cathode, the presence of adsorbed intermediates (e. g. atomic H in

the case of the h.e.r.), reaction products or anions adsorbed on

the cathode, and the metal-solution potential difference. The '
‘inﬂuence of these and other factors on the kinetics of the h.e. r. in

relation to the interpretation of the experimental results obtained

in the present work is discussed in detail below.

“Previous work on the structure of the double-layer has been reviewed
in detail elsewhere (95, 96,101,102) and in a previous thesis from this
Department and hence will not be dealt with in the present discussion.
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b) Behavior of the Tafel Slopes as a Function of Temperature

(i)‘ General

A .summary of those earlier studies on the h,e.r. at
-va.rious temperatures, which may be cons1dered a.dequately reliable,
is presented in this section in order to provide a basis for com-
parison with the tempera.ture dependence of the Tafel slopes, b,
found in the present work. Also, a brief discussion of the form of

the relation for b for the h.e. r. at Hg and Ni is presented.

(ii) Tafel Slope for the h.e. r. at Hg in acid solutions

Although the' h. e. r. has been studied more thoroughly
at Hg than at any other metal, a relatively small amount of work
has been done on the temperature dependence of the kinetics of this
reaction, particularly with regard to the variation of the Tafel slope,
b with temperature. Since it has generally been assumed that b
varies W1th temperature according to the usual relation b = RT/BF
where B;éf(T), prevmus temperature studies on the h.e.r. at Hg
‘(4 50, 69, 82 »103) (w1th a few notable exceptions (31, 83) ), were
concerned mainly with obtaining electrochemical activation energies
and consequently a relatively small range of temperatures (usually
for T values near and including +25°C) was investigated.

However, with the current interest in the possibility
that proton tunneling Plays a significant role in the mechanism of
the h.e.r., two recent studies (31, 83) have been reported in which
Tafel slopes were obtained over a very wide temperature range,
including experiments carried out in this laboratory down to a
temperature as low as —100°C (31). -

The b vs. T béhavior observed in some of the earlier
(4,50, 69), as well as the more recent work (31, 83) on the h.e. r. at
Hg, is shown comparatively in Figure 51. Several interesting

features of these plots should be noted:
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Fi gure 51

Tafel slope, b, as a function of temperature for the h.e. r.

at Hg in acid solution; results of various workers,
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(2) Althoughb = 0.116 at room temperature for the
majority of the results (Figure 51), thus 'apparently indicating
that b is RT/PF with an apparent value of p = 0. 5; this |
appears to be coincidental, since over a sufficienﬂy wide range
of temperatures, b is not represented adequately by the Co
relation b = RT/BF. ' : ,

(b) A notable exception is the work of Bowden (4) in
0.2N H,S0, at 0, 36 and 72°C where b is found to vary with
temperature in the manner required by the relation b = RT/BF
with B = 0.5 ¥ 0.01; this may be regarded as the "classical"

case.

(c) The results of Bockris and Matthews (83) show that
the Tafel slope is less than 0.116 at room temperature. This

exceptional result seems to be due to effects associated with

- -3
specific adsorption of the C1 anion (83) since the measure-

ments had to be carried out in 7. 5N aqueous HC1 solution.

(d) The results of Conway and Salomon (31) for b as )
f(T) in IN HC1 methanol solution over the temperature range

of 425 to -100°C are in excellent agreement with the results

of Post and Hiskey (50) in 0.1N aqueous HC1 solutions over
the temperature range 0 to +90°C (cf. Figure 49). Both these
sets of results may be represented by the relation b = (RT/BF) +c,

where c¢’is a constant, rather than by b = RT/BF. The extra-
polation of these results to T = 0°K gives almost identical
values for the constant ¢ (Figure 51).
The b vs. T data (4, 31, 50, 69, 82, 83) plotted in
Figure 51 are listed in Table 1. |

*

A discussion of the effects of specific adsorption of anions on the
kinetics of the cathodic hydrogen evolution reaction is presented in
a following section of this Chapter.
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Table I

Temperature Behavior of Tafel Slopes for the H, E, R, at Hg.



TABLE 1

Temperature Behavior of Tafel Slopes for the H,E.R, at Hg
- [

Post and Hiskey(50) Conway and Salomon(3l) Bockris and Matthews(83)

0.1N aq. HC1 1IN HC1-MeOH 7. 5N aq. HC1

T(°K)  ‘b(volt) T(°K) b(volt)  T(°K) b(volt) K
273 0.108 183 0.094 200 0.111 o
278 0.110 193 0.096 230 0.108 SRR
280 0.111 202 0.096 253 0.101 -
288 0.114 213 0.099 278 0.092
294 0.16 233 0.107 300 . 0,103
299 0.117 240 0.103 323 0.108
308 0.18 249 0.108 343 0.113
316 0.119 261 0.11 348 0.13
330 0.123 278 0.117 '
350 0.130 291 0.114
363 0.132 294 0.118
365 0.132 '

Jofa and Stepanova(82) Bockris, Parsons Bowden(4)
1IN aq. HCl and Rosenberg(103) 0. 2N aq. HZSO4
IN HC1-MeOH
1,0, © .0 o

T( K) b(volt) T( K) b(volt) T( K) b(volt)
273 0.110 205 0.070 273 0.108
283 0.14 219 0.075 309 0.122
293 0.119 240 0.090 345 0.136
313 0.127 260 0.095 .
333 0.135 276 0.100
343 0.139 292 0.110 *

351 0.145
)




The work of Bockris and Parsons (69) on‘t.he activation
energy of the h.e. r. at Hg carried out in solutions of aq. 0.IN HC1,
0.IN HCl-MeQH and 0.1N HCl-_HzO -MeOH mixtures over the narrow
| temperature range 0 to +40°C enablesb values to be derived fhaf are,
however, independent of temperature (see Figure 51). Temperature
independent Tafel slopes have also been observed for (a) the h.e.r.
at Ni in aqueous HCI1 (104); (b) the h.e.r. at solid In in 0.1M aqueous
HCl10 4 (105); (c) the electrodeposition of the azide ion (106) and

(d) the anodic reaction of Br_ at graphite in the present work (see 3
Figures 50(a) and 50(b) ). The results giving temperature- ' 
independent Tafel slopes for the h.e.r. (69,104,105,106) are |

summarized in Table II.

(iii) Form of the relation for b

The experimental observations indicate empirically

that for Hg and for Ni at higher current densities

RT
b = E§ + ¢ [63]
or i
b =c¢' - %—;—.—F [64] ‘

the latter relation applying to cases where b increases with
decreasing temperature (Figures 34, 36). When b varies with T
according to equation [63], yet equals appro:;ima.tely 0.12 V at 25°C
(e.g. as for the h.e.r. at Hg), B must be greater than 0.5 and ¢ > 0.
This suggests that § should not be estimated from the value of b at
a single temperature such as 25°¢ assuming that b = RT/BF as is
usually done, but rather must be obtained from equation [63] by

the operation

db/dT = R/BF [65]
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Table II

Temperature-Independent Tafel Slopes for the H, E. R, L




TABLE II

Temperature-Independent Tafel Slopes for the H, E. R,

Bockris énd Parsons(69) Bockris and Potter(104) Butler(105)
h.e.r. at Hg in 0.INHC1 h.,e.r. at Ni in aq. HC1l h.e.r. at solid In
: - 0.IM aq. HCJ.O4

- - - - -

"MeOH T(°K) b(volt) 2HCL T(°K) b(volt) T(°K) b(volt)

0 273 0.16 0.00IN 273 0.099 294 0.18
284  0.117 283 0.104 298  0.120
294  0.13 293 0.093 303 0.114
303 0.19 303 0.099 314 0.116
313 0.114 313 0.104 324  0.16
‘ ' 333 0.118
0.36 275  0.105 0.01N 273 0.090
286  0.102 283 0.090
295 0.100 293 0.091
303 .0.100 303 0.090
314 0.101 313 0.094
1.00 275  0.108 0.IN 273 0.101
285  0.106 283 0.103
294  0.104 293 0.104
303 0.107 303 0.102

313 0.106 313 0.106

a = activity
X = mole fraction
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assuming both g and ¢ are mdependent of T The fact that the
usually assumed relation b = RT/BF with B = 0.5 gives the correct
result for the Tafel slope at Hg at or near room temperature seems
simply fortlutous but it is clear that the relation is incorrect in form
over any appreciable range of temperatures. Indeed the form

| represented by the conventional relation b = RT/BF seems to be the
exception rather than the "rule", ) ,

Alternatively, it may be assumed thaf a relation of the .
form b = RT/B'F is correct but B's an apparent symmetry factor,
is £{(T). Since the empirical relation which represents the experi-
mental results is, however, equation [63] with B taken as a constant,
the temperature dependence of B' must be obtained from the identity

RT . __ RT

b = = +

BF Cs= E'? ’ . [66]

i. e. the required temperature dependent apparent symmetry factor
B'(T) which would equally well account for the results at Hg is
given by: '

"

ﬁ(T) BRT/(RT + pFc) , I

where B is now a true constant symmetry factor., This is an
unwieldy type of expression so that it mav be suspected that the
observed 'non-conventional' variation of b with T might be better
accounted for by an equation of the type [63] ixivolving a temperature~
independent component in b rather than by the more complex
expression [67]. The exponential term in the kinetic expressions

for current in the h.e. r. would then be

exp[-% /b] = exp[-B% F/(RT + pFc)] - [e8]

for b given by equation [63] or




exp[é7 /b] = exp[-p' (T)’? F/RT] | [69]

for b given by ‘equation [66], .and these expressions are; of course,
equivalent when p' (T) is givep by equation [67] with g still a
temperature independent true symmetry factor.

In limiting cases where b is observed to be almost
independent of temperature (see Figures 50(b) and 51) , the problem
of -representing b in terms of equation [63] is fnore difficult. For
such cases, b = ¢, so that B would apparently have to be D 1, a
situation which is, by definition, impossible since 1 > 8>0. For
such cases, we are forced to suppose that the apparent independence
of b with T arises mainly on accdunt of B really being linearly
temperature dependent, i.e. p= YT, so that with the definition
b=RT/BF, b =R/y F where y is another temperature-independent

constant. In the general case, B may be of the form
B=+yvyT + J [70]

giving b the form
b=RT/(YT + §)F [71]

However, a relation of this type does not represent very well the
observed behavior over the wide range of temperatures experi-
mentally investigated in the present- work: thus, according to
equation [71] b would not be linear with T nor would it have a finite
value as T - 0 since then YT+§ —= § andb > RT/§F - 0
as T - 0. The empirical relations [66] and [67] are therefore
to be preferred with B = y¥T in the limiting case when b is

independent of T.
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¢) Qualitative Interpretation of the Temperature Dependence of
the Tafel Slopes

(i) Genaral

A qualitative intérpretationﬂdf the behavior of the Tafel
slopes with i:emperature, described previously ("Chapter IV and
Chapter ’\", Section b), is given in this section in terms of the effects
associated with the épecific édsorption of anions*. The empirical
forms for b (cf. equations [63] a.nd [64]) for the h.e. r. at Hg and -
Ni are also discussed in terms of these effects,

The specific adsorption of anions has the following

Principal effects in relatmn to the k1net1cs of the hydrogen evolution

reaction (h.e.r.): (i) changes of the 174 potent1a1 (usage as in the
Russian work) in the outer Helmholtz plane (o.h. p.) are brought
about and influence the local concentration of H3O ions in that
plane; (ii) variation of the standard free energy of hydrogen

adsorption arises; (iii) the available area for hydrogen adsorption

is decreased. The kinetics are influenced by each of these effects
but the relative imbortance of the various effects varies from one

metal to another and, for a given metal, can be dependent on the

|
|

current-density.

A substantial body of information has been gathered on
this matter, mostly by the Russian workers, and two excellent
reviews by Frumkin (96,107) and one by Parsons (102), have been
published. These review articles refer mainly to specific adsorption
from aqueous solutions at room temperature but stronger adsorption
effects can arise in non-aqueous s‘olvents (e. g. methanol (18, 31) and
at low temperatures, where anion adsorption can be stronger. For
example, it is known (108) that specific adsorption of anions occurs

at Hg to a greater extent in methanolic than in aqueous HCI] solutions

x®
cf. footnote on p.122,



<132 -

for a given charge on the metal and for simila;' acid cdncentratiOns.

Since specific adsorption of anions increases with decreasing tempera-

ture, results may be more anomalous at low temperatures than at 5
high, - ' . o , . ' ‘

(ii) Effect of Specific Adsorption of Anions

1, Mercury

In.ai;ueous medium at the high # values involved in most
steady-state studies at Hg, specific adsorption of Cl-' ion in dilute
HCl is not indicated by electrocapillary and capacitance (95, 96, 109)
studies and does not seem to be involved in the reliable work of
Post and Hiskey (50). Similarly, in the alcoholic solutims of HC1,
specific adsorption of C1~ ion does not appear to be significant at

the potentials used in this and the previous work carried out in this

laboratory (18, 31), although nearer the electrocapillary maximum
(e.c.m.) potential, specific adsorption of Cl is greater (108) than
it is in aqueous HCI1 at the same concentrations. Hence the
reproducible dependence of b on T shown in Figure 49 for Hg and
represented by equation [63] with B = 0.7l and ¢ = 0.04 is unlikely

to be the result of specific adsorption of C1~ and an explanation of

the forms of [63] or [66] must be sought in other terms.
At high acid concentrations, however, the kinetic results

are undoubtedly complicated by anion adsorption (96,109) particuiarly
| in the case of halides; interpretation of the kinetics (b and log io)

in terms of proton tunneling (cf. 83) or other factors is then difficult
and special models must be introduced. For example, Parsons (110)
has suggested that anion adsorption causes the ut ion to be pulled in
nearer to the electrode interface and various authors (e. g. see

ref. 96) of the Russian school have considered‘ the double-layer
effects associated with anion adsorption in so far as they may effect

the kinetics of the h. e, r. Very recently, Parsons (111) proposed a
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simple model to account for the effect of specificé.lly'adsorbed ions
on the rate of the h.e.r. The treatment introduces an electrostatlc
interaction between the a.ctlvated complex of the electrode reaction
and the adsorbed ions in the form of an activity coeff1c1ent which can
be calculated from the adsorptzon isotherm. Tlus approach is
cliimed to give a reasonable account of the experimental data
already published and to provide a framework for future experi-
menta.l and theoretical work. ' -
From this recent treatment of Parsons (1), it is
possible to show rather approximately how a temperature-dependent
apparent contribution to § can arise in the case of specific adsorp-
tion. If adsorbed anions affect the activity coefficient of the
activated complex (109), then the relative change of rate constant

k/ko with coverage by anions is given by

.1n k/ko = -2BO

where ko is the razte constant in the absence of adsorption of anions
and resulting interaction effects involving the activated complex, ©
is the coverage or surface excess and B the second virial coefficient
in the equation of state for the ad-species. If the coverage by the
adsorbed ions is approximately linear in potential @ (constant inner

layer capacity contribution C) then

In k/ko = -2BCQ®

The overall rate expression will then involve an exponential factor
in @ of the form exp[ BOF/RT] exp[-2BCPH ], i.e.,
exp —% [p+2BCTR/F] = exp -p'FP/RT. The apparent symmetry

factor B! is hence composed of the normal B plus a temperature-
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dependent term mvolvmg the interaction parameter B and a capac1ty
term C cha.ra.ctenzmg the potentxal dependence of coverage of the
adsorbed anioh species. This is of the correct form required to
explain casés_ where b varies a.nomalously with T in the case of
anion adsorbtion.

2. Nickel and Platinum

The results shown in Figure 34 for Ni in alcoholic HC1
are to be considered together with those of Bockris and Potter (104)

obtained in dilute aqueous acid and alkaline solutions. The Tafel

lines for Ni in alcoholic HC1 solutioﬁs consistently showed two
linear regions both for the protium and the deuterium solvents
(CH3OD/DCI). Changes of slope were n'ot; however, observed in
a similar study carried out in methanolic -HC1O 4 solutions (see
Figure 52). Reasonably linear Tafel relations were observed at

all temperatures (down to low T) and the b values corresponded

closely to those obtained for the high c.d. region at Ni in the
alcoholic -HC1 solutions. The b vs. T plot (Figure 53) shows that ;
b decreases linearly with T down to the lowest temperature attained |
(i.e., -89°C) This behavior is to be contrasted w1th the bvs, T

behavior at Ni for the alcoholic-HCL1 solution (cf. Figure 34). This

additional experimental evidence lends support to the qualitative
interpretation in terms of anion (Cl-) specific adsorption effects
given above for the b vs. T behavior at Ni in alcoholic-HC1
solutions,

On the basis of these results it may be.argued that the
lower Tafel lines at Ni .represent the kinetics of the h.e. r. at a Ni
surface in the presence of specifically adsorbed C1” ions (cf. 108)

while the upper lines (which have b values similar to those for the
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Fig_gre 52

Tafel relation for the h.e. r. at Ni in 0, 5M HC10O 4-MeOH at
296°K.
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Figure 53

Tafel slope, b, as a function of temperature for the h.e. r. at

Ni in 0. 5M HClO4-MeOH.
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HCIO 4 solutions at Ni) represents thg kinetics ix; the absence‘ of
specific adsorption. That the Cl1~ ion may have more of a kinetic
effect at Ni th?.n it does at Hg probably arises since () over-
potentials at Ni are nearer the potential of zero charge (p. z.c.)
than they are at Hg for current deﬁsities > 10"6 A, cm, -2; and
(b) atomic H is appreciably adsorbed at the Ni electrode surface
(cf. 94) and its coverage and binding energy (112) may hence be
sensitive to co-adsorption of C1~ [cf.‘ the results of Breiter (113) at
Pt].' Similar conclusions apply to the results for Pt. The results
of Bockris and Potter (104) over a small tempera.fure range in
aqueous HCI1 indicate that b is almost independent of T. Since this
result v}as observed in 0, 001 and 0. 01N HCl, and in dilute NaOH,
it seems justified to regard it as also applying to the h.e.r. in the
absence of speci_fic adsorption of anions.

The lower Tafel region at Ni and the whole behavior at
Pt seem consistent with anion adsorption effects since (a) the Tafel
slope (at Ni) becomes changed at higher potentials and then varies |

more normally with T; and (b) for ascending changes of T at Pt

. (Figure 36(b) ), b remains almost constant with T and suddenly

changes at ca. 270°K whereas for descending changes of T _
(Figure 36(a) ), b, both for the h.e.r. and d. e. r. » continuously
increases with decreasing T. Similarly, in the bromide ion dis-
charge reaction (Figure 50(b) ), b is independent of T and since |

this is an anodic reaction,Br- adsorption may be anticipated.

3. Lead and Cadmium

More co‘mplex relationships between hydrogen over-
Potential and anion specific adsorption are observed for these
metals (107). A considerable lowering of % is observed in HC1 and
HBr solutions as the concentration is increased.

In contrast to the behavior observed with Hg, the

i
1
{
?
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establishment of the adsorption equilibrium Proceeds slowly, a
situation which results in the appearance of a hysterems loop on
the 9 vs. Ini i curve (112). The dlfferences in the behavior of Hg
and of Pb and Cd may be associated with the Presence of active
" centers at the surface of the solid metals at which stronger bonds
between the anion and the metal can be estabhshed

In the present work (Figures 37(a) and 37(b) ), the b vs. T
behavior of the h.e. r. at Pb and Cd was found to be similar except .
that the b values for Pb were higher than those for Cd. However,
it was found that prolonged cathodization at the highest c.d. reduced

the Tafel slopes on Pb to more acceptable values, i,e., ca. 130 mVv/

decade at 25°C. Similar effects of polanzatmn were observed by
Ives and Smith (114) and h1gh values of b at Pb were already observed
in early work by H1ck11ng (15). Although the polarization treatment
reduced the Tafel slopes for Pb, they still remained higher than
those for Cd.

The observed behavior for these metals over a range

of temperature may be due to the effects associated with specific ‘ 5
adsorption of C1~ ions, mentioned above, and to the possible forma-
tion of '"hydrides". On Pb, and to a lesser extent on Cd, itis
possible that hydrogen evolution occurs on a ""hydride" surface

film rather than on the bare metal surface. This possibility is
Suggested by the fact that the Pb surface at the end of the measure-
ments is black, in sharp contrast to the "mirror-like" surface at
fhe beginning of the measuréments. Cd does not, however, turn
black, but becomes light grey in color, a fact which suggests that

a thicker film is t:on"ned on Pb. Cathodic disintegration of Pb at
high current densities is thought té occur (114, 116) and the formation
of what is stated to be Psz as a result of this process has been

suggested (116).
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(iii) Behavior of b at the lowest temperature

Both for the upper Tafel lines at Ni (Flgure 34) and for
Cd (F1gure 37(b) ) (and to some extent for Pb), b initially decreases
. with T in a qualitatively normal way but increases again with further
decrease in T In the d.e.r. at Ni, the effect already occurs at
240°K. While qualitatively such effects could be ascribed to
increasing participation of proton tunneling as>T is lowered, the
fact that the trend toward lﬁgher slopes arises in the d. e.r. already
at 240°K (while for the h.e.r. it arises only at 190-200°K) renders
this an unlikely possibility, Since related changes of slope of the
Arrhenius plots, corresponding to lower values of heat of activation
also arise both for the h.e.r. and the d.e.r. (see Figure 46) at the

lowest temperatures, it seems necessary to ascribe this behavior

to effects of solvent structure changes on the entropy of activation (66).

rather than to tunneling (the effects are in the opposite direction to
those that might arise from increasing heat of activation due to
increased H-bonding in the solvent at the lower temperatures;

cf. Section e). Such effects would be consistent with the H/D isotope
effect observed in the present work which cannot be clearly attri-

buted to differences of tunneling rates.

(iv) Isotope Effects and Specific Anion Adsorption

The differences observed (see Chapter IV) for the h.e. r.
and d. e. r. could also be interpreted in terms of specific adsorption

of C1  anions. If specifically adsorbed anions, situated in the inner

Helmholtz plane (i.h.p.), interact with the initial or transition states .

as discussed by Parsons (111) then the H/D isotope effect which
normally arises may be depéndent on the anion concentration and
hence on the electrode potential, Moreover, the solvation properties
of simple ions such as Na+, Cl-, “have recently been shown in this

laboratory to be appreciably different in HZO and DZO and the

1
1
i
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electrostriction, for example, of Na Cl i appreciably greater in

DZO than in H O (117). In the 1nterphase region near the electrode

surface where water dipoles are adsorbed and oriented by the field,

the effects of anions may be mgmfzcantly different in H O and D O
and thus affect the transition state for H or D+ neutrahzatmn.
(Electrocapillary experiments are in progress to investigate this

matter further.)

d) Some Theoretical Aspects of the Temperature Dependence of

Tafel Slopes

(i) General

Following the general discussion of experimental results

given in the previous Section, several possible reasons why the

temperature dependence of Tafel slopes, b, differs from that
hitherto considered in conventional representations of charge-

transfer kinetics are examined; in particular, factors which can

o
]
4
i
3
:

lead to a temperature dependence of the "Brégnsted factor" (157) B
are investigated. In the previous Section,it was shown that under
certain conditions, e.g. at Hg and Ni, Tafel relations arose which

gave b of the forms

RT RT .
b= BE + c or b= 5TF (cf. equation [63]

and [66])where ﬁT is an approximately linear function of T. Alterna-
tively, it was shown that equation [66] could be written in terms of !
!
a temperature depex}dent p factor, denoted by [3'11,, given by
By = BRT/(RT + BFc) [67]

giving consistency with equation [63]). These relations were shown

to apply under conditions for which it could be assumed that anion
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specific adsorption effec?:s were absent. Hence other factors have
to be considgred such as (a) :temperaturé-dependerit orientation of
solvent dipoles. at the interface in relation to the dipole surface
potential X ; (b) related changes of solvent structure with tempera-
ture; (c) effects of potential on the entropy of activati;)n in relation
to solvent orientation characterized by X , and (d) temperature

dependence of H coverage.

(ii) Significance of the Constant ¢ iz‘x‘the Results for Hg

On the basis of equation [63] for the results at Hg, it is
clear thatb - cas T — 0, i.e. the results of Figure 49 are
characterized by an apparenf residual 'current contribution
logarithmically proportional to @ but independent of T at the
absolute zero. This suggests a cdntribution from the proton
tunneling mechanism considered experimentally and theoretically
in previous papers (18, 31, 47, 48, 83, 119). Such a view receives
some support from the shapes of the b vs. T plots, e.g. for the
upper Tafel region for Ni, and for Cd, where b after initially
decreasing with de}creasing temperature, rises again as the
| temperature is taken to the lowest values. This behavior, being
characteristic of the upper Tafel region at Ni, is probably not
associated with anion adsorption since it has been argued (Section c)
that such an effect is only significant for the iower lines where b
continuously increases as T decreases from 298°K. However, while
the above suggestion is an attractive one in providing an interpreta-
tion of ¢, difficulties concerned with such an explanation in terms of
an appreciable extent of proton tunneling have been referred to in
Section c. In particular, the b values for the h.e.r. and d.e. r. do
not differ in the expected Way, and curvature both in the Arrhenius
and in the b vs. T plots ariseé for both reactions. In these circum-
stances, it seems that an explanation for the "anomalous' behavior

of b as f(T) must be sought in other directions.
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(iii) Role of Dipole Surface Potentiai, %

The local solvent dipole. potential-différence in the
é.d-layer adjacent to the electrode has hitherto received little
attention in relation to electrode kinetics but its role in determining
double-layer capacitance has been treated (118), If it is of
importance in the latter connection, it seems necessary to con-

sider it further in relation to Tafel slopes although these are

-usually to a large extent independént of potential.

The initial state of the proton prio'r to the act of dis-
charge has been considered variously (3, 7) as being in thé inner
layer* adjacent to the electrode or some 2.5 water molecule
diameters away from the suffa.ce (119). In the latter situation,

direct tunneling to the surface has been postulated (119) but this

view seems difficult to envisage (120, 121) since the proton may

reach the inner water layer by successive proton jumps and charge
delocalizations similar to those in the homogeneous conductance
inechanism (38). In absolute rate calculations the proton has been
considered as located in this inner solvent region (7). Thus
Conway (120) has pointed out that in the discharge step, the rapid
proton jump mechanism must play a roie and this viewpoint has
been further taken up by Nt'irnberg (121). In the outer Helmholtz
Plane (o.h. p.) the hydrated (or solvated) proton H O+ or H O+H 0]

9 4 97472

will be present and the three or four H_O molecules around H,J;O+

2 .
will be optimally oriented both for hydration of the proton and with
respect to solvent orientation in the double-layer. Under these

conditions, very rapid proton transfer amongst the 4 oxygen-centres
£

*In the equilibrium situation of the proton, which determines the
double-layer capacitance behavior, e. g. of dilute mineral acid solu-
tions, the cations are probably situated at the outer Helmholtz

plane (120) (0. h. p.) since the capacitance behavior of HC1 does not
materially differ from that of KC1.

;
i
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in H90 4 Will arise according to the model of Eigen, Wicke and
Ackermann (127) probably by the tunnehng mechanism (38) (no

‘reorientation of dlpoles being requ1red in this s1tuat10n (120,121)).
Hence, kmeucallx the proton may be able to be d.tscharged from

the inner layer in a coupled proton activation-electron transfer

step while the thermodynamic propert1es of the double-layer and
the resultlng potential profile could still be determined by the

time-average concentration of protons existing as "H3O " jons at .
the o, h. p.

?

Some difficulties arise with the long-distance tunneling
~mechanism when this process is compared with the discharge step
in alkaline solution where proton transfer occurs from a water

molecule (HZO +tM+e - MHac.ls + OH -); in the latter case, it

seems difficult to envisage water molecules other than those close
to the electrode in the inner layer as constituting the kinetically

significant initial state of the reaction. If it is accepted that the

kinetically significant situation of the proton in the act of discharge
is in or near the inner solvent layer, then the local orientation of

neighbouring water molecules may be expected to influence the

i
3

discharge kinetics. A statistical expression of this orientation is
given by the dipole surface potential contribution X which will be
dependent on the electrode potential (or charge and hence field).

The potential X can constitute an appreciable fraction of the metal-
solution p.d. @ which influences the kinetics through the p term.

It has been claimed (118) that X remains small (* 120 mV.) as the
surface charge Qg OB the metal varies from q = 20 f:o qs= -ZOﬂC.cm-Z.
It would hence not a‘ppreciably influence kinetics of electrode pro-
cesses., This calculated variation of ¥ seems, however, too small
since it may be shown by éubstitution of the previously assumed (118)

values for the dipole moment of water and the surface dielectric
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constant Es, (= 6) that X varigs iromca. H.2Vto -1.2 V rather
‘than over only 10,12 V in the above range of q. The value of X

as a function of field E is*
. ]

4'n"p.N " o o
X = L tamh | o M_-N LE/KT [72]
€ i Ny

.

and the orientation distribution function for Nt, Ni s the number

of solvent dipoles oriented each Way,' normal to the surface, is

NtN- N tanh[-f, (M- N¢ , RE/kT] [73]
T v Ny

where fi is an interaction parameter dependent on dipole -dipole
interaction, surface coordination number and temperature, i is
‘the solvent dipole moment and NT is the total number of dipoles
per cmz. The limiting values for complete orientation are

. independent of the form of the distribution function and are deter-

mined simply by the term

2tNp/ € g (ref. 118) or 4wNu /€ <

where N is taken as 1015 molecules cm-2 for water or the end of
the -CHZOH group.
Values of X as a function of charge or field E are
shown in Figure 54 for va.ri_dus values of the interaction parameter
fi and as a function of temperature in Figure 55. While X of course '

increases to the saturation value of ca. 1.2 V with increasing field

*The term 4w rather than 2w used (118) in the Helmholtz expression
for x seems the preferred quantity (122), but this is not the source
of the whole of the difference referred to above. Normally over the
experimentally accessible range of qpg, % d Will, of course, be
appreciably less than 1. 2 V since the interaction parameter for -OH
dipoles will be of the order 3-4 kcal. mole '1.
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Figure 54

Calculated values of the surface dipole potential % d from the
B. D. M. model for various temperatures and values of the
dipole interaction parameter fi » as a function of electrode

surface charge.




0SI €965 I
G2 €96 Ol
0S- €965 6
- 2862 8
oSt een 2
(-4 €61l 9
0S- ¢6ll ¢
g2 96S b
osI o €
-r] o 2
os- O I

5 1 c.\uw =)

-

¢o

o
o

©
o

@
o

o’

X, TVILN3L10d 30V4HNS



- 146 -

S e e et s
ERRN - s

Figure 55

Temperature dependence of X d for various values of fi .
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or surface charge, the range of values of the field over which it
does so is greater the larger is the value of f Of great interest,
is the temperature dependence of X which decreases (for a given
value of field) vn.th increasing temperature when fi = 0 or small,
as expected, but increases with increasing temperature when f is
larger. This is a result of the opposmg influences of the onentmg
field and the dipole repulsion.
The next problem is how the overall metal-solution

‘r p.d. P depends on the contribution % (123). Certainly at the
‘ potential of zero-charge (P. z. c.) the total surface potential is

equal to @.

The total intrinsic surface potential x at the p. z.c.
arises from asymmetry at the surfa.ce of the metal and anisotropy.
of structure at the solvent mterface, and may depend on tempera-
ture. At other potentia.ls, the me'tal-solution p.d. can be regarded

'as made up of the contribution x modified by the outer potential
generated by excess charge q on the interface where - = }- 4—1"1
and A is the thickness of the region over which a mean £1e1d e
V/A is set up and within which an effective, field-dependent
dielectric constant €s applies. When excess charge is on the )
interface, it seems difficult (cf. 123) to regard X d (arising from
field orientation of solvent dipoles according to equation [73] and
¥V as separate or additive ferms since % d determines the ¢ s
to be used in Gauss's equation commonly employed (cf. 101) to
express Vv /A. Hence @ is either to be expressed in an-approxi-

xhately additive way as X o + % d where % . is a f(q) (equation [72])

d
ord = x, + é—’-gisé' and € s is determined by the orientation

distribution function (N} - N{)/ N, (equation [73]). It is evident
that x| will generally increase with increasing positive or
negative field due to further electrostatic orientation (118) beyond

that associated with % o Attention is restricted to a consideration

3
B
3
s
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of the latter effect in relation to the potential and temperature
dependence of reaction velocity of an electrochemic'al discharge
step, such as that occuring iﬁ the h.e. r. at Hg, where complica-
tions due to cc;verage-of the surface by atomic H are not significant,
With regard to effects of temperature, it seems
reasonable to state that the changé of X d due to a change of surface
cha;-ge from the zero charge condition to a finite value of U will
be larger the lower the temperature if fi = 0 or small (Figure 55). -
Correspondingly, for a given change of p.d., A@, a relatively
greater conti'ibution from the change of charge of AqM' will arise
at higher temperatures than lower, so that a relatively greater
driving force for proton discharge may arise if the increased
negative charge density on the electrode is regarded (cf. 157) as
leading to the enhancement of the rate of proton transfer (Brgnsted

effect). Thus, a given p.d. @ could have a relatively greater effect

,:?
&
i
&
P}
i
§

in modifying the rate constant at high than at low temperatures,

i, e. B should be an increasing function of temperature. Such an

effect of Z may evidently, however, increase or decrease with T
depending on the cczaordination or structure in the dipole ad-layer at
the interface, since fi determines how x will vary with temperature
and field. In fact, fi itself will probably depend on the extent of field
induced orientation and on local solvent structure effects particularly
in H-bonded, associated solvents such as were used in the present
work, Qualitatively, then, changes of X and dipole orientation
could lead to temperature d.ependence of B.

In the absence of interaction effeéts, field E and
temperature are, of‘course, conjugate variables in the ratio wE/kT
which determines the orientation distribution function (eciuation [73]),
so that decrease of T is eciuivalent to an increase of E at a given
temperature. Hence any changes of B with T which might arise on

the above basis would also be expected to be manifested at
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increasing fields. There is no evidence for the latter veffect since
p or a are quite constant for the h.e. r; » at a number of metals,
particularly at Hg, over a rather wide range of potentials (121).
.However, hen f is apprec1ab1e, the orientation (and hence £ ) is .
no longer a 81mple function of p.E/k'I‘ so that X may decrease with
decrea.smg temperature but still increase with increasing E
(Figuré 55). The difficulty here is that any orientation effect which
may influence the local profile of p.d. in the interphase with
changing T and hence provide a possible basis for an explanation of
the variation of § with T would seemingiy require an equivalent
variation of B with E. ‘

| From thermodyriamic considerations of a charge-
i:ransfer process at equilibrium, it is clear, however, that g must
‘operate on the total metal-solution p.d. set up; similarly it must
apply to the whole value of any other potential applied under non-
reve'rsible conditions. However, the local environment of ions
awaiting discharge will depend on the orientation of solvent dipoles

in the double-layer determined by X, and X ,, the latter depending

>
on q {(equation [72]). Such an effect of local s‘ci)lvent dipole environ-
ment may be of particular importance with respect to proton dis-
charge since the proton can penetrate by the anomalous conductivity
mechanism into the inner layer where solvent dipole orientation

will be most important. Any effect of temperature on B in the .
absence of anion adsorption, should therefore preferably be con-
sidered as an indirect stru;:tural effect a.rising from (a) temperature
dependence of 740 and % & (b) the resulting local influence of
solvent orientation on the free energy profile (see below) for thermal
activation of the O-H' bond in H,0" or CH3OH; and (c) the

associated rearrangement (125) of the three or four other solvating

molecules about the ion necessary for the act of electron transfer.




(iv) Solvent Structure Effects

Solvent structure effects in the interphase are obviously
closely conne_cted with the question of dipole orientation but little
attention has Been paid to the role.’ of changes of solvent structure
with temperai:ure in detérmining |3 asa functiori of temperature,
although thermodynamic studies indicate (124,126) important effects
of this kind in adsorption at Hg and in ionic solvation. It has been

.argued above that the kinetically significant location of the proton
-’ m the discharge step may be in the oriented solvent layer., The
température dependent structure of the interphase in which the

protons find themselves may therefore be an important factor in

determining, for example, (a) the time-average location of the o

£
[
.

initial state, (b) the entropy of activation AS° ¥ and (c) the effect
of local field or electrode potential on ASO* (to be considered
below).

(v) Effects of Potential on the Entropy of Activation AS® *

Normally it is assumed that change of electrode potential

shifts the Fermi level so that the initial state potential energy curve

for the profile representing the course of the rate -controlling step
is simply moved up or down relative to the final state curve. This
implies that the local metal-solution field or excess electron charge
on the metal has no direct effect on the state of the reactant H3O+
ion or on its environment, so that only the enthalpy or internal
energy component of the standard free energy of activation is 1
modified by potentiaxl. At the large and charge-dependent fields

that exist at electrode interfaces it seems unlikely that As® * would

remain unaffected if only for the reason that the local environment

of solvent dipoles in the interphase can change with U (see

Figure 54) as discussed above. The usual rate equation for current

density i is



kT of |
i= zF-ll%r. exp| - ARGT ] exp[-BPF /RT]). f(c, ©) [74]

where f(-c, ©) formally allows for any dependence of i on the reactant _

concentration, double-layer effects, or surface coverage by H,

none of which we shall be céncerned with here. Normally
équation [74] expresses the assumption that @ shﬁply modifies the
enthalpy or energy term in AG® *, Strictly, however, d 1n i/dp
is determined by -d[AG® */RT]/d¢ where AG® ¥ is the standard

electrochemical free energy of activation, i.e. for the Tafel

slope b
1/b=dIni/dp = %(AHO* - Tas® ¥ 4 gpF)/RT. [75]

Noting that @ is negative and as suming for the purpose of the
argument here that f(c, ©) is independent of ¥, then

1/b=dhi/d¢§=(1(—zs‘—(18;il:ﬁl—) - %ET [76]

if it is assumed that BOF already takes into account the potential
dependence of the enthalpy or energy term in AG° *. Limitingly,
Agar has shown (68) that this type of relation can give B proportional

to T if AS® ¥ only, rather than AH¥, is the quantity affected by
potential. In fact, both quantities may be functions of potential
leading to the result given in equation [76]. If TaS® ¥ were affected
by potential, or the corresponding field, through a term B'@F,

then equation [76] could be written
_ =d o} of 1+ ., _-BF L B'F_-F , . _,
/b = ap (AH T -[T(AS 7 T B'OF) ]+ BOF)/RT = o= T s = o(By B'T)

so that the apparent value of 8 calculated from b would be tempera-

ture dependent. The result in equation [77] is not, however, quite

[77]




identical in form withvequation [63] which empirically expresses
the reeults for Hg, although for appropnate values of B and ' a
relatmn sunﬂar to that observed experunentally can be shown to
arise over a lumted range of temperatures, It can account for
other cases, however, where the apparent p decreases or 1ncreases
linearly with temperature. Strictly the results (F1gure 49) for Hg
indicate B is mdependent of temperature but with a value different
from 0.5, b being determined also by a temperature independent
constant ¢ (equation [63]). However, equation [67] allows the
possibility of dependence on T.

It is of interest to speculate on a physical explanation
of a potential dependence of AS° ¥, The true (cf. 100,136) volume of
activation in proton discharge at Hg is positive so it may be assumed
by analogy with homogeneous ion neutralization pProcesses(17l) and the
behavior of water in the double -layer (126) that AS °F s also
positive. ¥ Increasing field, .and the resulting orientation of the
solvent dipoles at the electrode interface (Figure 54), will tend to
allow less relaxat:cn of molecules in the solfration shell of the H3O+
ion when the latter is discharged, than would be the case for lower
fields in the double-layer, On this basis AS® ¥ would tend to be.

less positive or more negative at higher overpotentials; B! would

hence be positive, i.e. the positive sign is taken in the term

T(Asg* t B'OF) of equation [77] since @ is taken negative for a

cathodic process. This would cause the numerical value of the

apparent § in the defining relation "b = RT/BF" relatively to decrease

with decreasing temperature which is the direction required to
account for the experimental results for the h, e. r. at Hg

(Figure 49).

Expenmental evaluation of AS o, is rendered difficult (cf. 7,18, 31)
on account of the impossibility of directly determining an absolute
heat of activation for an electrode process,




Elsewhere (124,165), it has been shown that the
~decrease of hbratmnal entropy of oriented solvent dipoles in the
double -layer w1th increasing field can be appreciable and this effect
can be relatwely greater at lower temperature s. On the other hand,
.ﬁeld effects on bond energies, e.g. of O- H in H3O are neg11g1b1e (31).
Hence, a.reasonable explanation for the observed temperature
dependence of b can be given at least qualitatively in terms of fielci
effects on the entropy of activation through solvent orientation
effects, '

When fi is appreciable, % d varies Hﬁea‘rly with %Y and
hence (approximately) with electrode potential. 76 d also varies
approximately linearly with the change of librational entropy (124) »

of oriented solvent molecules. Hence the orientation and entropy

effects will not cause a change of shape of the Tafel line at any
given temperature but only contribute to a temperature dependence
of . This is as required by the experimental current-potential
behavior where § is usually constant with changing @ except when

changes of mechanism or anion adsorption are involved.

(vi) Double-layer Thickness Effects

§

The proportionality of for a to T has. been attributed
by Parsons and Bockris {7) to changing double-layer thickness §
with temperature. Their calculations for Hg and Ni were based on
changing relative positions of potential energy curves along the
reaction coordinate and predicted p would vary inversely with § .
Howeve’r, changes of relative position on the energy axis produce
changes in B similar to those arising from changes of position on
the reaction coordinate axis, as indeed is found (7) when other
energy parameters are varied in the calculations. However, for the
h.e.r, at Hg, B is almost exactly constant (121) over 1. 2V or 10
decades of change of rate. Hence it is difficult to adopt the above

explanation as a basis for the temperature dependence of B.
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(vii) Bromide Discharge Reaction in Acetonitrile at Graphite

Here the dependence of b on temperature was sought for
(a) a case in which proton transfer was not involved and (b)' a solvent
Qﬁch was not hydrogen-bon&ed aﬂd‘hence would show less of a
temperature-dependent structural contribution to the heat of activa-
tion and fransfer coefficient of an electrode process. b is found to
be independent of temperaturé over 104°C so that ¢ is linear with
temperature (Figure 50(b) ). The anomalous temperature dependence
" of B in cases where b is independent of T, e.g. for the h.e.r. dis-
cussed above, is hence not specifically associated with proton
discharge. In the anodic Br~ discharge case, the effects of specific
adsorption should be 'simpler than in the case of the cathodic h. e, r,
since the ions discharged in the reaction originate from the inner
Helmholtz plane (i.h. p.) and their local concentration is directly
detérmined by the total adsorption potential and the resulting _
eiectric potential at that plane. Since in the b.e.r., b is completely
independent of temperature, the limiting case of equation [63]
a.'ppa.rently applies where only ¢ determines b. However, it is
difficult to see how B could be o, so that temperé.ture ~-dependent
anion adsorption effécts must be invoked leading to a linear tempera-
ture dependence of B ,. in order to explain the constancy of b over

a range of 104°C.

(viii) Temperature Dependence of b for a Process Involving

H Desorption

Normally for the atom -ion desorption mechanism (128)

+
MHads+H +e HZ

limiting cases arise giving b = 2RT/(1 + B)F or 2RT/BF for low,

which may be rate-controlling at Ni, two

potential-dependent coverage @ . by H, or for ©_ =1, respectively.

H H
Both of these terms imply a normal temperature dependence for b.

Under conditions where the H is adsorbed at a '"Langmuir' surface,
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the transition between the two Tafel regions.is reiatively sharp,
Values of b, including those for the h,e. r. at Ni stud1ed here and

at Ag do not, however, always fall into the two 11m1t1ng cases (nor
do they have the values of RT/2F or RT/F for recombination pro-

' cesses) so it is of interest to examine the form of b with potential
or covergge, and its temperature dependence, when appreciable
heterogeneity and/or interaction effects arise (ef. 129,130). Fora
heterogeneous surface or for one with significant interactions |

(e.g. the induced heterogeneity case), the transition can occur over
a wider range of potential and the resulting Tafel slope and its
temperature dependence is then more complex. In the general case,
it must be recognized (131) that there may be incomple'te' equiiibrium
in the prior discharge step so that the relative values of rate constants
in the prior d1$charge step and in the rate-controlling step must also
be considered. Under such circumstances, d Ini/d? is not simply
determined by the terms exp[% F/RT] (for the variation of ©,_ with

H
% and T) and exp[p % F/RT] for the effect of potential on the rate-

- controlling charge transfer desorption step.

For interaction or heterogeneity effects, the coverage

© by H is given (cf. 128,129) by

= 78
1o €*P O KCy i+ expPF /RT [78]

where r is a measure of the change of adsorption energy of H from
G)H =0 tol. As in the case of calculations previously published (132,
133) where it was shown how reaction order, Tafel slope and coverage
by intermediates are related through the electrochemical isotherm,
dp/d In i can be obt;,ined from (df/d In ©) (d In ©/d In i). Thus

RT 1+rO(1 - O)

F' 1-0 [79]

dp/d1n © =

so that the Tafel slope for the atom-ion desorption process is

i
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. RT ‘ 1-0 - ’ ﬁ
dpfdmi = R [ f"*1“9(1-@)..] - [e0]

and © can be evaluated numéri'cally as f(@) from [78]. In the more

general steady-state case (131), the previdusly published kinetic |

equations for this mechanism may be used which yiel&, with g = 0. 5,

] do |1 r F
dini/dp = 32 G+ xwF) - =T
i and . ‘ i
40 = - (x_)"2%0%a? l-0 g Ve a+fo(i-0) )t [81]
@B " rRT%E Ao NE
where B=Kp /2 . ; ° - KNE v
A0

and A = K = k_l/kl (the reciprocal of the quasi-equilibrium .
constant (131) for the H-producing discharge step) and KNE = kz/k1

the ratio of the rate constants for the rate-controlling and the

prior discharge steps.
Numerical evaluations of these functions for various

~ val = in Fi
values of KNE and RT 2Te shown in Figures 56 and 57 for b as (7 )

at various KNE values and for b as {(T) at various 9 values. The

changes of b with % may be compared with the potential dependence

i
i
2
;

of the coverage by H calculated previously (131). The results of
the calculations show that if f(=r/RT) is large enough, e.g. 20, b
can have a relatively constant value (but not either of the limiting
values mentioned above) over an appreciable range of potentials
with changes to the limiting value of 2RT/F depending on the

magnitudes of f and K The temperature dependence, e.g. for

NE’

KNE =0, f =20, is correspondingly less than that expected for the

limiting cases (b = 2RT/3F or 2RT/F) (Figure 56) but, in conclusion,



Figure 56

Calculated curves for the Tafel slope b of thé step
H+ +MH+e - H2 as a function of 9 for various values
of KNE and the heterogeneity parameter f:

() K =0, £=0;

"NE
(2 Kop=1 £=0;
(3) KN‘E =0, f=20;
4 Kyp= 107>, £ = 20;
(5 Kyp= 10'3, f = 20;
(6) Kyp= 107}, £ = 20;
(0 Kyp =L £=20; '
(8) K. _ =0, f=10.

NE
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Fig:gre 57

Values of b as in Figure 56 but as a function of temperature

for various values of 7 . (Heavy lines in diagram for
I%\JE = 0 and f = 20 refer to the normal Langmuir limiting L
case for b, viz., b = RT/BF or RT/(1 + B)F with g = 0. 5).



- (g} 3UNLVHIINIL
00§ 00F 00f 002 00l
1

T T T T19°
{3} 38NIVHIIWNIL
00S 00% 00¢ 002 00!
T T T 1 1 o
4871829 —0§
»
o
(-4
3
= 810
92'0
o€'0
90
aro
tmk
4744229
00$ 00b 0o¢ 002 001 008 00p 00§ 002 ool
0 : 0
T T 1 T T I T T T T
0s
~N
o w
“ o
oo_) 3
32 =
910 <

i20

9co
1€°0
9¢'0

10
950 ~1md
002 002




- 159 -

it is important to note that no inverse temperatﬁre dependence of

b evidently arises from these coverage effects.

. ‘ . .
e) Interpretation and Significance of Heats of Activation for

Eléctrochemica.l Reactions Exhibiting Anomalous Tafel Slopes
(i) General

The results for the temperature -dependence of the

~ Tafel slope, b, for the hydrogén (h.e.r.) and bromine evolution

. reactions over a wide range of temperatures (including low tempera-
tures down to -125°C), pPresented in Chapter IV and .discus séd in
the previous section of this Chapter, show that b is rarely given by
the "defining" relation b = RT/BF where g # £(T). In fact, b is
usually less temperature dependent than is implied by the above
relation and reference has beeﬁ made to the fact that under some
conditions b can be almost independent of temperature (104,105,106)
while for other conditions b may even increase with decreasing
temperature.

The consequences of this situation with regard to the
evaluation and significance of AHR* (the experimental, apparent
heat of activation at the reversible potential, i.e., at 7 =0) will
be discussed in this section in relation to the experimental results
Presented in Chapter IV of this thesis. The interp'retation of
temperature variations of AH;* i_s. of interest in regard to (a) the
role of proton tunneling (33, 37,134) in the h.e.r.; (b) the effects ‘
of solvent structure changes on AHOR* in hydrogen-bonded media
as the temperature changes and (c) the role of temperature-

dependent solvent orientation (118,124) at the electrode interface

in the kinetics of the h.e. r.
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(ii) Ilustrative Numerical Calculations of AH;*

Thus, with regafd to the above statefnenté, it was
thought de sirable first tb make eiploratory evaluations of AH;*
for various s1tuat10ns in which complications may arise, e. g. if B
is {(T) or if b is not simply equal to RT/BF. Results are therefore
presented here of illustrative numerical calculations of activation
energies in wﬁich various means of expressing an® ¥ have been

R -
used. The following approach was employed: the usual relation

. A ¥
i, = kexp ' AH /RT [82]
is used and a value of 10.0 kcal. mole -1 was arbitrarily chosen for

AH;* and io values were calculated for a series of T values. These

values were then put into the equation
logi = log i+ % /2.3b , [83]

where b was assumed to take one of the four possible forms listed

below:

1. b=RT/BF; where p=0.5 = const.; this is the
form usually assumed for b, so that AH;* should be recovered
without complications; this is simply a "'reference' case.

2. b=(RT/BF) + c where c was taken as a constant
equal to 0.04 volt. and B = 0. 71 (to give b = 0.116 at T = 298°K;
cf. the actual results obtained at Hg in methanolic HCl).

3. b = constant value of 0.120 volt. at all temperatures
(cf. the observed experimental behavior at certain metals described

above), that is B is linear'in T.

4, b=c'- 2, 3RT/BF; i.e., bincreasesas T decréases,
as found for example for Pt and in the low c.d. region at Ni when

anion adsorption is significant.
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For each of the cases listed above, AHR* and AHo *
were recovered by each of the followmg methods and the results

were compared (Figure 58):

(A). dlogi /d(l/T) - -AH® */2 3R - This is the

kinetically most convenient way of obtammg the heat of activation.

».

(B). dllog i), Jal/T) = -(AH°* - B2 F)/2.3R for -

various % values,
(C). (d7/dT), = -aH*/pFr.

(D). (d7/dlogT), = -2.3AH? */;3}3‘.

Casel. b=RT/BF; B =0.5 and constant (Figures 58 and 59).

This case is trivial in that a value of AH;* = 10. 0 kcal.
mole - was chosen to calculate the io values from which AHR* will
obviously be recovered with ‘the required value of 1‘0. 0 kcal. mole -l.
However, this shows that the method is consistent and also serves
as a basis for comparisons amongst the remaining three cases,.

For this case, the values of AH: ¥ calculated by method B are in
good agreement (as they must be) with values of AH,C; * calculated

from methods C and D.

_C_:_a_§é_?;. b = (RT/BF) + ¢ which the form of the b vs. T plot experi-
mentally observed at Hg where § = 0. 71 and c = 0.04 volts, A plot
of (log i), vs. (1/T) is shown in Figure 58. Unlike their counter-
parts in Case 1, the plots exhibit curvature which is more pro-
nounced at the highe‘r #» values. Thus AH:* must be determined

for particular values of (1/T) and is hence temperature-dependent.

The plots of 7 vs. T and % vs. log T for this Case 2 are shown in

Figure 60 and values of AH,(:* calculated by method B are found not

to be in agreement with values of AH,C; * computed by methods C and

D; however, the resulis of C and D are in agreement with each other.
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Figure 58

Plot of (log i)? vs. 1/T for the four test cases examined by

numerical computation.,
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Figure 59

Plots of ( i )i vs. T and log T for case ().
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Figure 60

Plots of ( K )i vs8. T and log T for case (2).
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The results derived from plots of log i, vs. 1/T agree,
of course, for all cases since here % =0 (logi = log ijatn =0)
and thus the fo.rm of b does not enter into the ca.lculé.tmns (see
lowest lines for % =0 in Fig\ire_ 58).

Case 3, b= ~const. = 0.120 volts,

’ Here B is ‘changing with temperature so that b # £(T).
Thus b = RT/BF with B = kT. -
The (log i)’l vs. 1/T plot shown in Figure 58 will
obviously give the assumed reference value of 10.0 kcal. mole -l at
all % values and hencé AuS* is independent of % . When values

of AH: * are, however, ev:Iuated from the plots (% )i vs, T or
log T (Figure 61), they are found to be a function of temperature
(or c.d.) as follows by taking tangents to the curves in Figure 6l.
Values of AH: *___0. 8? calculated for vafious c.d. values, are found
to vary by about 1 kcal. mole-1 when derived by methods C and D.
Thus, from Figure 61, AH; -*=0. g = 9. 6-10. 6 kcal. mole-l over
7 decades of i. '

{

Case 4. b increas.es with decreasing T according to a relation of
the form b = ¢' - 2, 3RT/BF where B = 0.5 and constant. Itis
shown in the present work that this case is encountered experi-
mentally. The plots of (log 1)7: vs. 1/T for Case 4 are shown in
Figure 58 and, except for % =0, the Arrhenius plots are curved
in 2 manner not unlike that observed experimentally at Pt and the '
low c.d. region at Ni. The curvature increases with increasing 7 .
From Figure 62, it can be shown that AH; * increases linearly with

%2 for a given value of T, the rate of increase becoming greater at
higher temperatures. This is to be contrasted with the results for
the conventional Case 1, also sthvn in Figure 62.

In Figure 63, b is shown comparatively as a function T

for Cases 1 to 4, reflecting the various cases encountered experi-

mentally (Chapter IV) for the variation of b with T.




Figure 61

Plots of ( 7 )i vs., T and log T for case (3).
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Figure 62

Dependence of AH:;* upon % for cases (1) and (4).
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Figure 63

Comparativé plots for b as a function of temperature for

the various cases considered and encountered experi-

mentally.
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(iii) Analytical Treatment
The abovevtr‘eatment based on numerical calculations
leads to a number of 1nterest1ng conclusxons regarding the variation
of AHR=l= thh 2 and T, so that further analytical exploration of
this matter seems Justlﬁed in order to. examine the relation between

the true and apparent heats of activation for cases where b # RT/BF.

Assuming the general relation
lni=1ln ié + % /b (cf. equation [49]) [84]

and taking first the conventional Case 1, namely when b = RT/BF and
p# £(T), which has previously been assumed to be generally
applicable, the well known results (62, 68) given below are obtained:

dini : -
O _ 1l iraw®F _ aar®1. Ap®F .
(1) IyT - R[AW BAH ] = AHp /R (cf.equation[48]) [85]
~where AHC is the experimentally undeterminable enthalpy change
in the HZ/H+ half-cell reaction and AW® ¥ is the true (but also

experimentally inaccessible) heat of activation at zero metal-

solution potential, i.e., ® = 0.

- (2) [—;’—%—]i = pFT[AH°"‘] BFT[AH°* B F](cf. [58]) [86]

and

(3) 'AHR* = BF [—%7.1.—.] - BTF [87]
. 1 .

4
For a number of the experimentally investigated cases,

it has been shown that b = RT 4+ ¢, so that

BF

ini =1nio+7/[£r+c] [88]




which gives, upon differentiation,

2T i pF aT

- | dlni |
[3#], - B - [Fee =] @
so that su.bst:ituting for ln.(i/io) ,
: dlni
? _ R RT
T%‘]i [i‘m—ﬁ]? [Bf"] [ ,n-°][9°1

Expressing In io in terms of a combined constant k, the true heat

of activation AW® ¥ at ® = 0 and the metal-solution p. d. ¢r at the

reversible potential,

o '
. AW RT
Ini = Ink - R t ¢r / [ BF + c] [91]
- o Fd¢r o
Then differentiating w. r.t. T and noting fbrF = -AG and aT AS
for the hydrogen half-cell reaction,
H +e = I/2H, ,
dini = Awo% BR o B o
37 = >+ [AGT] + (RT + BeF) [as7] [92]
RT (RT + BcF)
which upon rearrangement gives
dlni (o] :‘l: D
2
. sz + 1 > [prAE® + g cras”] [93]
RT' [RT + BcF]
or '
dlni 0% 2 o
o _ AW 8T RAG + ASo [94]

LAi/T R " (RT + BcF) RT + BcF
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and enables equationv [85] t(? be recovered in the conventional case
~where BcF =0, |
Returning to the evaluation of [27% /a'r] s dlni /dT can

now be substituted in equa.tmn [90] giving, after elementa.ry algebra,

? . R RT+BcF | -1 ' 0 .2
[_317'_]11: [E'T'Iﬂ_c'f],( [_4'@_] AW® pF[RT+ch][5RAH +8°cFAS®]

[95]

It is clear that neither of the denvatwes dini /d'I‘ nor
._d Ini /d(l/T) can give directly even an apparent heat of activation
which is a simple sum of AW® ¥ and ﬁAH as is the case (equation [85))
when b is simply RT/BF. Similarly, (9% /2 T), is a complex quantity
not simply related to AH? o by equation [86] through % F nor 1nvolv1ng
a sum of AG® and TAS® terms that can be expressed in terms of AH°
with AW® ¥ . Thus when b is not simply given by the quantity RT/ BF,

as is evidently the case experimentally under most conditions
\ 04

(refs. 104-106 and the present work), it cannot be expected that AHR

from equation [85] based on d In io/d(l/T) will be identical with the
quantity evaluated from -ﬁFT[—g—T”,—] ; by adding 7 F (equation [86]).
Bockris and Matthews (51) have again (cf. 135) referred
to the question of incompatibility of activation energies of ca. 11 kcal.
mole -1 observed at mercury in alcoholic solutions with values of
% > 1V (since B9 F is then already ca. 1l. 5 kecal. ﬁole-l). How-
ever, this value of AH;* seems well authenticated (70,135) and is
also found from the results of Bockris and Parsons (69). This
‘difficulty is only an apparent one, of course, and is connected as has
been pointed out elsewhere in discussion (135) with the question of

temperature dependence of a or B, or the form of b as £f(T) discussed

above; a general explanation was given previously (135).

e e e i tars v vire < d s etk e Shacs b ned A
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A From thé above calculations which are applicable to
the case of Hg since b is experimentally of the form (RT/BF) +'c
(with ¢ = 0, 04)‘, it becomes clear how conclusions about barrier
height cannot under any circumstances be made simply on the basis
of the experimental derivatives (2% /2 T), or d Ini_/d(1/T), both
'of which evidently give complex quantities not simply related to
gither the apparent activation energy, AH;;"'= at % =0 or the true
activation energy AW’ ¥ at zero metal-solution p. d., i.e., at ¥ = 0,
While some of the experimental results involve a Tafel
.slope of the form b = -l;—'-; + ¢, the possibility that b = RT/BF but with
B varying with T must be recognized as discussed earlier. This
approach leads (cf. 135) to the following result:’ the apparent acti-

vation energy is then simply (contrast equation [94])

AH;* + BFAP /d1/T + Fp_/Tldp/a1/T] [96]

which differs from the barrier height at % =0 by

(BF/T)ap_/d1/T + F $ /T [dp/a1/T] [97]

(iv) Coverage Effects in AH;*

In addition to the fact that the measured value of AH;{*
is an apparent value on account of the variation of the reference
electrode pofentia.l and of b with temperature, a further complication
(as mentioned earlier in Chapter II) arises with processes involving
an adsorbed intermediate. In such cases, the coverage ©, e,g. by
H atoms, can vary with temperature and.give a contribution to the
apparent heat of activation. The significance of © in the kinetic
expressions for the exchange current was discussed by Devanathan

and Selvaratnam (94).

|
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- For the kinetics at the reversible potential,

N ) o |
1, =k Cyyt (1-Q) expl-AG ¥/rT) exp[-¢r/b] [98]
[}
for the h.e.r. proceeding by a discharge step, AGI o and ¢ are
the free energy of activation (correspondmg to AW *) and the metal-
solution p. d. at the reversible potential. Alternatively, for an

. electrochemical H atom desorption step,
= AP # - 31"
= k, § Cpt exp[-AG, 7/RT] exp[-§_/b] [99]
or for an atom recombination step

i =k, <->H2 exp[-AG] */RT] | [100]

where '"k'" terms are combinations of constants but not including
the free energies of activation. In any of these cases, it is clear
that d ln i /d L il involve not only the AW®# terms in AG®T and

T
d ¢ /d -1— but also, depending on the type of mechanism involved,

dln (1 -TG)H)/d— or dln QH/d . For a discharge process
occurring at low coverage by H, (i.e. 1 - OH -+ 1) no significant
additional effect will arise. For the electrochemical desorption
or recombination steps, however, (except at QH - 1) GH can

obviously vary with temperature and in general QH has the form -

K, Cppt exp[-¢rF/RT]
1+K Cpy exp|- -¢rF /RT]

[r01]

§
for quasi-equilibrium in the proton discharge step [1] at a "Langmuir"

surface; here Kl is the "chemical part'" of the electrochemical
equilibrium constant at the reversible potential ¢r and is related to
the standard free energy of adsorption of H, AG:I, in the usual way.

The apparent activation energy will now be a function of the variation
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of ©; with T and of @ _ with T but in the kinetic term exp -@ /b

r , r
and in the quasi-equilibrium expression for QH. The "chemical
part" of the variation of G)H with T obviously arises from the
variation of Kl with T, i.e., from the heat of adsorption of H.

Limitingly, for low Qs at the reversible potential ¢r

Q; = K, Cyt exp[-¢rF/RT]

= Cp+ exp[-AG;_’I /RT] exp[-¢rE/RT] | [1(;2]
or
InQ, = InCy - AH:I/RT + Asl‘;/k - $ F/RT  [103]
Then '
dlneﬂ/d%f = -AHD /R - % d¢r/43,f, - Fﬁr [104]

The latter two terms are the ones‘ that also arise in the evaluation

of the true activation energy of any electrode process and, as in
. o
the case considered above, are together equal to 1/R times AH ",

the heat change in the half -cell process corresponding to the overall

. + 1 . . o
reaction H3O +e - HZO + 3 Hz, the latter heat differs from AHH
since that term refers to the electrochemical discharge and
adsorption partial process:
+
H3O + M + e -> HZO + MHads ‘
Hence ]
dln@./dx = -AH°/R + AHO/R [105]
9H T H

Now, in the absence of any variation of coverage terms with

temperature



dini fdz = ~(AW’*/R - pan®/R) = auC#

R

=i~

50 that when the variation of QH with temperature is allowed for in

equation [98], for example,

' gl 1. o o o o
. dln:o/d,r = R[-AW + BAH - AHH + AH] [106]
o1 o} o o
= -glAW"T + aH - (14p)AH"] [107]
It is evident that AH:I - AR is simply the energy of
adsorption AH‘; ds of H from half a mole of H 2 5° that
. I o o o
d1n1°/d /T) = R[AW + AH_, - PAH]
= -Lian®# 4 an®
= R[AHR + AHads] [108]

Since AH: ds is usually a negative quantity, the overall apparent
heat of activation could be negative when AH;* + AH: d
Such a case has been observed for Pb in the present work (see

Figure 40(a) ).

< 0.
s

|

(v) Forms of Electrochemical Arrhenius Plots for the H, E. R.

Plots of log k vs. 1/T for the rate constant of a reaction,
Particularly one involving proton transfer,can deviate from linearity
on account of (a) changes of solvent structure and hydrogén bonding
with temperature; (b) proton tunneling and (c) changes of mechanism.
The first two factors generally tend to p::oduce opposite directions of
deviation from linearity in the Arrhenius plots. These variations of
log k vs. 1/T, some of which have been observed in this work, are
shown schematically in Figure 64. Here, an attempt is made to

interpret qualitatively the form of the observed Arrhenius plots

reported for Ni, Pt, Pb and Cd in Chapter IV of this thesis,
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Figure 64

Schematic representation of various forms of Arrhenius plots.
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For the high c.d. region at Ni (Figures 38 and 46),
d log io/d 1/T is progressively smaller at low temperatures than
at high, i.e., ‘the relation shows '"concave' curvature at the low
temperature end. Also the b values for this region, after falling
initially with decreasing T, Begin to increase again at ﬁe lowest
temperatures ( ¢ -75°C). Both fiiese aspects of the low temperature.
behavior are characteristic of participation of proton tunneling in
parallel with the classical transfer process. However, it has been
mentibned earlier that the present work also shows that similar
_effects arise in the deuterium reaction at Ni (Fi'gure 46) and
furthermore the Tafel slbi)es for the d.e. r. are higher, rather
than lower (cf. refs. 40,47, 48,49), than those of the h.e.r. Hence,
the low temperature behavior in the log io VS, 1/T plots cannot be
satisfactorily explained in terms of proton tunneling. It must
therefore be supposed that the effect arises for reasons such as
preferred orientation of solvent at the lower temperatures;

solvent structure changes it seems, vwould. lead to enthalpy effects

0%

opposite to those observed here at low temperatures, i.e., AHR

would tend to be larger rather than smaller.

The effects of anion adsorption are obviously of
importance here, as they are in determining the Tafel slopes (see
Chapter V, Section b). Generally, at low temperatures, anion
adsorption is found to be greater. For the upper lines at Ni,
however, the role of anion adsorption effects must be presumed .
absent if the change of Ta.fe-l slope is attributed to desorption of

anions at high % values (cf. the results for the HClO , solutions),

4
It is to be noted also that as the temperature is lowered, the
potential corresponding to the change in slope is increased; this is
as expected if anion desorption is involved.

Under these circumstances, since tunneling has been

discounted by the earlier argument, it may be suggested that the




anomalous Arrhe_niﬁs plots of Figures 38 and 46 a‘ris.e because of
a tempera;:ﬁre_ dependent activation enfropy as® * (cf. Chapter V,
Section d) or frequency factor term of the type discusséd by Caldin
aﬁd Harbron ((;6). For the dis;:harge step, ASO* will be-expected
to be positive for charge neutralization and release of solvent
electrostriction (cf. the E' sitive [corrected]* volume of activation
(57,136)), so that with increasing solvent-structure in the interphase
as temperature is lowered, ASO"'i= may be expected to become

. relatively more positive and the rate relatively less decreased.

; This would give the correct form of curvature for the plots of
Figures 38 and 46.

A similar effect could also arise if at lower tempera-
tures the methanol solvent becomes more strongly adsorbed
resulting in weakening of H adsorption. In the step H3O+ + MHa as T ¢

H_, this could lead to decreasing AH? ¥ .

R
It may be anticipated that the behavior at Pt and Ni will

Z’

be complicated by the temperature dependence of H coverage, QH,

discussed above (Chapter V, Section d) since it is well-known that
the energy of adsorption of H (in equation [79]) can vary with 9y
and also be dependent on anion adsorption (113). The combination
of these effects could be complex and lead to the observed tempera-
ture dependence of d log io/d 1/T for Pt and the lower Tafel regions
at Ni where Cl~ adsorption effects are apparently importan

(cf. Chapter V, Section c (ii)-2).

*It can be shown,as pointed out earlier by Conway (100),that the true
volume of activation at the reversible potential is (‘alnio/ap),,z =0, Cgyt =
-1/RT (AV* —pAVR)'where AVR is the volume change in the ’

single electrode process 2H30T + 2e ¥ 2H20 +Hz at equilibrium,.
Thus the true volume of activation, in analogy with the true electro-
chemical heat of activation (see Chapter II), is not experimentally
accessible so that only an apparent value for the volume of activation
is obtainable (cf. ref. 136).



The log i_ vs, 1/T plots for Pt and for the low c.d,
region at Ni (Figures 39(a) and 38). exhibit curvature at the high
temperature epd, an effect which becomes more pronounced at the
-higher ? values (see Figures 42 and 43(a) ). This appears to be
due to the progressive dehéorpﬁon (82, 83) of C1~ which occurs at the
higher ternperatures and larger ’2 vahies. Such an effect is con-

sistent with the high values of Tafel slope b and the anomalous
temperature dependeﬁce of the b values (as discussed earlier in
Sections c and d of this Chapter). At Pt, for increasing tempera-
tures in the cycle of measurements, ifreversible adsorption of
Cl™ ion indeed seems to be indicated (compare the two diagrams
of Figure 39).

The Arrhenius plots for Pb and Cd (Figures 40(a) and
40(b) may also be interpreted in terms of specﬁic adsorption of cl”
ions and the apparexﬁ: negative activation energy for Pb (Figure 40(a))
could receive an explanation in terms of temperature-dependent H

coverage as mentioned earlier.

f) Some Problems with the Involvement of Solvated Electrons
in the H.E.R. |

(i) General

The hydrated electron is well known (137) as a transient
intermediate in radiolysis of water and photolysis of certain aqueous
solutions and the kinetics and mechanisms of its reactions have been
extensively studied and reviewed (137). More recently, a number of
suggestions have been made (55-58, 80,100,136,139,140) (and dis-
cussed in relation to various experiments (55-57,140) ) that hydrated

electrons are the primary entities involved in cathodic hydrogen

evolution and metal dissolution on open-circuit (corrosion processes).

See Chapter 1, Section h. From an electrochemical kinetic and
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thefmodynamic point of view, hbWever, there are a numb;ar of
serious difficulties .which arise in these 'suggestions.' It is the
purpose of this Section of the l;hé‘sils to givé' some careful considera-
tion to these p‘roblems from an electrochemical point of view, since
the mechanisms of cathodic hydrogen evolution involving the hydfated
electron which have recently been proposed differ radically from all
" mechanisms considered préviously (until about 1965) in at least one
thousand papers published since the time of Tafel's original work

in 1905, In some of these papers, particularly those published in
recent years, is to be found certain critical evidence indicating
involvement of protons directly discharged at the metal.

That hydrated electrons are the precursors of
cathodically evolved hydrogen in electrochemical hydrogen production
in aqueous solutions seems to have been first suggested by Walker
(55,56) as a genéral basis for _cathociic hydrogen evolution and
indicated experimentally by him (55, 56) under certain conditions
(see below) by means of an ingenious multiple reflectance light
absorption experiment, and by chemical experiments involving the
use of scavengers (55,56). (cf. Chapter I, p.43). Photo-electro-
chemical emission of electrons at mercury electrodes was studied
earlier by Barker (14l) and in related work by Delahay (142) but
under these conditions of photoexcitation the difficulties associated
with the suggestions of refs. (55-58, 80,100,136,139) are not involved.
The deduction of a mechanism of ea.q formation from the kinetic
studies of Hills and Kinnibrugh (57) on the hydrogen evolution reaction
at high pressures are of interest but alternative explanations of the
evaluated negative volume of activation “.rhich led to their mechanistic

conclusions have already been offered (100).
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(ii) Difficulties with e;q involvement in the H, E. R,

1. The first is a quasi-thermodynamic one: the
‘standard poten‘tia.l for the hydrated electron e;q on the hy;irogen
scale has been calculated from kinetic data to be ca., -2.67 V (143,
144) yet hydllogen is easily evolved on the more catalytic metals at
appreciable rates already at 0.1 - 0.2 V cathodic to the reversible
hydrogen potential. If the cathodic process were (cf. 55, 56) |

M(e)+H20 - eaq 1
e +HO - H+OH I
aq 2 i
H,
orYr
e +e +2H.0 - H_+20H 111
aq aq 2 2

[
“wl §

would be necessary to suppose that the e;q intermediate was pro- !

rather than direct discharge of a proton out of HZO or H3O+, it

duced in the boundary layer (58) near the electrode surface at a

* .
quasi-equilibrium concentration C not exceeding values given by

log,)C = (-2.67-7 )/0.059 [109]

where 0,059 is the factor 2.3 BF-E at T = 300°K and 7 is the

hydrogen overpotential (2 negative quantity) at which the cathodic

process is occurring. Obviously, for 7 = -0.2 V say, Cis of '
the order of 10 -40 g, electrons per litre.. Since diffusion effects

operate (55, 56), this will be an upper limit for the estimate of

local concentration. It seems kinetically impossible to envisage

* yiqs iy
The question of the extent of departure from equilibrium conditions,
which necessarily arises on account of e;q annihilation processes,

is considered below.
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3

hydrogen evolution»pcéiir‘ring as it does at 10-5 -1077 A, em., "
at the catalytic metals at 9 = -0.2 V, say, by such a mechanism
involving, as i.s evidently indicated, ca. 10'20 é.‘ctua.l electrons
per cc. Even at dissolving amalgams, where 7 =-.0-12V,
it seems that the concentration C would be uhrea.listically small
for the mechanism under discussion to occur significantly,

The essential point is that adsorbed H or molecular
HZ can be extensively produced without any difficulty at any cathodic
- overpotentials since such potentials are (by definition) negative
| with respect to the hydrogen reversible potential. Quite the
opposite is the case with the supposed primary ca.f;hodic product
e;q; it must be produced at potentials very positive to the standard
potential yet at a rate equal to twice the overall rate of hydrogen
evolution (as HZ)' In kinetic terms, this would imply an impossibly
high exchange current for the process

M(e) 22 e;q

if it were occurring at its standard reversible potential, 2.67 V.

Thus, it is easy to see that if H
-3

, can be evolved, as at Pt at e. g.

10 " A, cm. -2 at an overpotential of ca. -0.2 V, then with 2 normal |

Tafel slope of ca. 0.12 V, the exchange current for e; production
would have to be 102'47/ °‘12, i.e., 101296 o e % rhis difficulty
is not very much diminished if it is recognized, more realistically,
that the relevant potential for this calculation should perhaps be

2,67 -0,06x6, 2,30V, i.e., the potential corresponding to the :

. P _ -6 ;
presumed concentration limit for detection of eaq’ ca. 10 "molel .

by absorption spectrophotometry. For such conditions, the limiting
+17. 5 A cm -2
. ’

exchange current would be lowered only to ca. 10

still an impossibly high figure.

B et e rrerzAN—
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2. A problem ofa different but related kind arises when
the microscopic reversibility of an electrodé process is considered.
At the reversi}:le potential (but not necessarily at other potentials
where the electrochemical reaction is not at equilibrium, so that
kinetic pathways may not be identical with those obtaining for the
reversible process at equilibrium, i.e., when M = 0) the hydrogen

evolution process may be regarded as proceeding either by
.l. ' .
H +te+tM - MH v
with .

ZMH -+ H 2 v

or with other desorption steps giving HZ' With the hydrated
electron path, the reversible process would have to be written

(cf. 80,143) for example, as

Mle) =& M+ ea.q A2
Caq+ut = H Vi
« o272

The back reaction pathway would therefore have to be
envisaged as H giving e;q spontaneously, with the latter entity
being the one in charge-transfer equilibrium with the electrode.
Similar processes should presumably occur in metal depos'ition if
this type of mechanism were correct. Apgain it seems difficult to
accept such a process of spontaneous e;q formation (which would
occur with very low concentrations of e;q) as a basis for processes,
including the h. e, r., which can occur with quite hilgh, non-diffusion

. -3 - -
controlled exchange current densities of10 ~ =10 " A, em  at

certain metals.
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| 3. In anodic electrolysis near the reversible potential
of a metal, i.e., in the back reaction of metal deposition, electrons
must pass alox.tg the metal electrode and conducting wires, It seéms
intuitively unlikely that they should first be produced anodically in
solution and then return to the metal, e.g.

-t + -
M & M 4+ eml VIiII

eaq-!-M 2. M(e) X

| for a metal dissolution reaction proceeding very near the reversible
Potential and hence being subject to the requirements of microscopic
reversibility. In the final process IX, the electron in the metal M(e)
theq passes, as it must, down the external circuit,

Similar difficulties would seem to arise in the intere sting
but unconventional suggestion of Dainton (80) that the absolute
potential of the calomel half-cell reaction, written (80) as

- -—d
2Hg +2C1° & Hg,Cl,

+ Ze;q X
can be calculated if the hydration energy of e;q is known, If
estimates of the calomel half-cell absolute potential are to be made
(but cf. refs. 145,146 for other difficulties involved), it seems
necessary, however, to consider the electron in a state at the Fermi
level of the metal Hg ra.thel; than in a solvated condition in the
aqueous solution, so that the work function of the metal, rather than
the solvation energy of e, is involved in determining the half-cell
potential. Thus if the calomel electrode were to be anodically
polarized to a small extent, near equilibrium in process X, the
anodic current in the connections to the Hg would have to pass by
transfer of e;q back to the metal in a separate process, presumably
diffusion controlled. This appears kinetically unlikely since it has

been shown theofetically (e.g. 8) that direct electron transfer
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between anions or cations and metal surfaces can occur with quite
low (5 - 7 kcal., mole -") activation enérgies, as observed experi- |
mentally (20, 76, 104), Moreover, processes involving formation or
reduction of St;rface phases such as ngCl2 or AgCl are Faradaically
quantitative so that formation of eaq, which could lead to secondary
I-I2 evolution, is not indicated,

The apparent direct spectroscopic observation by
Walker (56) of the hydrated electron in the cathodic cycle of a.c.
electrolysis at Ag in an iméorta.nt and interesting result that requires
further consideration. Here the magnitude of the cathodic potentiai
swing might have been sufficient (maximum potentials referred to a

reference electrode were, however, apparently not measured) for

ea'q to be generated, though at Ag it is known (147) that Hz will be

cathbdically evolved at extremely high rates (see below) at any

Potentials sufficiently close to E:- {ca. -2,67 V) for it to be expected
ag — . _ _
that a detectable concentration (say 10-6 mole 1 1) of eaq would be

generated in the "steady-state'., In fact, for such a concentration

to be achieved near the e],.ectrodel, the hydrogen overpotential would

have to be ca. 2.3 V at which pbi;ential hydrogen would normally be |

evolved at ca. 1016 A, cm2 H (io Ag = 10-8 A, cm-z, b =0.09 V for ‘;

the h.e.r. at Ag (147). '
Further, the argument {55) that e;q is liberated at dis-

solving metals because NZO is reduced to N_ as it is (148,149,150, 151)

2
under homogeneous conditions of e;q production requires further
examination since adsorbed; electro-catalytically active H at the

metal surface may cause reductions not commonly encountered in

homogeneous processes involving atomic H.

4. A further argument that makes it difficult to accept,
in general, the hydrated electron view of metal dissolution is that

the kinetic characteristics of corrosion processes at metals (the
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steady-state corrosion current and the mixed potential) can be very
well accounted for by means of polarization diagrams involving the
individual cathodic and anodic partial reactions proceeding under
appreciable polarizations at ndn-negligible éurréﬁts; under such
circumstances the arguments in (3) and (3) above applf, so that a
mechanisin of corrosion based on a primary process of e.  pro-
duction (M SO Gl ze;q) with the associated cathodic proiess
H+ e
a

- %H raises obvious difficulties, )

2
5. Finally, at the noble metals Pt, Rh, Ir, electro-

q

chemically adsorbed H can be qua.ﬁtitatively and reproducibly |
determined (152,153) by electrochemical procedures and the
potential dependence of its coverage follows relations that can be
derived for an. electrochemical quasi-equilibrium process of the
type H3O+ + M(e) g MHa.ds + HZO and a corresponding process
for alkaline solutions. Such behavior can indeed be studied
sufficiently exactly that co-adsorption of other chemisorbed
biocking species can be determined quantitatively. It seem unlikely
that the observed behavior (152,153) could arise if the processes

of formation and removal of adsorbed H were

M(e) + HZO ad eaq 1
e~ +H.0F = H +H,0 in solution X1
aq 3 2

with adventitious re-adsorption of H from the solution by the

process

: M X1
H(from solution) * _’. MHa.ds
together with the corresponding back reactions, since the process
of electrochemical adsorption of H (prior to [—I2 evolution at slightly

more cathodic potentials} is highly reversible (153), so all the steps

srimdsuani il
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indicated above would have to be regarded as (a) reversible and

(b) capable of proceeding at appreciable rates if the e;q pathway

for H adsorpti?n (and hence Hz evolution) were accepted. This
seems unlikely particularly as step XI is known ('149) to be
irreversible. Only in alkaline solutions, however, can the pro-

cess analogous to -XI, viz. H + OH - e;q + H,O, occur at

2
appreciable rates. For electrochemisorption of H at Pt, there is,

however, no radical difference between the kinetic behavior in

acid and in alkaline solutions (113).

The potentiodynamic behavior fo» electrochemisorption
of H indicates that the formation of adsorbed H is through a direct
discharge process. Thus, the charge associated with adsorbed H

production is almost independent (153) of potential sweep-rate, and

the pseudo-capacitance charging currents at the peak maxima are

proportional to sweep-rate so that only a direct- discharge, and not

a diffusion-controlled (154) process can be involved. .
Closely related to the matter of electrochemisorption

of H at platinum (and other metals) in cathodic hydrogen evolution

is the interpretation of the fundamental kinetic coefficient 4
dv

b(= -

( dlni

rate of the electrochemical reaction on potential V. For certain

metals, e, g. Pd (155) and Pt (156), and some alloys (155),
b = RT '

1+ _
Brgnsted factor (157), approximately equal to 0.5. Such values of

) in Tafel's equation characterizing the dependence of

F or RT/2F where B is the usual electrochemical

b are well characterized over an appreciable range of potentials
and can be explained (21) on the satisfactory and quantitative basis
that the coverage © ' by atomic hydrogen is appreciable and

H ‘
potential-dependent according to a relation of the form (130,158)

= Kexp VF/RTexpr© (cf. [78]) [110]

1%
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|

S
po
-
b
P

for the quasi-equilibrium, potential-dependent reactioﬁ

H 4e+M 2 MH
- ads
[]

with a rate-determining desorption process characterizing the

Kinetics, (and in particularb) in a following step such as

MH s+H++e - H

ad b = RT/(1 + B)F

2
or in the heterogeneous atom recombination step (156)

MH_ . +MH_ , ~ H, b = RT/2F

It is difficult to see how an electrochemical process

involving electrons produced at various distances into the solution
and reacting homogeneously to give hydrogen could possible lead
to sﬁch values of b, less than RT/BF, as are observed in the
kinetics of the h.e.r. at a number of metals including platinum

studied by Walker (55) in regard to N,O reduction. If an

appreciable pathway of hydrated electron formation were involved,
it would be expected that only a slope b = RT/BF would be observed,
corresponding to the electron tunneling process of Gurney (1).
Similarly, the kinetics of the h.e.r. are highly specific to the
cathode material, an effect which has been attributed to the role

of chemisorbed H. Electron emission into solution with homo-
geneous hydrogen production could not give the observed specifici-
ties with regard to values of i and b.

From the above remarks, it will be seen that there are
substantial difficulties of a basic electroc_:}iemical kind in the
suggestions that cathodic reactions, and inter alia the kinetics at
the reversible potential, proceed via the primary production of e;q.
If the cathodic potentials relative to the hydrogen electrode are
sufficiently high, say 1.9 - 2.0 V it would be kinetically feasible to

envisage the e  path operating at such potentials and this may be
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the explanation (but see also below) of Walker's observation which
cannot, however, be expected to be a general basis for cathodic
processes as he has implied. Similarly, under illumination, photo-
electrochemical generation of e;q becomes feasible for, iﬁ effect,
the reversible potential for eaq production is then lowered by

300 h# /e volts where 9 is the excitation frequency and e the
electronic ch'arge. In this connection, it is interesting to speculate
thag the reason why Walker was able apparently to detgct e;q
spectrophotometrically was because of his laser iliumination of

the silver electrode surface at 6330 X. This supplies already an
energy equivalent to ca. 1.96 V for excitation of electrons in the
surface of the metal above the Fermi level, so that only a small
extra potential is required to reach the reversible potential and
liberate electrons to an appreciable extent. Expressed in another
way, an applied potential V raises the Fermi level by ar energy VF.
The photo-electric threshold potential hdc corresponding to a
critical frequency » c is then lowered by VF. In effect, then, it
seems that Walker's result could arise because of electrochemical
assistance to the photo-electric effect (141,142) at the metal-
solution interface, so that e can be formed by assistance from
absorption of quanta at 6330 A below the normal threshold potential
determined by the work function of silver. Effects of this kind have
indeed been described by Heyrovsky (159). The result of Walker,
interesting as it is, does not therefore seem to be an entirely
adequate proof of production and involvement of solvated electrons
in cathodic electrode processes in general, and the technique used
would seem to rendér complicated any dirgct ipterpretation of the
results in terms of involvement of solvated electrons in cathodic
hydrogen evolution in the :;l.bsence of irradiation. In fact, the effects
observed seem best explained in terms related to photo-effects
studied by Barker and Gardner {141) and by Delahay and Srinivasan
(142).

el g R P R MRS
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1f the ‘loca.l intensity in the narrow laser beam were -
sufficiently high, this explanation mawj form a basis for rationaliza-
tion of the effe.cts observed in the iight of the difficulties which have
been pointed out in (1) and (5) above.

The result of Yurkow;v (140), in which supposedly copper
was deposited between two electrodes (an anode and a cathode) was
also attributed (140) to neutralization of copper ions at a distance
from the cathode by electrons in solution. This result seems more
likely to have arisen by homogeneous reduction of anodically dis-

" solved copper ions by atomic H diffusing from the cathode, an effect
which has recently been demonstrated by Uhlig (160) in the dis-
solution of Mg and in the cathodic hydrogen evolution process at
Ni, .Pt or Sn in aqueous NaCl. The decay rate of reducing behavior
produced under these conditions was found (160) to be independent

of pH so that the reducing properties could not therefore (see various
papers in ref. 137) to be attributed to the presence of e aq entities,

Most of the above conclusions based on electrochemical
arguments depend on the value of the standard redox potential (143,
144) being approximately correct. It is of course a calculated value
based on rate constants but the revised value (144) quoted cannot,
it seems, be excessively in error. For e;q involvement to be
appreciable in cathodic hydrogen evolution processes occurring up
to say -0.5 V volt EH, it seems that the E° value would have to be
in error by at least 2 V. It appears unlikely that the standard redox
potential for ea.q could be so grossly in error ,‘ since such an error

would require revision of one of the rate constants by many powers

of ten. ‘

=kln this connection, it is of interest to note that the polarographically
determined value of the standard potential for electrons in liquid NH3
is -1.9510.1V. Eg (calculated for 25°C) (144) and for this case the

uncertainties are small.
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A final matter concerns electrochemical reductions of

organic compounds at the mercury cathode which are stereoselective,

e.g., in the e];ectrolysis of diphenylcyclopropyl bromides (167), | :
dimethyl maleic and fumaric acids (168) and 2-chloro, 2-phenyl-
propionic acid (169). The stereoselectivity can only arise by direct
electron transfer from the cathode to aﬁ adsorbed molecule, pre-
ferentially oriented in one direction at the electrode interface. If
such reductions occurred homogenéously by an "SN2" type of
“mechanism through solvated electrons (cf. the reaction of chloro-

. acetic acid with e;q (170))it is diffic;ult to see how the observed
stereoselectivity could arise,

The general conclusions made above for most electrode

reactions proceeding at low potentials are, it is believed, not

invalidated by the interesting positive identification by Bennet et al.
(166) of the hydrated electron produced from Na or K atoms at 77°K

on ice. Here a sufficiently small flux of Na or K atoms was con-

|

denséd on a rotating layer of ice that, as the authors state, atoms
adjacent to one another were rare. Under these conditions, the Na
or K will be appreciably more reactive and '"base' to an extent
determined approximately by the free energy of sublimation. Taking
this quantity as a.pproximately'26 kcal. mole -1, it is seen that Na

or K atoms will be, from a thermodynamic point of view, appreciably
more reactive than bulk metallic sodium and would have hypo-
thetically an electrode potential some 1.1 volts more negative than
that of sodium in its normal state. Under these conditions, e;q

production in the ice is easy to understand.
{
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(iii) Standard Potential for e;q and the Non-equilibrium

Situation

It'is clear that the'thezimod\,mamic objections (but not,
however, the kinetic ones based 6n observed Tafel slopes and
electroclferhisorption behavior of H) may be diminished if the
calculated reversible potential were substantially in error (but see
above) and/or if the "equilibrium" potential were inapplicable.
That the latter situation should receive further considera.tion* is
. indicated by the conditions imposed by the short life-time of the
electron in acid media. Electrons may be ejected under suitable
conditions of potential and/or irradiation but may not exist long
enough for the reversible equilibrium I to be kinetically established.
Under these conditions, this is equivalent to requiring that in the

following equality of rates

v F/RT = v, =k ,C 1-B)VF/RT [1m1]
vy = k; exp - BVF/RT = vy=k e;q exp(1-p)

written for equilibrium conditions, the :;I term is actually
appreciably less than the first term. In fact, a stea‘dy-State
condition for production and annihilation of e;q at a given potential
V should be written and an approximate form of such a relation is
shown below:v
dC -
a Ce - G - =
Tﬂ. = K exp(-pVF/RT) - k_ICeaq exp(l-B)VF/RT knceaq =0 [uz]

-

*The Author is indebted to Dr. D. C. Walker for discussions, in
correspondence, on this latter matter as a possible way o%t of the
"thermodynamic" difficulties arising from the published E~ value
for e; . It is shown here, however, that some other difficulties of
an energetic nature still remain,
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where Ce;q' for the approximation, expresses a mean concentration
of solvated electrons near the surface and the rate constants refer to

the reactions designated by 1 and II earlier. The difference between

the first two terms in equation [110] is the net cathodic curreni. : ' N
Then

. ' kI exp[-VF/2RT]

Cem = k exp[VF/2RT] + . for B=0.5 [u3]

If e;q were produced under true equilibrium conditions, the same
concentration C—e‘ would be achieved when the potential was equal
aq

%*
to the reversible, but not the standard, value V given by

— % '
C- =X exp[-V F/RT] ‘ [114]
aq
The potential V required for reaching any given concentration in the i

* .
steady-state and that V for attainment of the same concentration

under quasi-equilibrium conditions therefore differ according to

SNRIIE PSS

the relation

exp[-(v-v*)F/RT] =14 K. % expl-VF/2RT] [115]
Since the r.h.s. is always > 1, V-V* is negative and since we have
been considering throughout negative potentials for the cathodic
process, V is a more cathodic potential than V*. This is as
expected on general kinetic principles for an irreversible electrode
process such as the sequence i, 11,

Alternatively, it is useful to.enquire whether the con-
centration C, e;: produced under equili‘irium conditions will be
greater or less than the concentration Ce;q for steady-state con-
ditions for any given potential V. The two concentrations are given

by equations [113] and [112] respectively, now taking the same V in
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each expression, The expressions for electron concentration are

then

. _ o exp[-VF/RT]
Ce; = lglexp[-VF/RT] and C - = ! [116]
L | *8 14 = expl-VF/2RT]
. : 3 -1

where equation [112] has been rearranged appropnately to have the
same numerator as the r.h. s. of the expression for C - . Then,
€aq

since under all conditions 1 + -EI-I— exp[-VF/2RT] > 1,
. |

Ce ;q < C’:; , a result which is consistent with the foregoing
analysis in terms of V and V . The conclusion from this calculation
is that the estimates of limiting concentration of e;q ma@e in terms
of equation [109] will be an upper rather than a lower limit so that
the conclusions made in Section (ii)-1 are not invalidated by the
fact that non-equilibrium conditions generally obtain.

It is useful to examine this question further in energetic
terms related to the probability of electron tunneling in reaction I,
Radiationless electron transfer to form the hydrated electron must
obey Gurhey's condition (1) that the so-called "'neutralization energy"
U is greater than or equal to @ - eV where @ is the work function of
the cathode. For reaction I, no ionization potential or electron
affinity is involved as in the case with cations or anions and only
the solvation energy Se- of ¢ determines U. That is, the condition
for formation of e:q by tunneling to solvation sites is simply

p-ev e[S, 17
‘

S -isca. L 74 e.v. (143), so that e aq will tend to be formed only
when¢ _eV < L 74 e.v. . for Agis ca. 4.5 and for Pt. ca. 5.2 e.v.,
so that the absolute p.d. at the electrode interface must be at least

ca. -2,76 V for Ag and ca. -3,46 V for Pt for any electron emission
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to occur forminé e;q. Conversion of such a.bsoiute p.d.'s to
figures relative to a practical scale of measurement, e.g. with
respect to fhe. reversible hydrogen electrode, raises the usual and
old problém of the absolute p.d. at the interface of an ilydrogén
electrode at, e.g. Ptor Ag (sihce the absolute single p.d. will
depend on the metal) and in particular the influence of the X
potential.

Recent estimates (118) of the latter quantity indicate that
- it may be much smaller than hitherto assumed (146,161) so that
j together with the recent reliable estimate (64,162) of the hydration
energy of the proton, viz. -261 t 2,5 kcal. mole -1 and the known
ionization potential of H and the dissociation energy of %Hz, the
single p.d. at e. g. the standard Hz/Pt electrode can hardly be
numerically in excess of -0.7 ¥ 0.3 V. Thus the condition in [117]
is only realized for Pt when the potential V is at least -3.46 - (-0.9)V,
i.e. ca. -2.5V referred to the reversible hydrogen scale. This
result seems at least not inconsistent with the thermodynamic argu-
ment based on the supposed sténdard potential of the electron of
-2,67V.

It is of interest to note that the corresponding "neutrali-
zation energies' (1) for Na+ and K+ would be -10.8 and -15. 8 kcal,
mole.1 based on the ionization potentials and free energies of
solvation (163). These figures are substantially smaller than the
"peutralization energy" of +40 kcal. mole-1 for e;q formation. The

difference arises of course mainly because in the case of eaq
formation there is no gain of any energy.corresponding to the negative
of the ionization ene;rgy or the electron affinity in the case of anions.
It is evident that these considerations, based on Gurney's conditions
for tunneling, lead to the conclusion that formation of e;q will be

substantially more difficult than neutralization of hydrated Naf or

K+ ions.
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(iv) Standard Potential and the Suggested (143)
Absolute ea.q Scale

A 'final matter ;‘ela.ted to the question of electrode
potentials arises from the earlier suggestion of Baxendale (143)
(also rec.enfly'discussed by Walker (164) ) that an absolute scale
of oxidation-reduction potentials could usef@y be set up for so-
called "real reactions" of the type

- nt
Mz+ + e - M(z b
aq

instead of arbitrarily a.ssuming zero standard potential for the
hydrogen electrode process correspondmg to IV and V. There
seems to be no advantage in this suggestion since it has been argued

above that there are difficulties in supposing that most electrode

procésses in aqueous solution proceed by- the e;q mechanism and
secondly, in any practical measurement of e.m.f. of cells, the
electrons in the half-cell processes must surely be associated with
the meta.l otherwise e.m.f. measurements ''by definition' would '
be neither feasible nox indeed unambiguous and reliable thermo-
dynamically. In any practical measurement in electrochemical

thermodynamics there is of course never any question of the

absolute state of the electrons involved: the half-reactions for the

cell must be so written as to add up to an overall chemical reaction
+++ - ++

with no net electrons left over, e. g Feaq + epy + F:aq

coupled with b aq tep, 2 1/2 H, is equivalent to Fe' aq + 1/2 H,

' I_:__.t Felt 4 H+q. Also it is 1mportant to note that it is not the

aq
potential for the isolated half-cell reaction H' aq TRt ¥ 1/2H,

that is assumed conventionally to be zero but rather the potential
associated with that reaction at a metal M (not necessarily Pt)

in combination in a measuring circuit ‘with possibly, but not

necessarily, another metal M’ at which some other eiectrode process
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is occurring reversibly. Such circuits always involve the contact
potential between M and M' in addition to the metal/solution inter-
facial p. d.'s at the two electrode metals and it is the algebraic sum

of such p. d. 's that is the measured e.m.f. In order to avoid this .

_ practical complication, it may, however, be useful to suggest that
what can-be assumed to be zero on the conventional hydrogen electrode
scale is the p.d. at the interface of a metal M at which the reversible
hydrogen electrode process is occurring, when that metal M is chosen
to be the same as that which the other electrode process iﬁ the cell
is taking place. Contact p.d.'s are thus avoided in the discussion

of the e.m. f. and in principle (but not always in practice) any metal
can be used for establishing the reversible hydrogen electron
reaction (the only practical limiting factor is, of course, whether

the reaction has a suffiéiently high exchange current to be useful as

a reversible electrode and whether side reactions, e.g. metal
dissolution, that may be potential-determining, are insignificant

or ﬁot). It‘has also been claimed (143) that a primary difficulty with
the scale of potentials associated with the usual half-cell reaction of
hydrogen involving electrons in the metal is the question of the value
to be assigned to the work function of the metal. This again is not,

in fact, a practical difficulty since in both of the cases considered
above (i.e. where M and M' are different, or where hypothetically

M consitutes also the metal at which the hydrogen electrode reaction
is established reversibly) the work functions cancel out: in one

c.a.se, because the metal at each of the two interfaces is the same;

in the second case (metal M and reference electrode process
established at M') l;ecause the different work function terms involved
at each metal/solution interface are cancelled by the difference of
work functions (and hence the contact potential) at the M/M' inter-

face in the external circunit.
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g) ConcludiniRemarks

The behavior of the Tafel slopes for the h.e.r. in
regard to their dependence on temperature at a series of metals
has been found to be complicated and dependent on the properties
of the. metal and the composition of the solution. Factors such as
(a) solvent structure effects, (b) the role of the dipole surface
potential, & , (c) potential effects on the entropy of activation and
(d) surface coverage by atomic H, have hitherto received relatively
little attention with regard to the kinetics of the h. e.r., have been
examined and, under certain conditions, can provide some account
of the observed behavior.

The effects associated with specific adsorption of anions
are prominent in cases where b increases with decreasing tempera-
ture (cf. the results for Pt and the low c.d. region at Ni). Contri-
butions to the rate of the h. e. r. from proton tunneling are found
not to be experimentally indicated and this conclusion is consistent
with that reached in previous work (86) from this laboratory.

The anomalous Tafel slope behavior observed in the
present work has important consequences for the interpretation
and significance of ei:perimental electrochemical activation energies.
Under such conditions, the various methods that have been used for
evaluating the apparent heat of activation at the reversible potent1a1
AHR*, (see Chapter 1I) do not yield the same results, Furthermore,
conclusions regarding the barrier height cannot, under any circum-
stances, be made simply on the basis of the derivatives (9% /7 'I')i
ordlni /d 1/T both of which give complex quantities not simply
related to either AH °F or AW *, the ''true'!, experimentally
inaccessible heat of a.ctwatmn. ,

Finally, difficulties are shown to arise in mechanisms

of cathodic hydrogen evolution and metal dissolution which have
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been supposgd to involve the solvated electron ('e;q) ae the initially
formed species. Under certain circumstances, for example, in
the dissolution.,of the basest metals in water, i.le. , at sufficiently
high negative potentials, or in photo-assisted processes, a small
steady-state concentration of e;q could be established. It seems
unlikely, however, that this can be the general mechanism for the
h.e.r., particularly for the more catalytic metals which chemisorb
hydrogen. |

i
]
{
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CLAIMS TO ORIGINAL RESEARCH

Current-+potential relations were obtained for the hydrogen
evolutmn reaction (h.e.r.) at Ni, Cd, and Pbi in alcoholic-
HC1 solutions over the temperature range +60° to -125°C in
order to establish accurately the form of the temperature
dependence of the Tafel slope b. At Ni, two distinct and
reproducible Tafel regions are observed with different b
values which depend in opposite ways on temperature. At
Cd, the behavior of the Tafel slope, b, as a function of
temperature is always the same irrespective of the direction

in which the temperature is varied.

New current-potential relations were obtained for the h.e.r

at ©t in alcoholic-HC1 solutions over the temperature range

+60° to -125°C. The Tafel lines are free from the depolariza-

tion effects which characterized earlier measurements (86).
The temperature behavior of the Tafel slope is dependent on

the manner in which the temperature is varied for this metal

(distinction from the case of Cd) thus indicating that

irreversible adsorption of C1 ion is occurring.

The previous measurements at Hg in alcoholic-HCl solutions
(86) were extended to ca. +60°C. The behavior of the Tafel
slope as a function of temperature is best represented by a
relation of the form b = BI‘L:[: + c. Such a relation, also
observed for part of the high current density region at Ni in
alcoholic-HC1 and for Ni in 0.5M HC104-MeOH solutions,
is interpreted in terms of (a) changes of solvent structure
with temperature, (b) the role of the dipole surface potential,
2, (c) the effect of potential on the entropy of activation and

(d) temperature-dependent hydrogen coverage effects.




Effects associated with specific adsorption of the Cl anion
are suggested as being significant inthe bvs, T behavilor
observed at Pt and the low current-density region at Ni. In
addition.to these effects,' the possible formation of '"hydride
films" on Pb and Cd is sﬁggested as a possible explanation

for the behavior observed at lead and cadmium.

The guestica of the role of proton tunneling in the h.e.r. af
Ni, Pt and Cd is examined cz;itically and it is shown that the
experimental evidence indicates it to be negligible. This
conclusion is based on: (a) the fact that the Tafel slopes for
the deuterium evolution reaction (d.e.r.) are always larger,
rather than sméuer, than those for the h.e.r., and (b) the
curvature in the Arrhenius plots for the d.e.r. occurs ata
higher temperature than that for corresponding effecté in
the h.e.r. The observed H/D isotope effect is qualitatively
interpreted in terms of effects associated with (a) the inter-

action of specifically adsorbed Cl ions with the transition

. states for H+ and D+ transfer and (b) isotopically different

solvent structural effects in the MeOH and MeOD solutions.

Current-potential relations were obtained for the bromine

evolution reaction at graphite in acetonitrile over the
temperature range of +60° to -45°C. The fact that the Tafel
slope; b, is independent of the temperature indicates that
such behavior, previously reported for the h.e. r. (69,104,

105), is not specific to proton transfer,
«

A critical evaluation of the significance of electrochemical
activation energies is presented in regard to (a) methods for

determination of these quantities and (b) the significance and
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interpretation of such quantities particularly when the

Tafel slopes are not temperature-dependent according to

the conventional form for.b('= RT/ BF).

Several arguments against the proposal (56, 57, 58) that the
solvated electron is the primarir entity in the cathodic

evolution of hydrogen are presented.
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