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The present position of hydrogen overpotential studies is discussed. Owing to
the large discrepancies still apparent among recent experimental determinations of
overpotential, an outline of modern experimental technique and a critical survey of

evidence regarding the effect of the different variables on hydrogen overpotential

are given. The various suggested theories are described and critically compared
with the experimental data.
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I. INTRODUCTION

The recent work of Frumkin (67, 71, 72) and his collaborators, of Eyring,
Glasstone, and Laidler (57), and of Hickling (90, 95) has served to redirect
attention to the unsolved problems of hydrogen overpotential and to emphasize
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that considerable differences still exist between the theoretical views of modern
authors. This is due primarily to the unexpected complexity of the phenomena
and to the fact that only in recent years has experimental work been carried out
which is relatively free from vitiating factors.

A full-length review (162) has not been devoted solely to this subject for many
vears, and the following is intended as a critical survey of the present state of the
experimental and theoretical fields.

Hydrogen overpotential at a given current density of 7 amp./sq. cm. is defined
as the difference between the potential of an electrode at which hydrogen is being
evolved at 7 amp./sq. cm. and the potential of the reversible hydrogen electrode
in the same solution. This potential difference may consist of three contribu-
tions: (1) that due to the ohmic potential difference between the electrode and the
Luggin capillary (see below); (2) that due to concentration changes in the diffusion
layer near the electrode surface; and (3) that associated with the activation
energy of some stage of the reaction

2BH* + 2¢= H,(gas)

(where B represents the solvation sheath round the proton). Hydrogen activa-
tion overpotential (31) is the specific term applied to the latter type of over-
potential. In the following, hydrogen overpotential will generally be taken as
synonymous with hydrogen activation overpotential on the assumption that,
in the experimental arrangement, the two other contributions to the potential
difference between working and stationary electrodes have been reduced to
negligible proportions.

In the following, overpotential will be given its absolute sign, e.g., the hydrogen
overpotential at a mercury cathode in dilute aqueous acid solution, at a current
density of 10™ amp./sq. em., is about —1.04 v. Increase or decrease of over-
potential means that the cathode potential becomes, respectively, more negative
or less negative with respect to the reversible hydrogen electrode in the same
solution.

II. Tae TECHNIQUE OF MEASUREMENTS OF HYDROGEN OVERPOTENTIAL

A. ELECTROLYTIC CELL AND ITS USE

Typical designs of modern cells are shown in figures 1 (22) and 2 (107).

The essential requirements of a cell are that it should (?) maintain a hydrogen
atmosphere against atmospheric oxygen, (i) maintain catholyte separate from
the anolyte and from the hydrogen electrode, and (477) be provided with a suit-
able, preferably adjustable, “cathode tip”’ or Luggin capillary (125) to connect the
cathode to the reference electrode. It is undesirable to grease taps and joints
(123) which should be wetted with the solution and sealed to the outer atmosphere
by solution-filled traps, able to withstand a vacuum (see figures 1 and 2). Out-
side the current density range of 107° to 107 amp./sq. cm. more specialized
provisions (19, 32, 110) are necessary. Above the current density of 107°
amp./sq. cm. it is not necessary to guard the solution from every trace of oxygen
(19, 92).
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Cells, preferably cleaned with nitric-sulfuric acid mixture, should be washed
with distilled water and then conductivity water for many hours before use.
Drying agents for use with non-aqueous solvents, e.g., acetone, should be distilled
before use to avoid the deposition of solid matter upon evaporation.

B. PREPARATION OF ELECTRODES

Mercury of appropriate purity can be obtained fairly easily by the double or
triple distillation of mercury, first purified electrolytically by von Naray-Szabo’s
method (159).

Solid electrodes are difficult to prepare in a clean and reproducible state, and
the many types of pretreatment described contribute considerably to the lack of
agreement between the results of many authors. Chemical pretreatment is
unsatisfactory, because products of the cleaning reaction may become occluded
in the metal surface. It has been stated that relatively reproducible results can
be obtained simply by washing with water and wiping the cathode surface with
a filter paper (19); for soft metals scraping with a sharp knife can be employed
(82, 106) if precautions (13) are taken (e.g., microscopic examination) to observe
that no particles from the knife remain in the electrode.

Most former methods of preparation of solid electrodes have the disadvantage
that they allow exposure of the cleaned surface to the atmosphere before immer-
sion in the hydrogen-filled cell. Grease (1) and an oxide film may collect on the
electrode in a few seconds and obscure the significance of, for example, the slow
growth of overpotential with time.

Some kind of standard state of the electrode surface is clearly desirable and an
attempt has been made to obtain this (Boekris and Conway (21)) by sealing the
wire cathode in a stream of pure hydrogen (after prolonged preheating) into a
narrow glass tube ending in a thin glass bulb. The cathode, thus annealed and
preserved in a hydrogen atmosphere, is then introduced into the cell which is
later filled with hydrogen and solution, after which the glass bulb (enclosing the
hydrogen atmosphere round the electrode) is broken under the hydrogen-satu-
rated solution (see figure 1). The method probably eliminates oxide films'
and grease on the surface and avoids the difficulties involved in the attachment
of solid electrodes to glass by cements. Effects of adhesives in solution have been
stressed in work on electrode capacities (74) but insufficiently in work on over-
potential. Bockris and Parsons (24) observed that not only organic but also
many types of inorganic cements, though dissolving in aqueous acid solutions to
the extent of only 107° gram-moles/liter in 12 hr., had an appreciable effect on
overpotential at a current density of 10~ amp./sq. cm. at platinized platinum
electrodes.

The shape of the cathode is important because of the desirability of a uniform
distribution of current density over all its parts. A plate is better in this respect
than a wire, for which in most cell configurations the current lines tend to con-
centrate at the end nearest to the anode (79).

! Complete elimination thus of oxide films may be negated by the reaction M + H.0
— MO 4 H,, which possibly occurs for a very brief time after the electrode M contacts
the solution.
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C. PREPARATION OF THE SOLUTION

The apparatus should be of glass throughout, because no contact between the
vapor of the solution and rubber bungs is desirable. The solvent used is distiiled
in hydrogen after other methods of preparation have been carried out. An
appropriate criterion of the purity of the solvent is its electrical conduectivity,
which should be < 107° mhos/cm. cube. The solution is preferably produced
by dissolving a gaseous solute in the solvent. The solid source of the solute,
e.g., potassium chloride ef analytical reagent purity, should be heated to some
50°C. below its melting point in a hydrogen atmosphere for several hours to
remove organic impurities present (107). The concentration of the gaseous
solute is conveniently determined conductimetrically for both aqueous and non-
aqueous solutions (25), the electrodes being in the vessel into which pass the
solute gas and a vigorous stream of hydrogen for stirring purposes.

Non-gaseous solutes invariably contain appreciable quantities of heavy metal
impurities and are therefore better avoided. Their use necessitates very
thorough purification by repeated distillation and electrolysis.

After initial purification the solution still contains impurities, which are most
efficiently removed by cathodie polarization (i.e., deposition, reduction, adsorp-
tion) on a cathode of the same material as the working cathode (72, 124).
Cathodic “prepolarization” is continued on an auxiliary electrode of the material
of the cathode under examination for many hours, often at fairly low current
density. The exact conditions for satisfactory purification of a given solution
with a given cathode material can only be finally established by experiment, the
criteria of efficient purification being (z) reproducibility of results, and (&2) no
further change in overpotential caused by further increase in the quantity of
current passed through the solution (25). Few workers have used these more
stringent methods for the preparation of solutions. In particular among modern
workers, Hickling (90) does not consider the purification outlined above necessary
for work at higher current densities. This may be relatively true with respect to
depolarizers such as oxygen, but other active impurities in small traces may cause
alteration in the slope of the overpotential-log current density line as well as in
the actual values of the hydrogen overpotential (see figure 3) (123). Even at
107" amp./sq. cm., the overpotential on copper electrodes is some 5 cv.’s higher
in prepolarized than in non-prepolarized solutions (19).

The method of preparation of alkaline solutions is less certain. Lukovtsev,
Levina, and Frumkin (127) use sodium amalgam. It seems that this method
may lead to the presence of mercury in solution unless cathodic prepolarization
is carried out for a very considerable time.

The hydrogen used is preferably produced electrolytically. It may contain
appreciable quantities of oxygen, hydrogen sulfide, carbon monoxide, and carbon
dioxide and should be passed through appropriate absorbing agents (preferably
not liquids) (24) and several liquid-nitrogen traps (124) before entry to the cell.

D. METHODS OF MEASUREMENT OF OVERPOTENTIAL

The so-called ““direct method” consists in a direct comparison of the potential
of the working electrode with that of some standard reversible electrode, in the
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same solution as the former, by means of a potentiometer. Inclusion of an ohmic
potential difference in the measured potential difference between working and
stationary electrodes is avoided by pressing the Luggin capillary (diameter
approximately 1 mm.) firmly against the cathode. This simple method suffers
from several disadvantages: () part of the electrode surface is shielded from its
share of the current lines; (¢%) at high current densities the potential difference
between the end of the tip and the electrode becomes significant. According to
some (76, 81, 131) there is a gas film between electrode and solution at all current
densities and the relatively high resistivity of this causes an appreciable ohmic
overpotential to exist even at, say, 10™* amp./sq. em. This concept has been
convincingly disproved (44, 59, 61). The presence of an oxide film on the
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F1a. 3. Plot of hydrogen overpotential versus log current density. Curves I and IT (IT
joins ITII) show the effect of grease on the taps of the electrolytic cell; curve IV shows the
effect of other poisons. Curve III is from work in carefully purified solutions.

cathode surface may, however, lead to the setting up of a considerable ohmic
overpotential similar to that which would be caused by a transfer resistance.
In normal aqueous acid solutions, the direct method of measurement can be used
up to a current strength of about 10~ amp./sq. em. and at higher current den-
sities with the special precautions mentioned below.

The indirect or commutator method of measurement (131) involves the inter-
mittent passage of current across the electrode-solution interface, measurements
of potential being made in the periods when the current is not flowing, a procedure
which thus eliminates chmic overpotential. A disadvantage attaching to this
method is that intermittent electrolysis may produce different conditions at the
electrode surface compared to those occurring with continuous electrolysis.
Further, the rapid decay of overpotential with time (5) makes it necessary to
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measure the former very quickly and at a rapid succession of intervals, after the
cessation of the polarizing current, so that extrapolation to zero time can be
accurately made. Incorrect extrapolation consequent upon a too long interval
before the first reading is recorded caused error in the earlier commutator method
(76, 115, 143). More recently Hickling (88) has used an electronic interrupter,
the essence of which is a thyratron valve in which the period of interruption is of
the order of 5 X 107° sec. and which thus considerably facilitates a correct extra-
polation. According to Frumkin (71), this commutator is also open to the criti-
cism of incorrect extrapolation at current densities greater than 10~° amp./sq.
cm., owing to the extreme rapidity of the first stage of the exponential decay.
Bockris (13), however, using the direct method of measurement and the same
type of solution preparation as that used by Hickling and Salt (90), found agree-
ment with results obtained using Hickling’s. commutator interrupter up to a
current density of 107 amp./sq. em., so that, because possible electrical errors
from each method are of opposite sign, the validity of Hickling’s commutator
method seems confirmed up to this current density.

At very high current densities the rapid decay of overpotential causes the
extrapolation from all modifications of the commutator method to be inaccurate,
so that the direct method must be applied with the following precautions (19,
110): (¢) A very small cathode area is used, thus reducing the ohmic overpotential
(which depends on current strength) and also heating effects in the solution; (47)
very rapid rate of streaming of the electrolyte to reduce concentration polariza-
tion to negligible proportions; (#77) a configuration of the cathode, preferably a
very short thin wire, which allows accurate calculation of the resistance between
cathode tip and cathode. Some authors (90) consider this calculation to be
inherently inaccurate, owing to the existence of an unknown specific conductivity
in the diffusion layer; others (71) consider it permissible to use the bulk specific
resistance. The latter view seems incorrect and the problem of an appropriate
correction formula is very difficult because of the lack of information concerning
the exact hydrodynamical conditions during rapid streaming.

Ferguson and Bandes (60) have recently reported a device for the convenient
photographic recording of the variations of overpotential with time and rate
of polarization, and this has been applied to the study of decay and of ohmic
overpotential.

E. TECHNIQUE OF ESTABLISHMENT OF THE OVERPOTENTIAL-LOG CURRENT DENSITY
RELATION (OR “TAFEL LINE’)

The marked variation of the hydrogen overpotential on some metals with time
(13, 90) makes it necessary to choose a time of polarization after which the
potential difference between the working and stationary electrodes should be
termed the overpotential. Workers who consider the time variation to be due
to the electrodeposition of impurities, or to other secondary phenomena, have
generally made measurements shortly after the commencement of polarization at
a given current density. Some authors (116) state 1 min. to be this time. This
procedure is satisfactory on metals for which the variation of overpotential with
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time is relatively small. For some metals, however, it is considerable, so that
this method of “quick runs” may vitiate a comparison of results obtained at
various current densities.

The fact that intensive purification of the solution and prepolarization do not
completely eliminate the variation of overpotential with time on mercury cath-
odes (71) and that it appears to be a function of the mode of preparation of the
electrode surface, has led some workers (13, 90) to the view that this property
is a primary characteristic of overpotential, in which case it appears to be more
reasonable to take the overpotential after it has reached the steady state, i.e.,
after electrolysis lasting from a few minutes to several hours (“slow runs”).
It has been claimed (90) that this method provides a standard condition under
which all metals can be examined; its validity rests upon the unproved view
that the variations with time are not due to true impurities.

A further discrepancy in technique is between authors who start polarization
from the moment the electrode contacts the solution to the end of the experiment
and those who cease polarization between each current density and allow the
cathode potential to reach a ‘“static potential” before polarizing at another
current density. The latter method minimizes the possibility that polarization
set up at one current density may affect the steady state set up at the next (90).
Conversely, dissolution of the metal may take place during the resting periods
between the various current densities.

I11. Terg ExperIMENTAL Facrs or HYDROGEN OVERPOTENTIAL

A. DISCREPANCIES BETWEEN THE RESULTS OF DIFFERENT WORKERS

Difficulties met in comparison of results of different workers are connected
firstly with lack of rigor in purification of the solution, with a lack of compara-
bility in the preparation of the electrode surface, and with factors connected
with the time variations of overpotential. Thus, the large amount of work
carried out by Frumkin and his coworkers has not been clarified by the earlier
absence in their work of an attempt to deal with the problem of variation with
time, which has more recently been admitted by them both for metals of low
overpotential, e.g., nickel (120, 127) and palladium (73), and for mercury (71).
In the following an attempt has been made to collect evidence from sources in
which sufficient experimental detail is given to assess the reliability of the
results.

Experimental results have been regarded as being concerned either with
“electrode factors”, e.g., time, or “solution factors,” e.g., pH.

B. ELECTRODE FACTORS

1. Effect of current density

According to Tafel (153), over certain current density ranges and for certain
electrodes, the relation between overpotential () and current density (z) is

n=a—blogz
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or

. —n) /b
7 =e(a 20

where a and b are constants (Tafel equation).

(a) Mercury at low current densities

The older results of Bowden and Rideal at 15°C. (35) are some 5 cv. lower in
0.2 N sulfuric acid than those of Jofa (102) in 0.1 NV sulfuric acid over the range 10™°
to 10~ amp./sq. em. These latter data at 20°C. over the current density range
1077 to 3 X 10~* amp./sq. cm. are given by:

n = —1.426 — 0.113 logye 4

Jofa (102) also measured overpotential in 0.1 N aqueous hydrochloric acid solu-
tion: If correction is made for differences in temperature of measurement, they
agree to within about 9 mv. with those of Levina and Sarinsky (123). Below
107" amp./sq. cm. difficulties of measurement increase markedly because (z) the

TABLE 1
Values of 1o obtained in agqueous actd solutions
WORKER z 1o SOLUTION

{ amp./sq. em
Bowden and Rideal (35).............. ) 3 X 1071 0.5 N H,80,
Bowden and Kenyon (118)............ ; 6 X 10712 0.2 N H,S80.
Jofa (102). . oo i 5 X 1071 0.1 N H.S0«
Jofa and Mikulin (108)................ { 1.5 X 1072 0.25 N H,80.
Jofa (107). ... i ! 1.8 X 1022 0.1 N HCL
Bockris and Parsons (24)............. : 5.2 X 10718 0.1 N HCl
Bockris and Parsons (24)............. ! 1.3 X 1012 1.0 N H.80,

region of the electrocapillary maximum is approached, so that the probability of
adsorption of surface-active impurities is increased; (i) the effect of traces of
depolarizers is more marked; (447) at current densities as low as 10™° amp./sq. cm.
the double layer takes an appreciable time to charge up. Bowden and Grew
(82) tried to overcome difficulties (7) and (#) by enclosing the cathode in glass
and succeeded in confirming the linearity of the overpotential-log current density
relation down to about 10™° amp./sq. cm. Some deviations at lower current
densities were observed, the cathode potential being more negative than that
expected from the Tafel equation. If 7 of Tafel’s equation = 7, for 9 = 0, values
of % obtained in aqueous acid solutions at about 20°C. are as shown in table 1.
Comparable results on mercury at low current densities are thus in good agree-
ment.

Mituya (129) has also carried out experiments in the current density range
1.87 X 10~° to 4.3 X 107" amp./sq. cm. In the rectilinear part of the Tafel line
the observed value of b was 0.186 at 0°C. in 0.1 N hydrochloric acid, and the values
of the overpotential are about 0.2 v. lower than those expected from other work.
Insufficient precautions seem to have been taken by this worker for prevention
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of the diffusion of platinum from the anode, which may have reached the cathode
in his experiments, a fact which is probably the basis of the discrepancies in a and
b of the Tafel equation between this and other work cited above.

(b) Mercury at high current densities (> 107 amp./sq. em.)

Work at high current densities is difficult for the following reasons: (7) chmic
overpotential tends to become marked, especially in dilute solution; (¢z) the
limiting current density may be approached in the absence of efficient aids to
diffusion; (#7) excessive heating of the solution may occur; () liquid mercury
undergoes an oscillatory motion; this makes it preferable to use amalgamated
copper electrodes upon which the overpotential is less than 10 mv. different from
that on pure mercury at current densities greater than 10™* amp./sq. em. (19).
The effect of (727) can be minimized by using electrodes of small electrodes areas
(19, 110). The influence of concentration overpotential is more difficult to
assess, owing to the uncertain values of the thickness of the diffusion layer in
agitated solutions.

Frumkin (71) maintains that no limiting current density due to concentration
overpotential occurs even at a current strength of 1 amp. in a well-agitated solu-
tion. Kabanov (110) used rapid shearing of the electrolyte, Hickling and Salt
(90) agitation by passage of a rapid gas stream, and Dolin (45) mechanical stir-
ring to minimize the contributions of concentration polarization. Resistance
overpotential corrections were calculated by Kabanov (110), who measured the
distance between cathode and electrode tip with a microscope and assumed that
the appropriate specific resistance was that of the bulk of the solution, a procedure
of doubtful validity. Corrections in Kabanov’s work were of the same order
as the measured overpotential at the highest current densities. Hickling and
Salt (90) made use of an electronic commutator up to a current density of 10
amp./sq. cm.

Fairly large discrepancies exist between the results of Kabanov, which may
be represented by the equation:

7 = —1.42 — 0.14 lOgm’L'
and those of Jofa, for which the corresponding equation is:
7 = —1396 — 0.116 log ¢

Kabanov’s results on amalgamated mercury indicate that the Tafel equation is
applicable on this metal up to a current density of 10 amp./sq. cm. (The points
on the Tafel line show a scatter of 0.04 among themselves.) Conversely, Hick-
ling and Salt (90) found that at current densities greater than 10~ amp./sq. em.
the Tafel equation could no longer be used to express the results, a fact which
indicated that the cathode potential was less negative (i.e., overpotential lower)
than would have been so according to a linear Tafel line.

(¢) Cathodes other than mercury at low current densities

According to Bowden and Rideal (35), the Tafel equation is applicable to the
variation of hydrogen overpotential on silver, nickel, platinum, and carbon over
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the current density range 10" to 10”° amp./sq. em., the b value for these metals
being about 0.10-0.12 for the first three and 0.84 for carbon. Erdey-Griz and
Wick (51) found that on lead and tantalum the Tafel equation was applicable
with the b values = 0.2 approximately. Kabanov and Jofa (106) found the b
value for the Tafel line of lead in aqueous acid solution = 0.116; and Lukovtsev,
Levina, and Frumkin (127) found that on nickel there were positive deviations®
from the Tafel equation in the range 10~° to 10™° amp./sq. ecm., but from 107°
to 10~ amp./sq. em. this equation was applicable with b = 0.10. The Russian
work on lead and nickel was carried out under stringently controlled conditions,
with rigorous deoxygenation of the solution and electrolytic purification. Values
of overpotential under apparently comparable conditions on the same metal
from independent work are often discrepant by more than 0.1 v., and this is
mostly due to the purity of the electrode material and solution.

Some investigation has been made of the hydrogen overpotential on catalyti-
cally active metals at low current density ranges where the logarithmic relation
would be supposed from theory to break down. Volmer and Wick (157) find an
approximately linear relation between current and potential near the reversible
potential on platinum, gold, and iridium electrodes.

(d) Cathodes other than mercury at high current densities

Kabanov (110) determined the hydrogen overpotential on silver from 107° to
10 amp./sq. cm. and on platinum from 10~° to 10° amp./sq. em. in 5 N hydro-
chlorie acid solution and obtained an apparent applicability of the Tafel equation
with b values of 0.13 and 0.12, respectively.

In this work, no details are given with regard to cathode preparation; there is a
considerable scatter of points around the Tafel line and the method of correcting
for ohmic overpotential is crude.

Essentially different results were obtained by Hickling and Salt (90) on some
eighteen of the more common metals in 1 & aqueous hydrochloric acid solution
within the current density range 107° to 10~° amp./sq. em., using the commutator
method and means of purifying the solution which did not include prepolariza-
tion. These workers found that the Tafel equation was applicable in the current
density range studied omly to comparatively few metals, i.e., bismuth, iron,
nickel, tungsten, gold, and platinized platinum, whilst for other cathodes (par-
ticularly those of high overpotential) there were negative deviations from the
Tafel lines which indicated an approach of the overpotential to a limiting value
independent of current density. Values of the b factor, measured from the
lower linear sections of the curves, showed that although for some cathodes

= (.1, a large number of exceptions existed, the range covered by the b factor
being 0.03-0.3 approximately (see table 2).

Bockris (13) measured the overpotential on copper, lead, nickel, molybdenum,
columbium, tantalum, indium, and thallium, using the direct method and the
same method of preparation of the solution and same current density range as

2 Namely, deviations in the sense that the values of overpotential observed were greater
than those expected from the Tafel equation.
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Hickling and Salt. He obtained fair agreement with the results of Hickling and
Salt for copper, lead, and nickel (i.e., metals examined by the latter workers)
and observed a similar kind of negative deviation from the Tafel equation for
indium, thallium, and tantalum as these workers observed for lead, tin,
copper, etc.

It should be noted that these deviations from the Tafel equation at high cur-
rent densities have only been observed in solutions which were not electrolytically
purified. Work in electrolytically purified solutions at high current densities
has not yet been reported. The position is therefore still uncertain.

(e) Experimental evidence on the b factor

The value of the b factor in the Tafel equation for different metals is contro-
versial and of great importance to the theory of hydrogen overpotential. Values
of b obtained by different authors in aqueous acid solution at the same inter-
mediate current density ranges are in poor agreement, as is shown in table 2 (13),
where values of b from recent work are tabulated. The average of these values

TABLE 2
Ezxperimental values of b
METAL b METAL b METAL Cb METAL 5
—_— . ! —_
Be........... 0.11] Cb... ... ... ol wo 1 0.09 | Hg... ... . 0.15
C............. 0.84 | Mo..........., 0.13 || Pt (platinized)! 0.02 | Hg. ... ...... 0.12
Al ..o 0.12| Rh........... 10.14 || Pt (platinized)j 0.08Tl............ 0.08
Fe............ 0.121 Ag........... ;0120 Pt 103 | Pb..........[0.3
Nio........... 011 | Cd........... 025 Pt............ | 0.19 | Pb........... 0.23
Ca........o. . 016 In.......... .. 025 Au........... i 0.08 || Bi............ 0.10
Cuovovinnn, 1012 Sn..e 0.2 |Au... L 0.12

is 0.17 (or 0.14 if the result for C is neglected) and from this and the scatter of
the values there is no clear support for the contention of some workers that b
is a constant equal to 0.12 at 25°C. for all pure metals. Conversely, it is sig-
nificant that in those few experiments where electrolytic purification of the solu-
tion and stringent elimination of oxygen have taken place, the b value found
= (,10-0.14 at intermediate current densities. Thus, several workers have
reported b values for lead of 0.2-0.3; but Jofa and Kabanov (106) found that in
carefully purified solutions the slope of the Tafel line was 0.12. There is as yet
insufficient work in highly purified solutions to be able to assess the generality
of this result. A first aim of most theories of overpotential is the theoretical
interpretation of b. The most urgently needed experimental work appears to
consist in determining its value in the most carefully purified solutions and on
electrodes of very high purity.

2. Effect of temperature

The principal interest in measuring the temperature coefficient of hydrogen
overpotential is to obtain the energy of activation, AH. Two different methods
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may be used for the measurements (Agar (4)). The overpotential at a tempera-
ture T is measured against a reversible electrode either at the same temperature
or at some other temperature, Tp. Some uncertainty is involved in the latter
method, owing to thermoelectric potentials in the bridge connecting the cell to
the reversible electrode. According to Agar (4) this difference between the two
resulting energies of activation is of the order of 1 kg.-cal.

Values of the temperature coefficient are of the order of a millivolt per degree
and the energies of activation vary from about 5 to 20 kg.-cal. in various systems.
The sparse data up to 1938 are recorded by Bowden and Agar (31). Since this
time little fresh data on the energy of activation has been recorded.

Information on the variation of the coefficient b with temperature is contra-
dictory. Bowden found b proportional to T (i.e., « = constant) for mercury in
0.2 N aqueous sulfuric acid. This was confirmed by Jofa and Mikulin (108).
In more concentrated acid solution, however, Jofa and Stepanova (109) found
that b passed through a minimum between 0° and 80°C. Bockris and Parsons (24)
observed that « increased slightly with increase of temperature in methanol
solutions of hydrogen chloride. Hickling and Salt (93) found that in 1 N aqueous
hydrochloric acid b decreased with temperature on some metals, e.g., tungsten.
(It is also relevant to record that Stout (151) observed b constant with increasing
temperature for the deposition of the azide ion, and Roiter and Jampolskaja (142)
observed the same behavior of b in work on the electroreduction of oxygen.)

There is therefore little evidence to show that « is in general independent of
temperature and indeed this would not be expected on theoretical grounds (24).
No measurements exist in solutions containing capillary-active substances in
known quantities. It would seem advantageous to extend the range of tempera-
tures downwards by the use of non-aqueous solutions. This would be particu-
larly useful for those metals which dissolve at higher temperatures.

3. Effect of change of state

An important experiment carried out by Bowden and O’Connor (33) showed
that fusion of a gallium cathode caused the hydrogen overpotential at a current
density of 10~ amp./sq. cm. to increase considerably.

4. Effect of pressure

Harkins and Adams (85, 86) varied the pressure simultaneously over a mercury
cathode and the reference electrode and found no effect on the overpotential.
Goodwin and Wilson (80) found a decrease in overpotential on increase of pres-
sure. Bircher and Harkins (10) repeated the work of Harkins and Adams and
found that the cathode potential was independent of pressure, i.e., the overpoten-
tial decreased with increase of pressure. Harkins’ work, of apparently excellent
quality considering its early date, is confusing, as the earlier work of 1914 was
published after the contradictory work of 1923.

Ipatiev (101) measured the overpotential on platinized platinum in acid and
alkaline solutions with a mercurous sulfate electrode and pressures up to 100 atm.
The potential of the cell was observed to increase with pressure but not in accord
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with the normal logarithmic relation for the dependence of potential of a rever-
sible electrode with pressure.

Cassel and Krumbein (40) found that the cathode potential was independent
of hydrogen pressure in 1 N sulfuric acid and 1 N potassium nitrate solutions.
Schmidt and Stoll (145) obtained a similar result for copper, nickel, lead, and
silver cathodes in N/10 sodium hydroxide solutions but the results for iron,
zine, and tin cathodes were somewhat irregular.

The results for mercury cathodes are particularly contradictory, and the effect
of partial hydrogen pressure in hydrogen—nitrogen mixtures was examined by
Bockris and Parsons (24) in N/10 hydrochloric acid solutions. They found the
cathode potential to remain constant with change of hydrogen pressure.

For many metals, therefore, most of the evidence indicates that the cathode
potential is approximately independent of pressure.

5. Effect of time

(a) Build-up

Baars (6), and at about the same time Bowden and Rideal (35), reported the
overpotential during the initial passage of current to be linearly dependent upon
the quantity of electricity passed. For mercury this linear relation has a con-
stant slope for nearly its whole length. For some other metals changes in slope
occur, thus indicating that the charging up of the double layer is not the only
process occurring during this initial increase of potential.

After this first build-up, which in oxygen-free solutions lasts about 0.25 sec.
on mercury at a current density of 2.5 X 107 amp./sq. cm., the overpotential
undergoes some more complex changes with time on some metals (“long-time”
effects) which depend markedly on the properties of the metal (13, 90). Thus,
for metals of high overpotential, such as lead and mercury, there is little further
variation with time after the initial “short-time” build-up. With metals of low
overpotential, however, considerable changes, usually increases, occur, and the
overpotential may take several hours to reach a steady state. Such variations
take place also in solutions which have been very stringently deoxygenated and
electrolytically purified (73, 120, 127).

(b) Decay

Isolated observations made by Bowden and Rideal (35) and by Baars (6) led
to the conclusion that the rate of decay of overpotential was proportional to log ¢,
where ¢ is the time after cessation of the polarizing current. This was confirmed
by Butler and Armstrong (39) for mercury and platinum cathodes, it being
concluded from the relative rates of decay on these two cathodes that some elec-
tromotive atomic hydrogen existed on platinum, but not on mercury cathodes
(at overpotentials less negative than —1 v.) during polarization in acid solution.
Ferguson and Kleinhechsel (63) studied cathodes of platinum, palladium, gold,
silver, zine, cadmium, antimony, and nickel and found that the decay consisted
of two parts: (¢) a rapid potential drop completed in 0.01 sec., followed by (#7)
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a slow decay towards the reversible potential. Increasing the speed of stirring
increased the rate of decay. The work of Hickling and Salt (94) somewhat
confirmed that of Ferguson and coworkers. The second potential decay is
initially approximately proportional to log £, as agrees with the earlier work, but
deviates from this law after a few minutes. Frequent steps occur in the decay
curves and these were shown—by examination of the effect of adding small
quantities of the suspected salt—to be caused by trace metal impurities, de-
posited on the cathode, which reach their dissolution potential at the beginning
of each step.

Frumkin and Aladjalowa (73) studied the build-up and decay of hydrogen
overpotential on palladium in electrolytically purified solutions. These authors
suggested that there is a quantitative connection between the build-up and decay
processes, the fraction of the overpotential building up slowly after switching
on the current being equal to the fraction decaying slowly. No such relation
exists between the build-up and decay processes on a metal of high overpotential,
e.g., lead, although these appear to be qualitatively similar to those on pal-
ladium (23).

6. Effect of electrode material

The dependence of the hydrogen overpotential upon the electrode material is
a fundamental aspect of the phenomenon to which attention was paid by earlier
workers, but which has more recently lacked emphasis. The approximate order
of the metals, arranged according to their increasing hydrogen overpotential
at 10~ amp./sq. em.® in 1 N aqueous hydrochloric acid solution, is: platinum,
rhenium, gold, tungsten, molybdenum, nickel, iron, tantalum, copper, silver,
chromium, beryllium, columbium, bismuth, thallium, lead, tin, cadmium,
mercury.

In general, metals with high melting points have a low overpotential and
vice versa. Further, overpotential at a given current density increases with the
metal in the same order as does the metal’s power of catalyzing the reaction
H + H — H, (Bonhoeffer (26)).

It was pointed out by Bockris (13, 14) that if the hydrogen overpotential at a
given current density on various metals and the thermionic work functions of
the metals were both plotted against their atomic numbers, the overpotential
showed a periodicity of a kind opposite in sense to the thermionic work function,
i.e., metals with a large thermionic work function corresponded to those with a
low hydrogen overpotential and vice versa. This dependence is shown in figure 4,
where two definite groups and one less definite group are seen. It is notable
that mercury does not fit into any of these groups. Statistical analysis shows
that there are three distinct lines and that the two upper lines have significantly
different slopes (18).

7. Effect of surface properties

Most workers have made small additions to knowledge of this factor, but few
studies have been devoted to it, and interpretation of past results is uncertain

3 This current density is chosen for purposes of comparison because it avoids the con-
troversies of measurements at very high or very low current densities.
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owing to the unknown amount of impurity introduced into the surface during
preparation.

In general, roughening lowers the overpotential. Conversely, polishing (35)
tends to increase it. Scraping, i.e., removing the surface layers of a soft metal
such as lead, generally reduces the overpotential somewhat from that in the
unscraped (i.e., usually dirty) state. Annealing in hydrogen generally seems to
increase the overpotential of the metals of lower overpotential (35). The so-
called anodic activation (73) of electrodes, which consists in subjecting them to a
preliminary anodic prepolarization, usually causes the overvoltage to be lowered.

Surfaces prepared by electrodeposition are associated with notably different
absolute values of overpotential; the variation with time during polarization is
also reduced (90). Tt is usual to plate onto copper or platinum; Bockris and
Parsons (24) showed, however, that the overpotential depended to a significant
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extent on the nature of the base metal for silver cathodes, so that some standard
base metal, e.g., copper, must be chosen.

The effect of electropolishing the metal surface has been examined by Bockris
and Azzam (19), who find that metals of high overpotential such as copper and
lead are little affected by electropolishing but that for metals of lower over-
potential, such as tungsten and nickel, electropolishing increases the overpoten-
tial by an order of about 0.1 v. at medium or high current densities.

8. Effect of diffusion through the cathode

Earlier work (e.g., particularly 47 and 130) on the transfer of hydrogen over-
potential through a thin film of metal produced contradictory results, probably
owing to the presence of impurities in solution which are known to affect adsorp-
tion markedly. Uhlig, Carr, and Schneider (155) found a transfer of potential
after some minutes for electrodes consisting of iron—chromium alloys in partially
deoxygenated sodium chloride solution. Conversely, Ferguson and Dupbernall
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(62) failed to observe any transfer of overpotential through platinum and pal-
ladium plates and concluded that previous erroneous observations of a transfer
had been caused by the porosity of the films to the solution by means of passage
through the Smekal cracks.

Work in prepolarized solutions by Frumkin and Aladjalowa (73) showed an
immediate transfer of a part of the overvoltage from the polarization to the
diffusion side of a palladium electrode. The part of the overpotential transferred
corresponded approximately to that component of it on palladium which varied
with time (see figure 5; i. €., Btransterrea Was found equal to m = 7).

The situation with regard to this work is at present unclear. In work which
avoids the undesirable presence of rubber and other adhesives for attaching the
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F1a. 5. Variation of overpotential with time on palladium electrode in acid solution at
10~* amp./sq. em. (73).

diffusion electrode to the glass of the cell it is extremely difficult to eliminate
small leaks between the polarization and diffusion sides of the electrode. Frum-
kin and Aladjalowa attempted to overcome this difficulty by attaching the pal-
ladium electrodes to platinum and sealing this metal to glass. Work at Imperial
College has shown that such seals are often the source of leaks (which give rise
to transfers of a similar nature to those claimed by others) in these experiments.

Experiments on the transfer of overpotential are very important because they
may give direct information on the “electromotive activity’’ of atomic hydrogen.

It may be that diffusion of hydrogen into the metal during electrolysis is more
general than is often supposed. Thus, on nickel cathodes the evolution of
hydrogen continues for several seconds after cessation of the polarizing current
when the current density is greater than 107 amp./sq. em. (17).
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9. Effect of shape and curvature of cathode

According to Sederholm and Benedicks (146) overpotential is related to the
radii of curvature of a curved electrode according to the empirical formula:

’
77=7]0+K10g<1+K7)

where 7, is the overpotential on a plane surface, K and K’ are constants, and r
is the radius of curvature. The relation does not appear to have received spe-
cific test by other workers.

Baars (6) reported a dependence of overpotential upon the area of the electrode,
but Hickling and Salt (90) could not confirm this.

10. Effect of alloy formation

Fischer and Barabanov (64) showed that deviations from a simple additive
law existed in amalgams of cadmium, lead, and bismuth, and Cruatto and Da
Via (43) found that for lead-antimony and lead-cadmium alloys in alkaline
solution the overpotential rose with increase of the content of antimony or cad-
mium when two phases are present; in the presence of mixed crystals there is a
rapid increase of overpotential with increase in antimony for lead-antimony
alloys; and for lead—-cadmium a decrease with increase in cadmium.

No general conclusions can be drawn from the available data. It must be
questioned whether this field can be very profitable for overpotential research;
changes in the structure in the surface caused by changing ratio of the compo-
nents are difficult to separate from other effects of changes of composition.

C. SOLUTION FACTORS

11. Effect of hydrogen-ion concentration

Earlier work, particularly that of Bowden (28), was vitiated by the presence
of impurities (123). Levina and Sarinsky (123) showed that in an acid concen-
tration from 0.001 to 0.1 N the overpotential remains independent of the pH on
mereury cathodes. Jofa (103, 104) found that at concentrations above 0.1 N
n hydrochloric acid the overpotential becomes less negative with increasing
hydrogen-ion concentration. This decrease with increasing hydrogen-ion con-
centration was also observed by Béthune and Kimball (8) in sulfuric and phos-
phoric acid solutions up to 9.65 M sulfuric acid and 5.65 M phosphoric acid.
Bockris and Parsons (24) found that in methyl alcohol solutions of hydrogen
chloride the hydrogen overpotential at a dropping-mercury electrode was affected
by pH change to a larger extent than that in aqueous solution and the change
with concentration began at a notably higher pH than in aqueous solutions.

On metals other than mercury the situation is not yet clear. On lead, Kaba-
nov and Jofa (106) found that the overpotential was almost independent of the
pH for the range 0.01-8 N sulfuric acid. At higher concentrations in sulfuric
acid solution, the overpotential decreases with increasing concentration. A
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similar change was noted in solutions of hydrochloric, hydrobromie, and per-
chloric acids, the changes with concentration being less than for mercury (104).

On nickel Lukovtsev, Levina, and Frumkin (127) found an independence of
the pH only in the region 0.0003-0.001 . At concentrations above 0.001 N
the overpotential decreases with increasing hydrogen-ion concentration (see also
Legran and Levina (121) and Sindjukov (148)).

Hickling and Salt (93) consider that for platinized platinum, tungsten, and
mercury, the changes which occur upon increase of the concentration of hydro-
chloric acid from 0.1 N to 6 N have no fundamental significance. They observed,
however, a large increase in overpotential at 10~ amp./sq. cm. in 0.1 N hydro-
chloric acid solution on tungsten and platinum, a fact which they attribute to
the existence of large concentration overpotential at this concentration, although
it was not observed on mercury cathodes under the same concentration
conditions.

Very little work has been done in alkaline solutions. On mercury cathodes it
is particularly difficult, owing to the simultaneous deposition of sodium. Amal-
gam formation is unimportant at low current densities, according to Bowden
and Kenyon (113).

12. Effect of forergn salts

Erdey-Griz and Szarvas (49) measured the effect of various simple salts on
the overpotential at mercury and found the mean activity of the salt (a) to be
related to the overpotential in salt solution by the approximate empirical
equation:

n =1+ Kloga

where 7, is the overpotential in pure acid solution and K is a constant.

Levina and Sarinsky (123) examined the effect of lanthanum chloride on
mercury cathodes and found that it caused a decrease in overpotential, although
the slopes of the Tafel lines were not affected. Effects of low-valent halides are
more complex and according to Jofa, Kabanov, Kutschinski, and Chystiakov
(107) addition of potassium halide to hydrochloric acid solution decreases the a
value of the Tafel equation particularly at low current densities, thus causing an
inflection on the Tafel line (figure 6) (see also Kolotyrkin and Bune (119)).

On metals of low overpotential there is little data on the salt effect. Lukovtsev,
Levina, and Frumkin (127) have shown that for nickel at low current densities
in acid solution, lanthanum chloride causes a lowering of overpotential, but at
higher current densities an increase. In alkaline solutions, a small lowering is
produced in dilute solutions which becomes zero in concentrated solutions.

13. Effect of solvent

The first examination of the solvent effect under suitable experimental condi-
tions was made by Levina and Silberfarb (124), who found that at a low current
density on mercury a lowering of overpotential took place in alcoholic when
compared with aqueous solutions. The b value remained unchanged. This
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was confirmed by Novoselski (134). Bockris and Parsons (24) examined the
solvent effect on mercury cathodes at low and intermediate current densities
in N/10 methanolic hydrochloric acid and the corresponding methanol-water
mixtures. The b values decrease up to 0.3 mole fraction of alcohol. At
constant current density there is, on addition of methyl alcohol, an initial lower-
ing of overpotential, which then remains constant until high alcohol concentra-
tion, when it again falls to the value in pure methanol solution, which is about
0.14 below that in aqueous solution. Similar results were observed at dropping
mercury electrodes. Hickling and Salt (91) measured the overpotential on
mercury at high current densities in solutions of hydrogen chloride in ethylene
glycol, ethyl alcohol, and cylcohexanol. Contrary to the uniform results of
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F1a. 6. Effect of salts on hydrogen overpotential. Curve 1, N Na,S0, + 0.1 N H,80,;
curve 2, N KCl + 0.1 N HCI; curve 3, N KBr + 0.1 N HCI; curve 4, N KI + 0.1 & HCI.

the above authors, these workers found the overpotential to be greater in the
non-aqueous than the aqueous solutions.

Hickling and Salt (91) also examined the solvent effect on lead, tin, tungsten,
platinum, and lead at high current densities and found here also an increase
with change of solvent. This result is probably due to the presence of sealing
wax as a fixative for cathodes in the systems of these workers: its dissolution
would cause a poisoning effect. Bockris et al. (12, 15, 23, 24) carried out an
investigation of the solvent effect on lead, tin, copper, and nickel cathodes, using
solutions of 1 N hydrochloric acid in the solvents methyl and ethyl alcohols,
glycol, formic and acetic acids, ether, dioxane, and, where practical, a complete
range of mixtures of these with water. In general it appears that on the metals
of high overpotential—lead, tin, and, to a lesser extent, copper—there tends to be
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a decrease of overpotential in the non-aqueous solvents which was greatest for
methyl alcohol and least for ethylene glycol solutions, whilst on nickel the over-
potential was little changed or somewhat increased. More complex effects
occurred in mixed solvents, in which the overpotential passed through a maxi-
mum at intermediate composition in some systems. Measurements of the over-
potential on twelve metals over the range 10™° to 10~ amp./sq. cm. ina 1 ¥
solution of hydrogen chloride in methyl alcohol showed that on metals of low
overpotential little change in @ or b occurred; on metals of medium overpotential
b was slightly decreased and a increased; and on metals of high overpotential
o was decreased.

Pleskov (139) measured the hydrogen overpotential on nickel, mercury, and
lead in liquid ammonia at —50°C., but the results must be considered to be
largely vitiated owing to the presence of visible films formed during electrolysis
on the electrode surface of the last two metals. Results on nickel are difficult
to compare with those in aqueous solution, owing to the large temperature dif-
ferences involved.

14. Effect of catalytic poisons and activators

Several isolated studies of the effect of additives on overpotential have been
carried out but systematic work is lacking. Kobozev and Nekrasov (118)
found that mercurous chloride or hydrogen sulfide increased the hydrogen over-
potential on platinum cathodes. Volmer and Wick (158) found that small
amounts of arsenic trioxide brought about a lowering of overpotential on a
platinum cathode, the b value in Tafel’s equation being also lowered; higher
concentrations, however, caused an increase in a@ and b. Knorr and Schwartz
(117) found that arsenic trioxide raised the b value for a platinum cathode at all
concentrations, which is the generally accepted result (see Von Naray-Szabo
(160)). Varisikova and Kabanov (156) carried out an extensive study of the
effect of additives on a spongy lead cathode in 2.8 N sulfuric acid. They found
that alkylammonium derivatives were particularly effective in raising the hydro-
gen overpotential. Hickling and Salt (93) observed increases on mercury, tung-
sten, and platinized platinum cathodes caused by additives of carbon disulfide,
arsenic trioxide, and mercuric chloride. '

The converse phenomenon of additives which lower the overpotential is a
rarer one. Semerano (147) observed that some alkaloids changed their polaro-
graphic half-wave potentials for the discharge of hydrogen from aqueous acid
solutions to more positive values, and Bockris and Conway (20) found that cer-
tain alkaloids of the quinoline group caused a lowering of overpotential on
mercury. The effect was decreased on tungsten and inverted on platinized
platinum (see figure 7).

The situation in this field suffers particularly from a lack of systematic work
on various cathode materials and correlation of the concentration of the additive
with its activity. A connection between the structure of the additive and the
threshold concentration at which the overpotential is affected should be obtained.
Study of the dependence of activating or poisoning action on the structure of the
additive, and adsorption measurements on poisoned electrodes, are necessary.
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An interesting application of the study of poisons on hydrogen overpotential
is in the field of inhibitors of acid corrosion. Bockris and Conway (22) have
shown, by measurements of overpotential on iron cathodes by direct and com-
mutator methods in solutions containing certain organic bases, that the presence
of these inhibitors raises the true hydrogen overpotential. The mechanism of
partial inhibition of the acid dissolution of iron is hence by a direct effect on
the hydrogen overpotential and not by means of the mechanical protection of an
adsorbed film, as had been suggested (42).

16. Effect of gaseous depolarizers, e.g., oxygen

In spite of frequent qualitative observations in the literature, few authors have
undertaken quantitative work on the action of oxygen on hydrogen overpotential.
Hickling and Salt (92) examined the effect of additions of oxygen to a solution
containing a mercury (amalgamated copper) electrode: at current densities above
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107* amp./sq. cm. they found that the overpotential was almost independent of
the amount of oxygen present, although this had a very considerable effect at
current densities below 10~ amp./sq. em. Bockris and Azzam (19) found that
oxygen still had a marked lowering effect (about 0.15 v.) on the overpotential at
a current density of 107 amp./sq. cm. at a liquid mercury electrode and that
the current density above which the effect of oxygen became negligible varied
somewhat with the cathode material.

The effect of gaseous depolarizers other than oxygen does not seem to have
been studied.

16. Effect of colloids

No recent measurements of the effect of colloids on overpotential appear to
be recorded in the literature. Older work indicates an increase of overpotential
on addition of colloidal material (128, 141).
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17. Effect of radiation

Bowden (30) showed that the hydrogen overpotential on a mercury cathode
was reduced by ultraviolet light. The threshold frequency was 4000 A. and the
effect depended on the potential. Preliminary attempts (133, 138) have also
been made to examine the effect of supersonic waves on overpotential, but it
seems likely that the small effects observed were caused by resultant decreases in
concentration overpotential.

In a field yielding direct quantitative information on the kinetics of the reac-
tion at the cathode, more work might have been expected. A comparison of the
effect of light on cathodes evolving hydrogen and oxygen (the transfer of elec-
trons here being activated in an opposite direction) would be of particular in-
terest. A difficulty which might be expected in the experimental technique is
that of heating effects, which may obscure the very small changes in potential
due to light effects.

IV. TrE TrEORY OF HYDROGEN OVERPOTENTIAL
A. GENERAL EQUATIONS AT A WORKING HYDROGEN ELECTRODE

1. Definition of currenis at cathode and anode

Suppose that 7 is the velocity of the reaction:

2H+ + 2¢ — H,
and v that of the reaction:
H, —» 2H+ + 2¢
Then F(¥ — 7) may be called the net cathodic current, i.:
i.=F@ — %) (1)
Correspondingly, the net anodic current, %, is:
ta =F(v — V) 2)
From equations 1 and 2:
=1 —1 3)
fa=1—1 (4)

where the quantities 7 and 7 may be termed the cathodic and anodic current,
respectively.
At equilibrium, 7. = 2, = 0

1 = 1 = {y = the exchange current (5)

2. The Tafel equation
For the reaction
2H+ + 2¢ — H,
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let it be assumed, for conditions under which ¥>> 7, (1) that the velocity of the
rate-determining stage is controlled by a process which can be undergone only
by particles having more than some minimum (activation) energy and that such
particles are Maxwellianly distributed; and (2) that the energy of activation of
the reaction is affected by the electric field of the cathode by an amount propor-
tional to some part (F — X)) of the metal solution potential difference, where E
is the potential difference of the metal solution and X may depend on the condi-
tion of the electrode surface, or the properties of the solution, etc. Let the
proportionality factor for this effect of the cathode field be «.

Hence:
i = Ag lUT(E=DaFl/RT ®)

where U is the ‘““thermal part’”’ of the energy of activation of the reaction and A
is a collision factor characteristic of the mechanism of the reaction; A may depend
on the concentration of some entities in the solution near the electrode and/or
on the electrode surface.

E=K+ X" 10 ¢ (7)
ol

But n» = E — E,, where E, is the potential of a reversible hydrogen electrode
under the same conditions, except for flow of current, as those for the irreversible
electrode.

n = (K + X — }_BT log, aH+> - @log. ) (8)
F aF
Or,
n=a—blog 1 9

where a is a term dependent in the general case on pH and b = RT/aF.! Hence,
assuming only a Maxwellian distribution of the particles governing the slow
stage of the reaction and an effect on the energy of activation proportional to
some part of the cathode potential, overpotential is found to be logarithmically
related to current density. It is stressed that no particular mechanism of over-
potential is assumed in this deduction.

3. The reaction 2H* + 2e¢ — H. at the working hydrogen electrode: principal
theortes of hydrogen overpotential (16)

If the solvent molecule with which the hydrogen ion is solvated is represented
by B and the cathode material by M, the following are possible reaction paths
occurring during the electrolytic evolution of hydrogen:

BH*+ + ¢—> B 4+ MH; BH+ 4+ MH + ¢ — H(gas)

BH* + ¢ — B + MH; BH* + MH — BH{M; BHf + ¢ — H(gas) + B
B + B + ¢ —» MH + BO™B; MH + MH — Hy(gas)

BH* 4+ ¢ —» B + MH; MH + MH — H(gas)

4 Numerical values of b quoted in this work are always to 2.303RT/aF .
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Various stages in these reaction paths have been assumed to be rate determining,
which assumptions give rise to the theories of hydrogen overpotential. Those
of modern interest are set out below:

ORIGINAL

AUTHORS A: MAIN THEORIES NAME OF MECHANISM
Smits (169)...... BH++ ¢ —» B + MH Slow discharge
Horiuti (96).....] BHs;t+ e¢-—- B + H. Molecular hydrogen ion
Eyring (157)....| B+ B +e¢— MH + (B-H)"+ B Prototropic transfer
Tafel (153)...... MH + MH — H, + 2M Catalytic
Horiuti (99)..... BH*+ MH + ¢ — H:(gas)+ B + M Electrochemical

B: DUAL THEORIES

Kobozev (118). .| MH + MH — H.(gas)+ 2M Catalytic—electrochemi-
BH*+ MH + ¢ —» B + Ha(gas)+ M cal

Frumkin (69)....] BH*+4+ ¢ — B + MH Slow discharge-electro-
BH*+ MH — Hy(gas)+ B + M chemical

For a review of older theories, see reference 7. The above equations are in-
complete expressions of the various theories and do not indicate the detailed
mechanism of reaction.

The processes occurring at a cathode during the electrolytic evolution of hydro-
gen involve (7) the transport of the solvated ion BH* to & position in the double
layer at the electrode—solution interface, where it can be regarded as adsorbed;
(#2) neutralization of the proton, either by (a) electron transfer to the proton or
(b) proton transfer to the electron-donating surface of the metal; (¢5) desolvation
of the proton; (iv) adsorption of hydrogen atoms produced in stage (¢2) on the
cathode surface; (v) desorption of the hydrogen atoms by (a) catalytic combina-
tion or (b) combination with a proton and an electron to form hydrogen molecules.

The above processes at the cathode can be divided into two parts: (I) the proc-
esses 1t, 172, and <v; and (II) the processes v. Processes 4, 747, and v constitute
the discharge of hydrogen ions,—namely, the production of adsorbed hydrogen
atoms from solvated protons or solvent molecules; processes v constitute the
combination of hydrogen atoms and/or ions to form molecules.

Theories of hydrogen overpotential can therefore be divided into two ill-
defined groups according to whether the rate-determining process is the discharge
of hydrogen ions or the combination of entities on the electrode surface.

The principal modern contributions to the slow discharge theories can be
divided into four subgroups.

(1) General slow discharge theory (Frumkin (66, 67, 71)): In this theory, the
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discharge reaction BH* + ¢ — MH is treated as a single process without detailed
consideration of processes 7¢(a), 7¢(b), i7%, or (v of the above. Frumkin states (66)
that his version of the slow discharge theory does not distinguish between ¢(a)
or 7i(b).

(2) The (energy level) slow discharge theory (Polanyi (100); Butler (37)): The
discharge reaction is considered without reference to a detailed mechanism but
conditions for discharge are worked out energetically with reference to the
molecular properties of proton, solvent, and metal.

(3) Molecular hydrogen ion (Horiutt (96)): According to this mechanism, the
rate-controlling process is the neutralization of the Hi (or BHY) ion formed
by combination of BH+ with MH.

(4) Prototropic transfer (Eyring (57)): In this theory, the rate-determining
step is the transfer of a proton from a solvent molecule in solution to a solvent
molecule attached to the cathode surface. It is clear that this mechanism in-
volves the discharge of hydrogen ions, as defined above; hence it is grouped under
the heading “‘slow discharge.”

The general slow discharge theories are ambiguous. Thus, it is claimed (2)
that the processes of neutralization, desolvation, and adsorption take place
simultaneously, so that no distinction can be made between them. This latter
statement may be true at present, but there is no reason why the energetics of
these different stages should not be considered in detail. Ambiguity also exists
concerning the postulate that proton or electron transfer is rate determining.
The general slow discharge theory may be subdivided into the groups: (z) slow
neutralization (66, 67, 71), involving those theories in which neutralization by an
electron can be regarded as the rate-determining reaction; and (¢7) slow transfer,
involving those theories in which proton transfer (37, 100) and prototropic trans-
fer (57) are regarded as slow stages. The usefulness of this subdivision is lessened
by the lack of clear definition of the slow stages postulated by Frumkin (68,
67, 71) and by Butler (37).

The main combination theories are divisible into two groups, in each of which
there are treatments which differ only in detail.

(1) Catalytic combination (Tafel, 158), Kobozev (118), Horiutr (99), Hickling
(96)): The rate-determining step is the second-order reaction between adsorbed
hydrogen atoms.

(2) Electrochemical mechanism (Horiuti (99), Frumkin (67)): The rate-deter-
mining reaction is that between a solvated proton (BH™*), an adsorbed hydrogen
atom, and an electron.

The concept of dual theories originated with Kobozev and Nekrasov (118),
although this fact does not seem to be generally recognized. A dual theory may
be defined as one in which the rate of the over-all reaction 2BH* 4 2e — H,(gas)
is controlled by two processes having velocities of the same order and occurring
simultaneously on the electrode surface.

For the general equation for the reaction 2H+ + 2¢ — H, in which all of the
above mechanisms are taken into account, see Bockris (16).
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B. THE SLOW DISCHARGE THEORIES

1. General slow discharge theory

(a) KEssential theory

Smits’s (149) suggestion in 1924 that neutralization was a slow stage in the
evolution of molecular hydrogen was developed quantitatively by Erdey-Griz
and Volmer (50) in 1930 on the evidence of the charging curve data of Baars (6)
and of Bowden and Rideal (35), which were not explicable on the Tafel mecha-
nism. Erdey-Griz and Wick (51) allowed for a non-symmetrical energy barrier
at the electrode—solution interface in this treatment.

Gurney (83) developed the theory quantum-mechanically, supposing neutrali-
zation to take place by tunnel electrons at some distance from the cathode (see
Fowler (65) for a review of this work). Gurney’s theory is now rejected because:
(7) Topley and Eyring (154) showed that the mechanism leads to energies of
activation much higher than those observed; (¢7) according to it, overpotential
should be independent of the cathode material and its surface properties. Actu-
ally, overpotential at constant current density decreases with increasing work
function of the metal (13, 14, 16) and depends markedly on surface properties.
These latter objections do not necessarily apply to other slow discharge theories,
some of which yield interpretation of the latter factors from the assumption of
adsorbed hydrogen atoms on the electrode surface.

The above theories indicated that hydrogen overpotential depended on the
pH; this is not so in dilute solution at mercury cathodes. Frumkin (66)
avoided this difficulty by taking into account the difference in hydrogen-ion
concentration in the bulk of the solution and in the electrical double layer.
Assuming (¢) that Stern’s theory (150) of the double layer is valid, and (#%) that
the solutions are dilute, then:

(Ca+)p.r. = (C’HJ')e*‘”/M (10)
v =0+ tog, Car (11)

where (Cg+)p.r. is the hydrogen-ion concentration in the double layer, (Cg+)
that in the bulk, and ¢ the potential at one ionic radius from the electrode sur-
face, relative to the bulk. This was taken initially to be approximately the
same as the electrokinetic potential.®

Equation 10 is correct if the solution near the cathode surface is far from
saturation with hydrogen ions, which is usually so for negative polarizations, as
follows from a calculation from the known capacity of the mercury—solution
interface under these conditions (66).

Let E be the potential of the working electrode at a given current density.
Then, if only the potential across the Helmholtz section of Stern’s double layer
is effective in controlling the rate of ionic neutralization at the electrode surface:

i = b(Ca o A a2

5 Equation 11 is a rough approximation from Stern’s theory. Equations 10 and 11 are
not in agreement uunless (Cg+)p... is independent of pH.
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Similarly:
2: — k2(CH)e[az(E—W)Fl/RT (13)

where Cy is the concentration of hydrogen atoms at the electrode, k; and %k
are rate constants, and «; and «, are constants the meaning of which is not clear.
If £ = E,, the reversible potential, equation 5 is true.
Evaluation of E, from equations 5, 12, and 13 and comparison with Nernst’s
thermodynamic equation for E, shows that:

0:1+a2=1

In general, if the rate of the neutralization reaction is 7, amp./sq. cm. of cathode
surface, then:

- -
to=1=—1
= kl(CH"')D.L e—[(E—W)alFl/RT _ kz(CH)eI(E—W)azl’llRT (14)

At sufficiently high current densities _z. > : Hence, from equation 14 and
the equation for E,:

n = const. — —@T—log, T, — (1 - l) kT log, Cu+ + (1 - —1-) ¢ (15)
o F a;) F o
Therefore, assuming equation 11:
7 = const., — RT log. 7 (16)
alF

For very low current densities the second term in equation 14 becomes appreci-
able and causes the Tafel line to become asymptotic to the log current density
axis. The conclusion that at low current density overpotential is proportional
to current density cannot be made from Frumkin’s versions of the general slow
discharge theories.

From equation 15 pH change has no effect on overpotential in pure solutions.
This result depends upon the use of equation 11, which is inexact, and the more
basic assumption that ionic adsorption potentials can be neglected. If an excess
of neutral salt is added, ¢ is a constant and hence at constant current density:

n = const. — (1 - l) RT log, (Cu+) (17)
a) F

where the constant term is independent of pH.
For addition of neutral salts at constant pH and current density from equation
15:

(n + ¢) = const. (18)

(b) Development of the general theory of slow discharge

Essin (55) generalized the theory in the form given by Erdey-Griz and Volmer
(50) by taking into account activity coefficients and concentration overpotential.
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Recent developments have been mainly concerned with the interpretation
of pH and salt effects on overpotential at higher acid concentrations.

In this connection, Jofa and Frumkin (105) attempted to allow for the effect
of ion—solvent interaction in the double layer. These authors add to the energy
of the transition state, equivalent in the elementary theory to («(E — ¢) + ¥)F,
a term correcting for the difference in the activity coefficient of the hydrogen ion
in the transition state to that in the bulk which occurs owing to changes in
solvation at the electrode surface. Thus, the energy corresponding to the above
term now becomes: (a(E — ¢) + ¢)F + RT log, fr — RT log. fu+, where fr and
fa+ are activity coefficients of the hydrogen ion in the transition state and the
bulk, respectively.

Hence:
1o = klj%: (Cr+) g H(eB—N+PFIIRT (19)
Let
fT = félra’) (20)
lo = ky Cge foks ¢ HAEVIVRIET 1)
‘Whence:

+ (i’ - 1) %7—1 log, fa+ — 1= o) v (22
o o

If equation 11 is applicable, the variation of overpotential with pH can depend
only on fg+. This is improbable, for if fg+ is varied with constant anion content
(e.g., in hydrochloric acid-potassium chloride mixtures) the overpotential
remains constant. Further, changes in overpotential with pH found on mercury
cathodes are dependent on the cathode potential, so that anions are probably
present in the double layer (105). Hence, changes with pH arise mainly from
the inapplicability of equation 11 in concentrated solution.

Of considerable interest to the slow discharge theories is the recent work of
Fedotov (58) who showed, by means of capacities calculated from decay curves,
that for mercury the usually accepted value of the double-layer capacity
(18-20 pF'/sq. cm.) is retained over the current density range 5 X 10 t0 5 X 107°
amp./sq. em., i.e., at quite high overpotentials. This indicates that over this
range of current densities there is no change in the amount of atomic hydrogen on
the mercury surface. Frumkin (72) considers that this implies absence of hydro-
gen atoms from the surface of mercury polarized under these conditions, so that
a slow combination mechanism cannot be important on mercury cathodes.

(¢) Fundamental aspects of the general slow discharge theory

There is good qualitative agreement between this theory and experiments on
mercury cathodes. In particular, a reasonable, though only qualitative, explana-
tion of salt and pH effects is given. The following difficulties arise:
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(2) The coefficient « receives no special interpretation (¢f. Horiuti and Polanyi
(100)), and the value of @« = % is purely experimental and has no theoretical
basis. On the basis of some other theories, however (e.g., that of Eyring (57)
or Hickling (95)), a reasonable theoretical estimate can be given for a.

(i7) The theory does not lead to calculation of correct numerical values in
contrast to other mechanisms (96, 99, 135).

(7#%) The effect of adsorption of hydrogen atoms on the discharge process is
undefined. On metals of high overpotential it appears that adsorbed hydrogen is
supposed to be absent from the metal surface (¢f. Frumkin’s (72) conclusions to
Fedotov’s work, etc.) The theory is not then consonant with the connections
between surface properties, work function, etc., and overpotential on other met-
als of high overpotential.

(#v) Discharge of many ions proceeds without marked overpotential. It is
unclear why discharge of protons should be a slow stage.

2. The (energy level) slow discharge theory

Horiuti and Polanyi (100) first considered the discharge of protons (“proton
transfer,” according to these authors) in the light of energy level diagrams. They
assumed adsorption of the hydrogen atoms formed from the discharged proton
and were the first authors to point out that the state of adsorption of these could
affect the rate of proton discharge so that the experimental connection between
properties of the metal surface and overpotential became understandable without
assuming necessarily that a surface-catalyzed reaction was rate determining.

Butler (37) developed the views of Horiuti and Polanyi and those of Gurney.
The energy required to remove an electron from the lowest energy level of a
hydrogen atom is the ionization potential, I. Electrons may hence pass from the
cathode material to an adjacent hydrogen ion if ¢ < I, where ¢ is the thermionic
work function of the metal. In solution, the stabilizing solvation energy (L)
and the repulsion energy (E) between water and the hydrogen atom must be
taken into account, so that ¢ < I — L — R becomes the condition for neutraliza-
tion. This is true if a zero potential difference exists at the metal-solution inter-
face. If this potential differenceis V, ¢ + Ve < I — L — R is the condition for
neutralization. If the metal is one of low overpotential, the adsorption energy
of hydrogen atoms on the metal is also added, so that¢ + Ve < I — L — R+ 4.

The condition for discharge can be illustrated by a plot of potential energy
against distance (figure 8). AA represents the curve of L, the interaction energy
of a proton and water raised by a distance corresponding to I; BB represents the
curve of R raised vertically by ¢ + Ve. To combine the latter curve with a curve
representing A to obtain a curve representing ¢ + Ve + R — A, the distance
between the center of the water molecule and that of a metal atom in the cathode
is assumed to be the sum of the radii of these entities. CC represents the com-
bined curves of B — A raised by a distance corresponding to ¢ + Ve.

Suppose C'C* represents ¢ + Ve — R + A for the electronic level ¢ — Ag; then
the probability of finding an electron in this level is proportional to ¢ “**%,
As C'C" intersects AA at X', an electron in the level ¢ — A¢ can neutralize an
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ion in the energy level E corresponding to X*. The probability of an ion having
this energy is ¢ o /7,

Hence:

E
i= fe(“‘m/” ¢ **'®7 const. dE (23)
Eq

Potential

Energy

K.cal,

- Radius of metal atom 3« Radius of water molecule =

1 . (-]
‘220 : ! 'O A.
Fr1q. 8. Plot of potential energy against distance
But
Mme — 1
Ap = =T Mgl _ ) =2 (E' — E), say. (24)
ma4 o
E
¢ = fe(Eo—E)/RT e(El—E)/aRT const. dE (25)
Ey

Whence, with the relation

dE*
edv - 26)
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the equation

v =a = Bl og, i (27)
oF
is obtained.
The slow discharge theory as given by Butler is particularly useful in providing
a model for proton discharge. The following ambiguities exist: (¢) the rate-
determining stage implied is unclear; (i%) there is no attempt to deal with the
effect of concentration factors and the structure of the electrical double layer.
If V is assumed to be the absolute cathode potential and a concentration term is
introduced into the equation for the current, then an incorrect dependence of
overpotential on concentration is obtained (24). A rigorous kinetic treatment
of the energy level slow discharge theory would be valuable.

8. Hydrogen molecule ion theory

Horiuti, Okamoto, and Hirota (96) suggested that the rate-determining stage
at metals of high hydrogen overpotential was the neutralization of the BH7 ion.
This mechanism is analogous to the general theory of slow discharge. Attention
has therefore been directed to gaining support for the suggestion of the existence
of Hy near a cathode during the evolution of hydrogen.

Consider a simple Helmholtz double layer, of capacity C.

—CE = e(ng+ + ’nﬂ;) (28)

where E is the absolute electrode potential, e the electronic charge, and ng+ and
ng; the numbers of H" and HY present per square centimeter of the electrode

surface. Hence, the charge necessary to create a unit area of new surface is
g = e(ng+ + 2ngn+) (28a)
ng+ and 2nmy are calculated as a function of potential by consideration of the
equilibrium
B(HY) = (H)as + BH" + ¢
so that at equilibrium

+
ng2

F’I] = RT loge'

nu+ Ca+

+ ¢ (29)

where C’ 18 a constant.

Calculation of the charging current as a function of » on this basis (i.e., assum-
ing the existence of Hy ) agrees quantitatively with experimental results obtained
by the authors with dropping-mercury electrodes, though these are somewhat
at variance with the results of other workers. « is shown to be given by the
relative inclination, at the point of intersections of the potential energy—distance
relations for H+ and Hi and, when repulsion on the mercury surface is allowed
for, turns out to be 0.6 in quite good agreement with experiment.

This theory is based upon an apparently reasonable quantitative calculation,
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unlike the theory considered above. However, direct experimental support,
which is based upon one type of measurement, must be considered to be slender.

It may be noted that an Hi ion also appears in Heyrovsky’s theory (87), which
is based mainly upon polarographic data. Here, it arises from the combination
of H,gs with a solvent molecule:

MH + H—OH — Hj + OH"
No direct support for the existence of the Hy ion is given.®
4. Slow prototropic transfer theory

(a) Essential theory

The theory of absolute reaction rates was applied by Eyring, Glasstone, and
Laidler (57) to hydrogen overpotential as follows: If « is the fraction of the over-

ACTIVATED STATE

INITIAL STATE

——— FREE ENERGY ————io—

DISTANCE e
Fi1g. 9

potential which affects the velocity of the rate-determining reaction at the elec-
trode surface in the direction of cathodic discharge (figure 9), then:

“ENLTT
where C; and C; are the concentrations of the reacting entities in the rate-deter-

mining processes controlling the cathodic and anodic currents, respectively.
When

P F [Clk_Te—-[anF+AG;]/RT _ CQ%E[(I_a)ﬂF—AG;”RTJ (30)

>3
_RT, FC.kT _AGY RT, .
n= OF logo "‘—N—h— —a—F a—F log, 2 (31)

¢ Difficulties exist in the interpretation of polarographic data on overpotential, mainly
owing to the lack of information on current density in this work (75).
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Or:
RT .
7=a— —log.¢ )
alF

where a is a constant, independent of pH.
When 7 is so small that the term for the reverse process in equation 30 be-
comes appreciable, then

NhRT AGI/RTZ'

= T FRT
assuming that C; = C,, AGY = AGS ,and 7 < 0.03 v.
These general equations can now be applied to evaluating the slow stage of the
reaction.
If p =0,and 7 = 4,

(32)

G = (% C ’th e“‘“‘) ¢ AFIET (33)
or
4o = Be ATUET (34)
where
F .
B = (]T[ 1 ]%1 CAS /R) (35)

The quantity 7 is obtained by extrapolation from results on overpotential at
fow and medium current densities and AH can be calculated from a knowledge
of the temperature coefficient. Hence, B is obtained from equation 35.

The authors conclude from a small number of experimental values of AH that
B is substantially a constant independent of the cathode material or the pH
of the solution. Exceptions are considered to be due to some extraneous factors,
e.g., amalgam formation during hydrogen evolution on mercury cathodes in
alkaline solution. It therefore follows that C; and AS are constant, i.e., that the
concentration of the rate-determining entity is constant and independent of pH.
This entity must therefore be water, which must therefore be involved in the
rate-determining reaction.

It is postulated that the cathode is covered with a layer of water molecules,
adjacent to which is another layer of water molecules, associated with the
solution. The slow reaction is the transfer of a proton from a water molecule
of the solution layer to one on the electrode layer, i.e.,

Solution — — H;O H;0 — — Metal —

HO - -~ H —~— H;0 — HO™ + H,0 — —

- T H__M (36)

C;, the number of water molecules per square centimeter on the electrode surface,
is approximately 10", AS may be roughly estimated, because from the above it
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is clear that the limiting process is similar to the ionization of water and there-
fore the change in entropy should be of the same order, i.e., approximately
—34 cal./gram-mole. Calculation of B with these values of C; and AS and
the usual values of the other constants in equation 35 gives a value of the same
order as the values calculated from experimental results by means of equation
34.

(b) Fundamental aspects of the slow prototropic transfer theory

This theory has the advantage of an apparently quantitative basis for its
fundamental postulate. « is the fraction of »# effective between the initial and
the activated states of the discharge reaction and this leads with moderate logic
to the value of } for .

Frumkin (69) has criticized the postulate that a layer of water molecules is
attached to the cathode. It is difficult to assess the likelihood of this concept.
Schaaf (144) concluded from observations of the effect of the vapor of water and
alcohols on the thermionic emission from platinum that there was reversible
physical adsorption but no chemical adsorption. Cassel and Salditt (41) found
that at non-polarized interfaces with mercury, the adsorption of vapor was not
primarily dependent on the dipole moment of the molecule but rather on its
size and molecular refractivity (e.g., benzene was strongly adsorbed and water
not at all). This evidence seems to be against a chemisorbed layer of water
molecules attached to the electrode but it applies to non-polarized interfaces of
the solid-gas type. At a polarized solid-liquid interface it seems unlikely that
molecules of a strongly polar solvent would not orient themselves perpendicularly
to the negatively charged cathode and even if no chemisorption occurred, this
electrostatic attachment would meet the requirements of the model. It is rele-
vant to note that the H/D conversion is poisoned by the presence of water on
the catalyst (48).

The probable existence of a cathode and a solution layer of solvent molecules
does not necessarily imply a symmetrical fall of potential from cathode to solu-
tion, upon which the value @« = % is based. According to modern theories of the
electrical double layer a diffuse section is present, and there seems no a prior:
reason to suppose that the potential governing the reaction at the cathode should
act only over the non-diffuse portion. Further, it seems unlikely that the two
solvent layers of the slow prototropic transfer theory should be strictly sym-
metrical, because on the solution side the molecules must take their places in the
pattern of the solvent whilst on the cathode side they presumably act more as
single entities. The explanation of the value o = % therefore seems to be over-
simplified.

A more fundamental difficulty concerns the significance of 5 in equation 30
and following equations. % is assumed to be the overpotential but this
is obviously incorrect, the kinetics of the rate-determining reaction at the cathode
being a function of the cathode—solution potential difference. This difficulty,
and also the fact that the type of double-layer structure assumed at the cathode—
solution interface differs from that which is successful in explaining a number of
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other (particularly electrokinetic) phenomena at electrode-solution interfaces,
has been discussed by Kimball, Glasstone, and Glassner (114). They continue
to regard 7 as the overpotential, and consequently have to postulate two different
double layers at the electrode—solution interface, possessing two different energy
barriers over which the proton must pass. The barrier nearest to the electrode
is the higher and the overpotential is therefore established essentially across this
inner layer, whilst variations in equilibrium potential caused by changes in
hydrogen-ion concentration are established across the outer layer. Quantitative
development of this is complex and uncertain. If proton discharge is assumed to
be the slow stage, » is a function of pH, but if protropic transfer is slow, 7 is
independent of pH. The latter mechanism is therefore accepted. No account
is taken of the changes in the structure of the double layer with pH, nor of ion-
solvent interaction in the double layer. In discussions of 7 in this connection
(38, 114) it was not realized that overpotential generally varies with pH and is

TABLE 3
Dependence of B on pH
SYSTEM 1 B SYSTEM ‘ B
; ] ———
Hydrogen overpotential ! 1
Hg/02 N HoSO4.oo .o i 1 x10° | Hg/01NNaOH............ .. | 2 x 10
Ga/0.2 N Ho804............ ... i 3 X 102 y Pt (bright)/0.1 N NaOH...... P4 X 1072
Wood’s metal/0.1 N H:SO.. ... 1 X 102 | Hg/02 N D:SOs............ .. 2 X 1078
Cu/NHCL. ................... | 4% 102 {Pb/NHCL................... i3 X 109
Pt (bright)/0.2 N Hs80,....... | 2 X 102 Ozygen overpotential® ‘
Pd/0.2 N HsSOs. ... 1 X102 | Pt/0O2N HeSOy...............; 5 X 10%
Pt/01 N NaOH............... 1 X 10°

* An advantage of the slow prototropic transfer theory is that it yields an interpretation
of oxygen overpotential by a reversal of the mechanism for hydrogen overpotential de-
scribed above. B values calculated from oxygen overpotential should be the same and are
therefore given here.

independent of it as an exception The discussion concerning the significance
of 7 in equation 30 thus appears misguided.

There are at present insufficient data (3, 29, 36, 97, 108, 111, 152) to allow of
a definite estimation of the dependence of B on pH. In table 3 available re-
sults for various systems are given.

From these values there is little justification for the claim of the authors that
B is constant and independent of the pH of the solution, as most of the “constant”
values are in solutions of the same pH.” Moreover, Butler (38) has shown that if
in place of the equation

. —AH*/RT
’Lo=BeA !

7 The values for mercury in 0.1 N sodium hydroxide are included here, it having been
shown by Bowden and Kenyon (113) that amalgam formation is not important for this
system at low current densities.
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the equation
dy = (Cg+)Ble 27"

is written, a slightly more constant value of B’ is obtained than B,

Temperature coefficient data are available (108, 109) in concentrated hydro-
chloric acid solution for mercury cathodes over the concentration range 1-10 N.
B values calculated from these results vary from 107° to 10°. The theory is
therefore definitely incorrect in concentrated acid solution (17).

The acceptance at present of the slow prototropic transfer view as a general
theory of overpotential is prevented by several difficulties. However, the
method of attack presents advantages over others and as further data concerning
15, AH*, and AS* become available, it may be possible by this approach to make
a convincing estimate of the slow stage effective for a given system.

C. SLOW COMBINATION THEORIES
1. Catalytic theory

The catalytic mechanism has been treated in two fundamentally different
ways. It is possible to assume the applicability of the classical thermodynamic
relations between electrode potential and concentration of “electromotively
active” material, and, by correlating the concentration of the latter with the
current, obtain a relation between % and current density. Or, purely kinetic
methods may be used with the assumption of some effect of the electrode potential
on the reaction rate. These two methods can be termed respectively the “quasi-
thermodynamic” and the “kinetic”’ catalytic theories.

(a) Quasi-thermodynamic catalytic theory
(i) Essential theory

Tafel (153) considered the slow combination between two hydrogen atoms on
the electrode surface to govern their surface concentration. The atomic hydro-
gen was assumed to be electromotively active, i.e., the electrode potential
became more negative with increasing concentration of adsorbed atomic hydro-
gen. An equation analogous to the Nernst equation for the relation between
reversible potential and ionic activity was assumed to apply, so that if » and
n, are the number of hydrogen atoms per square centimeter on an electrode
across which passes a current density ¢ and on the reversible hydrogen electrode,
respectively, then, neglecting the anodic current:

RT 1

E—Er=n=Tlogeh (37)

But ¢ = kn?, if the reaction MH + MH — H; is of the second order.® (38)

8 The order of the reaction should be 2 or 1, according to whether the slow combination
is MH + MH — H:(gas) or MH + H — H(gas).
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Hence

T og. i (39)

TTeT op

where a is & constant at constant T (40)

The theory has an obvious interpretation of the relation between the electrode
material and overpotential: namely, that the overpotential is low for metals of
good catalytic power and high for poor catalysts.

Equation 39 is clearly incorrect, because its b factor = RT/2F. In equation 38
if the order of the reaction is taken to be z, then b = RT/zF. Ifb = 0.12, 2 =
%, a result which is improbable.

Two serious difficulties are met in Tafel’s original theory: (1) the b value of the
Tafel equation is one found for few metals; (2) there is no experimental founda-
tion for applying the thermodynamic equation for electrode potentials to ad-
sorbed hydrogen, although it is known to be valid with respect to gaseous
hydrogen at reversible electrodes. To avoid the first difficulty, it has been sug-
gested (77) that the concentration of the hydrogen atoms outside the electrode
surface should be connected to the concentration of those adsorbed on it by an
adsorption isotherm. This gives b = mRT/F, where m is about 1-6, so that a
large range of experimentally observed values of b is satisfactorily interpreted.
(If m be taken as 1-10, a range which is reasonable at an electrified interface,
b = 0.03-0.30 approximately.)

Hickling and Salt utilize essentially this method of accounting for b and express
the electrode potential equation in terms of atomic hydrogen pressures, which are
considered to arise as a result of the presence of (dissolved ?) atomic hydrogen at
a pressure pa.

Hence

BB =n=—108~"Clog, pg (41)

where — 1.98 is the standard electrode potential of the atomic hydrogen electrode.
Also,
i=rkn' and n = kpy™ (42)
where k; and %, are constants. Therefore:

n=a— %logﬁ' (43)
where a is a constant, at constant 7', independent of pH.

For high current densities, when a certain degree of saturation of the electrode
surface has been reached, Hickling and Salt suppose that an increasing proportion
of the hydrogen evolution at the cathode takes place by the electrochemical
mechanism. Further increase in current density then results in no further in-
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crease in adsorbed atomic hydrogen, so that py, and therefore the overpotential,
become constant (¢f. the experimental position, page 536).

The theory of Hickling and Salt gives a satisfactory qualitative description of
the effect of many “electrode factors” but is less useful in the treatment of solu-
tion factors, e.g., pH change. It retains the chief advantage of Tafel’s theory—
reasonable interpretation of a—and offers a more rational account of b than most
other theories.

However, the pressure of atomic hydrogen corresponding to the overpotential
of 1 v. according to this theory is 107** atm. and assuming the liberal depth of
100 layers of gaseous atomic hydrogen, this pressure is equivalent to about 107
atoms over each square centimeter of electrode surface (11). Such an anoma-
lous concentration can hardly be explained on the grounds that it is a stationary
concentration of rapidly moving atoms, for if z atoms per second pass through unit

ares travelling at x cm./sec., the concentration of atoms is z atoms/ce. But

if the current is 7, z = ¢{N/F; hence the concentration of atomic hydrogen is (N /zF
per cubic centimeter. This should be approximately equal to 10° atoms/ce.,
which is the amount per cubic centimeter corresponding to the 10™* atoms in the
volume described above (i.e., for a mercury electrode at 10~ amp./sq. cm.).
Hence 2 = 10" cm./sec. (136). These results suggest that the literal physical
meaning attributable to Hickling and Salt’s model is limited.

(11)) Fundamental aspects of the quasi-thermodynamic catalytic theory

A considerable difficulty in these theories is the use of thermodynamic equa-
tions to represent the potential of electrodes on which the processes are not at
equilibrium. The use of isotherms such as that of Freundlich is open to criticism
on similar grounds.

The assumption of electromotive atomic hydrogen, in the theories of Tafel (153)
and of Hickling and Salt (95) in the adsorbed and the dissolved state, respectively,
is made without direct evidence. There is also little treatment of the double
layer in these theories, so that it is not possible to express overpotential as a
function of “solution factors.”

Conversely, the slow combination theories described above provide a satis-
factory qualitative model for the interpretation of overpotential (particularly
“electrode factors”) and related phenomena (e.g., electrolytic reduction). Their
correct formulation does not seem possible upon a quasi-thermodynamic basis.

(b) Kinetic catalytic theory

This has been developed by Okamoto, Horiuti, and Hirota (99) for a nickel
cathode by a detailed theoretical treatment, using the transition state method
and taking account of the repulsive forces between the hydrogen atoms on the
nickel surface.

The limiting condition for the existence of this mechanism on a given metal is
clearly the level of the lowest adsorption state (¢f. Topley and Eyring (154)).
Upon the assumption that the adsorbed hydrogen is practically non-polar,
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application of the transition state method to the reaction MH + MH — H, shows
that

Rate of combination: V = KGe =/*” il)—z (44)
n

Rate of atomization: V/ = KGe =/*" om. (45)
He

where G is the number of adjacent pairs of metal atoms at which atomization or
combination occurs, eg, is the minimum potential energy of H—H in the acti-
vated state, and n is the number of hydrogen molecules per unit volume.

_ (2emkT)*4n’ Ik Te ="

QEz
5 . o hvm, (46)
h’ sinh 2T
_ kT _ 2 —u*glkT ixe !; . hVHz.‘.i
K = 5 (1 — 8)e ;, 5 sinh T (47)
+. id:E 1 N hl/
_ (emtud) (kT 1 Hy
g=e ;} (2 sinh S (48)

1-6 = /Q-H—z oFERT ond P = /‘/@ oTEIRT

6 4/ Z n (49)

where 6 = the degree of saturation of chemisorbed atoms; ex, = —109.12 kg.-cal,;
vm,i; = 936, 87, 1704, 368, 626 cm.”’ = normal vibration frequencies of H—H
in the activated state; vg s, ; = 417, 479, 1900 em.™ = normal vibration frequency
of hydrogen in the adsorbed state; vy, = 4417.2 cm.” = harmonic frequency of
a hydrogen molecule; I = 4.65 X 10" gram-cm.” = moment of inertia of hydro-
gen molecule; v = 5.65 kg.-cal. = repulsive potential of adsorbed hydrogen due
to surrounding hydrogen when ¢ = 1; u* = 6.70 kg.-cal. = repulsive potential
‘of H—H in the activated state due to surrounding chemisorbed atoms.
The steady cathodic current is found to be:

—— —€¢m/RT _1_ — i)
7 = 2K@e (Pz O, (50)

Tests of this expression have been carried out on nickel electrodes by calculat-
ing from it and from the interchange reaction, @, and then comparing this with
z, the number of available metal atoms per square centimeter for chemisorbed
atomic hydrogen. The three values obtained are 4 X 107, 2 X 10™, and
2 X 107", respectively. Direct calculations of ¢ are also in fair agreement with
experiment at low current densities and « is calculated to be 0.7 (experimental
value for nickel = 0.6 in acid solution).

Criticism may be made chiefly on the ground that, from this mechanism,
limiting current density would be expected at fairly low current density. This
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has not been observed. The assumption that the metal-hydrogen bond is non-
polar is also doubtful, and if it is assumed to have a reasonable dipole moment
the calculated value of « is erroneous (70).

Conversely, the theory yields quantitatively correct values of overpotential
on nickel at low current densities and is the most comprehensive attempt at a
rigorous quantitative kinetic theory of hydrogen overpotential hitherto made.
The approach invites much further work.

2. Electrochemical theory

It was first suggested by Kobozev and Nekrasov (118) that the rate-control-
ling step at working hydrogen electrodes was under certain conditions the com-
bination of solvated hydrogen ions with adsorbed hydrogen atoms and an electron
to form gaseous molecular hydrogen. Horiuti and Okamoto (96) also utilized
this mechanism. A concise treatment is given by Frumkin (67) as follows:

Let ¢ be momentarily assumed equal to 0, Cg+ be the number of hydrogen ions
adsorbed on the surface, n = the number of adsorption centers on the surface,
and E the cathode potential.

The following reactions (i, ii, and iii) take place:

BH+ + ¢ - MH (1)
The rate of this process is given by

R] — kl (1 _ %Ii) CH+ e-—E‘F/ZBT (51)

where Cyx+ is the hydrogen-ion concentration in the bulk of the solution (and

therefore, if ¢ = 0, at the electrode surface). The author is followed here in

assuming without theoretical justification that o = %.

MH — BH* + ¢ (ii)
The rate of this process is:
Ri=F %{ o 5FIRT (52)
MeH + BH* + ¢ — H; (iif)
By = ks OF — CgraP (53)

In the stationary state, therefore, we have that
kl (1 — C%H) CH"‘ e—EF'/?.RT — k2 C_;LE eEF/ZRT - k3 % OH+ 6—EF/RT — O (54)

whence:

C_H — k1011+
n k1011+ + kze"“"' + kscn*

(55)
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Also, according to the present assumption that reaction iii is the slow stage, we
have that:

= 2Fk3§§ Cr+ ¢ EF1RT (56)

Let now Cz/n be the concentration of atomic hydrogen on the electrode
surface corresponding to equilibrium between hydrogen ions and atoms at a
given potential £. Then

14 ’
ki ( _ C_;;E) CH e—EF/2RT — kz gnil eEFI2RT (57)
Hence
Cu _ kiCu+
n  k1Ca + kyeFFRT (58)
For weak cathodic polarization
k™" > kiCe (59)
and hence:
% _ % _ %Cx# g EFIRT (60)
From this and equation 56
2: — 2F _]‘Ei;zﬁs 0121+ e—BEF/2RT (61)
For stronger polarization
k3 kl —EBF/2RT
=2F ki + ks Cure (62)
for which result the converse condition to that of expression 59 is taken.
Introducing the ¢ potential in equation 62 and transforming:
RT 2RT
n = ks + =5 IOge Ca+ — ¢ — -R— log, ¢ (63)
where
2RT
ks = g. 2F -
‘T RiR (64)

is the absolute hydrogen electrode potential at unit activity.

The electrochemical mechanism has a satisfactory qualitative approach to
most phenomens in hydrogen overpotential because it is essentially a combina-
tion of a general type of slow discharge and catalytic theories. Quantitatively,
however, the agreement with experiment is unsatisfactory, e.g., it does not well
interpret the pH and salt effects found by Legran and Levina (121) on nickel
cathodes.
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D. MISCELLANEOUS THEORIES

The older theory that a gas film of “contact resistance’ at the electrode—solu-
tion interface is the cause of overpotential has received recent support from Por-
firov (140) and Newbery (132).

Lemarchands and Juda (122), Phomotov (137), Bonnemay (27), and Karpen
(112) have also contributed recent theoretical work which does not fall into the
divisions made above.

E. DISCUSSION

1. Quantities relevant to hydrogen overpotential and open to quantitative
determination’

Much of the past work on hydrogen overpotential has been vague, qualitative,
and irrelevant to theoretical interest. Quantitative results of use as a numerical
test of various theories should clearly be the aim of experiments. A summary
of these follows:

(a) a and the exchange current: Changes of « are particularly important in
giving information on changes of mechanism. Thus, for mercury cathodes, the
value of « is approximately 0.5 in acid solution and 0.25 in alkaline solution
(113), indicating the mechanism to be different in these two systems. It is
possible, but unproved, that considerable deviations of « from 0.5 in aqueous
acid solutions indicate the presence of impurities, particularly for high over-
potential metals. 7, gives a measure of the velocity of the reaction 2H* + 2e
— H, at zero overpotential and provides a standard of comparison for this
velocity on various metals.

(b) A, the net charge: It can be shown (16) that if:

RT [ 8¢
= <5¥7>,-=o (65)

then A is the net number of charges which cross the energy barrier during the
elementary process in the reaction at the cathode. Determination of A is hence
diagnostic. Equation 65 is valid only if 7 < 10 mv. approximately; the deter-
mination of overpotential at current densities low enough for this is very difficult
for metals of high overpotential.

(¢) Limiting current density: The existence of a limiting current due to hydrogen
activation overpotential, not concentration overpotential, would be expected
from the catalytic theory. This limiting current may be differentiated from one
due to concentration effects by (7) varying the concentration of the electrolyte,
which would leave any limiting current due to activation overpotential relatively
unchanged (19) (so long as the concentration is not changed sufficiently to alter
the mechanism of the reaction) and (¢7) examining several metals under the same
conditions of high current density, when the limiting current due to activation
overpotential would be expected to be different in each case.

(d) Temperature coefficient and energy of activation: Determination of the

® In this and the following section only leading references are given.
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energy of activation is of well-known importance in the determination of the
mechanism of any reaction; it is of great cogence as a test of suggested mecha-
nisms. Thus, the existence of free atomic hydrogen in solution near an electrode
surface is improbable because the energy of activation for the overpotential is
5-20 kg.-cal./gram-mole. at the reversible potential, whereas the formation of
free atomic hydrogen needs about 50 kg.-cal./gram-atom (4).

Further, the energies of activation combined with 4, vield numerical values
of B of equation 36, and thus a quantitative test of the prototropic transfer
theory (19).

(e) pH and salt effects: Knowledge of these factors is useful because of the
relations between the electrokinetic potential and overpotential which follow
from the general slow discharge theories. In alkaline solutions, a difference in
direction of the salt effect follows from the general slow discharge and slow pro-
trotropic transfer theories (4).

(f) Decay: Measurement of the decay of overpotential after cessation of the
polarizing current yields information on the presence of adsorbed hydrogen on the
surface of the cathode material. Its presence causes the slope of the overpo-
tential-log time relation to be < b of the Tafel equation (39).

(g) Solvent effect: Change of solvent from water to methyl alcohol, for example,
affects the overpotential in a manner characteristic of the cathode material; the
effect is quantitatively related to the slow discharge views and can therefore be
used as a test of them. Change from a hydroxylic to, say, an ethereal solvent
would cause considerable alteration in overpotential according to the slow proto-
tropic transfer theory, owing to the absence of hydrogen bonding in the latter
solvent (11).

Other quantitative electrochemical measurements, useful in elucidating the
mechanism of the reaction of hydrogen evolution, are as follows:

(R) Rate of single stages of the reaction al working hydrogen electrodes: On
cathodes of very low overpotential it is possible to determine separately the rate
of the discharge reaction BH* -+ ¢ — H -+ B as distinct from the rate of the over-
all process of hydrogen evolution. Thus, on platinum in hydrochlorie acid and
sodium hydroxide solutions, the rate of the discharge process was considerably
faster than that of the over-all process (45).

(2) Capacity of the electrode—solution interface: Measurements of capacities at
the electrode—solution interface by various appropriate methods yield the follow-
ing type of information: (a) D.c. transients can be used in conjunction with a
cathode ray oscillograph for the determination of electrode capacities compared
with that of mercury, which is supposed to have an ideal, smooth surface. By
a not very certain argument (35), a comparison of the capacities, measured under
the same conditions, of various metals per apparent square centimeter gives a
measure of the ratio: true area/apparent area.

(b) Measurements of the capacity of the electric double layer with mercury
or gallium and liquid alloys give clear information concerning anionic adsorp-
tion, which causes a shift in the electrocapillary curve in the anodic branch (78).

(¢) Measurements of electrode capacity at various frequencies give informa-
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tion on the adsorption of hydrogen or other entities on the electrode. Thus, if
adsorbed hydrogen atoms are present, increasing frequency allows the hydrogen
atom less time to arrange itself completely, so that the apparent capacity becomes
less (53). Some evidence of adsorbed material can also be obtained from b.c.
transients, where the initial linear section of the potential-time relation repre-
sents the charging up of the double layer, whilst the second is concerned with
the adsorption of hydrogen atoms on the metal (52).

2. Matters of conlemporary interest in the interpretation of
experimental results

(@) Current density: The deviations from the Tafel equation at low current
density, where the Tafel line becomes asymptotic to the log current density axis,
and, over a certain range and on certain metals, the overpotential becomes
approximately proportional to current density, can be directly interpreted on the
basis of the principal theories. Possible deviations at high current densities
are of greater interest. According to slow discharge views the Tafel equation
should be applicable up to indefinitely high current density. According to the
slow combination views, deviations should oecur at current densities high enough
to cause the surface to approach saturation. In Horiuti’s catalytic theory this
leads to positive deviations (owing to a limiting current caused by saturation at
the surface) and in Hickling’s catalytic theory to negative deviations from the
Tafel equation (owing to participation of an electrochemical mechanism at high
current density). Unfortunately, the experimental information is not yet
available to test these very diagnostic theoretical expectations. It is definite
that negative deviations occur at high current density, though it is not yet
proved whether they persist in sufficiently purified solutions. If they do, either
a change in mechanism at higher current density must be effective or the devia-
tions may be connected with hydride formation; it is significant that where the
negative deviations are most pronounced (i.e., on cathodes such as tin and lead)
the tendency to form gaseous hydrides is most marked. It is also significant
that some solid cathodes at which the deviations from linearity in the Tafel
line oceur, do not retain their original bright surface after electrolysis (19). The
observed deviations may be due to the deposition of impurities. Should it be
established that the Tafel equation is generally applicable even at very high
current density, the slow combination mechanism could be discarded for this
current density range. Conversely, should the coefficient b of the Tafel equation
prove to be constant at all current densities above the lowest, then this itself is a
puzzling fact, because it seems reasonable to expect some deviations from a
constant value over large ranges in current density, according to all existing
theories.

Four principal interpretations of « have been given: (¢) as a factor representing
the relative inclinations to the horizontal of the potential energy/distance relation
of the hydrogen ion in solution and the adsorbed hydrogen atom (37); (¢) as the
fraction of the potential of the cathode effective in influencing the rate of reaction
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57%; (443) as the order of the slow combination reaction (79); (iv) as the experi-
mental coefficient in the Freundlich isotherm applied to hydrogen atoms very
near to and adsorbed upon the electrode surface (95). The second and last of
these interpretations have been shown to lead to rational values in agreement with
experiment. In much theoretical work, « is tacitly assumed equal to 3. The
limitation &« < 1 follows from the first two interpretations, and as these are
associated respectively with the energy level slow discharge and slow transfer
theories it can be definitely concluded unambiguously that these theories are not
applicable to electrodes for which « > 1 (e.g., platinum).

Values of b over the range 0.03-0.3 approximately are observed for various
metals at intermediate current densities and successful theories must clearly be
capable of giving interpretation to these values, even if the scatter of values is
shown to be due to impurities in the solution. The method of establishing the
Tafel line probably influences b, owing to diffusion of atomic hydrogen into
metals of low overpotential, which may have effect in slow measurement.

In summary, no clear generalizations concerning the mechanism of over-
potential can yet be made from the variation in current density in pure solution,
owing to lack of satisfactory work at very low and very high current densities.
For metals for which b < 0.058, however, the slow discharge theories cannot be
applicable.

(b) Temperature: The behavior of the constant o with temperature is of
great interest. Although a may be constant for mercury cathodes with variation
of temperature in aqueous solution, there is an increase in a with increase of
temperature on metals of lower overpotential (e.g., tungsten). This behavior
indicates the presence of adsorption on the cathode as an important factor in
determining overpotential. Formally, if « is proportional to T (i.e., b constant),
the change in potential affects the entropy but not the heat of activation (4).

(¢) pH and salt effects: Quantitative agreement with Stern’s theory regarding
the electrokinetic potential at various concentrations is not achieved by the
general slow discharge theories even in quite dilute solutions. It is possible that
Stern’s theory as used in these calculations (i.e., in an approximated form),
and also inherently, is inadequate (9).

The effect of changes in pH and the effect of salts do not appear to be diag-
nostic for the slow discharge theory, as seems to have been generally considered,
for the electrochemical theory can also be formulated with equations of the same
form as that of the general slow discharge theory. Also pH and salt effects could
probably be understood according to the catalytic theory if the polar nature of
the metal-hydrogen bond were taken into account.

(d) Time: The linear build-up of overpotential during the first few tenths of a
second after commencement of the polarizing current is strong evidence in favor
of the slow discharge mechanisms. This linear build-up, however, does not occur
on metals of low overpotential. Hickling (89) attempted to reconcile the linear

10 (7) and (£¢) are analogous but not identical.
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build-up of overpotential on metals of high overpotential with the slow combina-
tion theories by showing that the quantity of electricity needed to charge up the
double layer was vastly more than that needed to establish an overpotential of
1 v., assuming that this overpotential is established according to the theory of
this author. It has been shown above that this theory gives rise to results which
lack physical meaning, so that this explanation of the linear increase of over-
potential with time seems unsound.

The slower variations with time which occur after the charging up of the double
layer is completed could be interpreted in terms of the slow discharge theory as
due to the setting up of certain adsorption equilibria. The nature of such
equilibria in pure solutions of non-capillary-active substances is unclear. The
gradual reduction of a film of oxide by the evolved hydrogen is also a possible
explanation of long time variations, particularly decreases with time. These
explanations seem weak when applied to the large changes with time which occur
for some metals, e.g., tantalum. It is significant that the variation with time
depends upon the preparation of the electrode surface. This fact is not in con-
sonance with an interpretation of time variation depending entirely on the de-
position of impurities. According to slow combination theories, changes with
time are a consequence of the “deactivation” of the ‘“‘active centers” of the
metal with use (161). Diffusion of hydrogen into the metal is probably also a
cause of time changes, from which the noted lesser variation with time on electro-
deposited metals, where the thin films of cathode material give little scope to the
diffusion process, would follow. Both diffusion and deactivation theories agree
with the facts that time variations are more extensive with metals of low
overpotential.

Metals divide themselves into two rough classes with respect to long time
variations: those of high overpotential, where the initial build-up of overpotential
is linear with the amount of electricity passed and the variation after the first
fraction of a second’s polarization is small; and those of lower overpotential,
where the build-up is not totally linear with the quantity of electricity passed
and the final steady value of overpotential is not reached for some time.

(e) Surface: Activation of the surface of metal electrodes causes a decrease in
overpotential, as would follow were the chief purpose of the metal that of a
catalyst. Aging of the surface of the metal also causes an increase in the over-
potential which leads to the same implication as the result of activation. The
effects of electropolishing correspond to what would be expected from a slow
combination viewpoint for the metals of low overpotential. Finally, the large
increase in overpotential which occurs on melting gallium tends to indicate that
here overpotential involves a catalytic phenomenon depending upon the “active
center” present in a solid lattice.

Surface effects are in general satisfactorily interpreted according to the view-
point of slow combination.

(f) Transfer by diffusion: If overpotential is transferred from the polarization
to the diffusion side (where there is no incoming current) of an electrode, two con-
clusions can be drawn: (Z) that there is a considerable concentration of atomic
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hydrogen adsorbed on the surface of the working electrode (polarization side);
(72) that adsorbed atomic hydrogen must be electromotively active.

(g9) Experimental criteria for the elucidation of fundamental reaction mechanisms
at a working hydrogen electrode: A tabulated summary of some experimental
results expected according to the main theories is given in table 4.

V. SUMMARIZING REMARKS

1. Experimental work of a high standard on hydrogen overpotential is still
lacking except for mercury. Accurate experimental information for a number of
cathode materials is particularly needed on the following factors: (¢) current
density, particularly at very low and very high current densities; (i7) tempera-
ture; (¢77) pH. Transfer of overpotential through metallic films and experi-
ments on rates of single stages are also particularly important.

2. Slow discharge is not the general mechanism of hydrogen overpotential on
various metals. The most important evidence supporting this conclusion arises
from pH effects on metals of low overpotential, from the transfer of overpotential
through metallic films, and by experiments on the individual velocities of various
reactions at the cathode. On mercury cathodes, a slow discharge mechanism
seems probable in acid solution. The detailed mechanism is still uncertain.

On metals of low overpotential, some form of slow combination mechanism
seems probable.

3. It is unlikely that one mechanism of hydrogen overpotential is effective for
all metals. The future task consists in a detailed examination of overpotential
at the more important cathode materials to establish the mechanism individually,
investigation being made of distinguishing factors such as those in table 4.

4. The theory of adsorption at solid-liquid interfaces and the detailed structure
of the electrical double layer would repay extensive work. Detailed information
regarding the diffusion of hydrogen through metals and the kinetics of the reac-
tions of hydrogen on solid surfaces (particularly the energy of activation of these
processes) would be of great use.

Some of the work which has been described above as necessary to further
advances in the field of hydrogen overpotential is in progress at Imperial College.

The author’s thanks are due to Drs. H. H. Bandes, D. D. Eley, A. Hickling,
and R. Parsons for helpful suggestions, and to Messrs. Azzam, Conway, Fleisch-
mann, Ignatowicz, Kaminsky, and Thurley, through whose work and help the
writing of this review became possible.
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