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THEORETICAL INVESTIGATION OF
THE HYDROGEN ELECTRODE REACTION ON (110)-,
(100} AND (111)-LATTICE PLANES OF NICKEL

By

Juro Horiutt and Hideaki KiTa
(Received December 20, 1964)

Abstract

The unidirectional rate . of hydrogen electrode reaction on nickel and the
appropriate TAFEL constant z'E(RT/F V+(@Inz,/0y) were theoretically calculated as
a function of overvoltage » at 25°C, 1 atm hydrogen pressure in accordance with
the catalytic mechanism as operative on the three principal lattice planes of f.c.c.
nickel crystal, 7.e. (110)-, (100)- and (111)-lattice planes, allowing for the repulsive
interactions between hydrogen adatoms and the critical complex of the recombi-
nation of hydrogen adatoms, which determines the rate of the reaction.

The lattice planes are assumed to provide respectively congruent lattice planes
of sites of hydrogen adatoms and any adjacent pair of the sites composes a seat
of the critical complex. It was assumed in the previous investigations®” that the
reaction took place solely on the (110)}-lattice plane and that the repulsive potential
of hydrogen atom either adsorbed or constituting the critical complex due to sur-
rounding hydrogen adatoms was proportional to the population of the latter (pro-
portional approximation). The rate is now computed by taking account of the
repulsive potential due to hydrogen adatoms on sites in the direct neighbourhood
of the seat of critical complex statistical mechanically discretely but that due to
farther adatoms by the proportional approximation for every lattice plane (combined
apppokimation). The evaluation of the rate by the procedure necessitates that of
covered fraction 6 of sites by hydrogen adatoms and quantities concerned with
the repulsion, which are required for the combined approximation, as functions of 7.

The results show that (i) the curve of # plotted against y has each one plateau
on the (110)- and (100)-lattice planes, whereas two ones on the (111)-lattice plane,
(it) the (111)-lattice plane contributes predominantly to . or 7 over the range of 7,
where the observation of hydrogen electrode reaction is usually practiced, (iii) the
observed log 7. ~% or v~ relation”” is tolerably reproduced by the theoretical one
for «a=1.5 by which the exchange repulsive potential calculated as —35% of the
MORSE function of hydrogen molecule is multiplied in accordance with an indepen-
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dent conclusion of analysis of adsorption isotherms of hydrogen at pressures lower
than 1 atm, (iv) the theoretical current density on the (111)-lattice plane decreases
with increase of % in the region of >>0.7V and (v) the current density attains
finally a constant value on every lattice plane.

The experimental results on 7, (y) have previously been theoretically satisfactorily
reproduced” attributing the seat of reaction solely to the (110)-lattice plane with
too large value 4.4 of a, which is now interpreted as just a version of the pre-
dominant contribution to 7, () from the (111)-lattice plane with the reasonable value
1.5 of a.

The above mentioned decrease of i, with increase of % on the (111)-lattice plane
at high overvoltage is discussed in terms of the increase of repulsive potential of
the critical complex due to the closest hydrogen adatoms to the latter (§ 5-3, (4)).

INTRODUCTION

The TAFEL constant r defined as

= RT dlni, (1)
F o
is an important characteristic of hydrogen electrode reaction
2H" +2e" =H,, (2)

where 7. is the current density representing the forward unidirectional rate of
reaction (2), which is practically identical with the observed cathodic current
density at sufficiently high an overvoltage 7, i.e. the cathodic polarization against
a reversible hydrogen electrode in the same hydrogen atmosphere and the same
electrolyte, H* a proton associated with BRONSTED base OH~ or H,O in aqueous
solution, e~ a metal electron and F, R or T is of the usual meaning.

It is well-known that ¢ is, as found by TAFELY, ca. 0.5 for many metallic
cathodes over a considerable range of 7»¥ TAFEL himself tried to account
for his law, as reviewed briefly below in modern terminology, on the basis of
the catalytic mechanism, in which the reaction (2) proceeds through the two
steps

H*+e ——H(a), 2H(a)-A H., (3.a), (3.b)

the latter being the rate-determining step as signified by -A», where H(a) is the
hydrogen adatom on the electrode stirface. He started” from the postulates,

iy, fO<a, - (4. a), (4.b)

where @ -is the covered fraction of adsorption sites of hydrogen adatoms on
the electrode surface and a the activity of -adatom. The chemical potential
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17 of H(a) is by definition expressed in terms of a as

2 = RTIna+ const., (5. H)
while the partial equilibrium of step (3.a} is stated as

ﬂH+ _hue“ — ‘uH(a) , (5. @)
where p" and g° are the chemical (electrochemical) potentials of H* and e~
respectively. The "  is a constant for one and the same electrolyte, while

& is given in terms of the particular value p¢ of p° for the reversible
hydrogen electrode and 7 as

g =t +Fy. (5.e7)
We have from the above three equations
acexp(Fp/RT), (5. a)
hence from Egs. (4) and (5. a)
Iné, = 2Fy/RT + const.

or =2 according to Eq. (1) in discordance with the experimental results
mentioned above.

It has been sometimes accepted that r=2 is the criterion of the catalytic
mechanism, hence that the observed r deviating from 2 excludes the mech-
anism. Attempts have been made on the other hand to reconcile this differ-
ence as based on the same mechanism.

The postulate (4.a) is justified on the basis of the LANGMUIR’s model®,
provided that interactions among hydrogen atoms on the surface are ignorable.
Even on the same basis, however, another postulate (4. b) should be replaced by

acx@/(1—0); (6)

Eq. (4.b) is the special case of Eq. (6), where @ is negligibly small as compared
with unity. It follows from Eqgs. (1), (4.a), (5.a) and (6) instead of r=2 that

-1

¢ =2[1+exp {Flp—,)RT}] (7)

where 7, , is the particular value of 7 at §=1/2. Eq. (7) states that r decreases
continuously from 2 to zero with increase of 7, hence transiting the value of
1/2 on its way. However, r stays around 1/2 for too small an interval of 3
as compared with experiment, decreasing from 0.8 to 0.2 according to Eq. (7)
for only 0.046 V interval of 7 at 25°C. '

OxamoTo, HoriuTl and HIROTA® have shown theoretically that the re-
tention of r around 0.5 is appreciably improved by the repulsive potentials
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between adatoms with each other as well as between the adatoms and constituent
atoms of the critical complex of step (3.b), taken into account on the basis of
the following model of the electrode. The electrode exposes lattice planes (110)
etc. and each kind of the lattice planes provides congruent lattice of physically
identical sites of hydrogen adatoms, with each site right above a lattice point.
Each pair of adjacent sites provides a seat ¢~ of the critical complex of rate-
determining step (3.b). On the basis of geometry thus defined they estimated
the interactions between unbonded atoms, including adatoms, constituent atoms
of the critical complex and metal atoms on the lattice planes of nickel crystal
in terms of the quantum mechanical exchange potential. They thus obtained
the lowest potential of the critical complex on the seat ¢* consisting of a pair of
sites 2.494/ 2 A apart from each other on (110)-lattice plane, to which they
attributed the predominant contribution to 7,. They have thus calculated 7.
as a function of y arriving at the above result on r assuming that the repulsive
potentials of an adatom and a critical complex due to the surrounding adatoms
are respectively proportional to #.Y This sort of approximation®* is called

the proportional one in what follows.
The above treatment is however open to objections. First of all, they

attributed the predominant contribution to 7, to the critical complex of the
lowest potential energy without the part due to the repulsion exerted by the
surrounding adatoms taken into account, which is not, however, necessarily
valid except in case of sparse coverage as demonstrated in the present paper.
Second, the repulsive potential of an adatom estimated as the exchange repulsion
was too small to account for the decrease of the differential heat of adsorption
with increase of #.” Third, the probability #%(0) of a particular ¢* being un-
occupied was equated to (1—6)°, which is not exact in the presence of the
repulsive interaction, where the probabilities of the two constituent sites of ¢*
being individually unoccupied are not independent of each other.

One of the present authors” has later tried to improve the proportional
approximation by multiplying the proportional constants of the repulsive po-
tentials estimated previously® as exchange repulsion by a factor a=4.4 with
reference to an experimental value of heat of adsorption®, adhering yet to the
(110)~lattice plane as the seat of rate-determining step (3.b). The r was thus
found to stay between 0.59 and 0.52 through the increase of 5 by 0.4 V.

The proportional approximation has-turned out theoretically unsatisfactory,
on the other hand, on account of the deviation of adsorption isotherm worked
out by this approximation from those of higher approximations®”, where the
different arrangements of different numbers of adatoms on the first, second and

*) This sort of approximation was applied by BRAGG and WILLIAMS® independently.
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third nearest sites to that of an adatom of interest, are treated statistical mechan-
ically discretely with regard to repulsions exerted by them in extension of the
BETHE-PEIERLS’ method'”. The approximation was called the first, second
or third approximation according as the repulsion of surrounding hydrogen
adatoms was taken into account statistical mechanically discretely up to the
first, second or third nearest neighbours respectively. The isotherms thus
obtained appeared to approach an ultimate one with the progress of the degree
of approximation, that of the second approximation being found nearly coincident
with that of the third approximation, whereas the proportional approximation
deviating appreciably from them®”. The second approximation was thus re-
garded close enough, while the third approximation was tremendously laborious.
Tova and one of the present authors'™ thus applied the second approximation
to fit the theoretical isotherms to the experimental ones with the factor a as
a parameter to be adjusted. Results show that the best coincidence of the
theoretical isotherms with the experimental ones is obtained for a=~1.5'" in
conformity with Tova’s theoretical result'® that the repulsion must be stronger
than the exchange repulsion taken into account by Oxamoro, HoriuTi and
HiroTA.” They have suggested'”, however, on the basis of the results obtained
that the lattice planes other than (110) have had to be taken into account as
well even at pressures of hydrogen less than one atm. In case of cathodic
polarization, the other lattice planes may possibly play an important part, since
the activity of hydrogen is far higher in this case than that in equilibrium with
hydrogen gas at the above mentioned pressure and in consequence the (110)-
lattice plane may possibly be fully covered, contributing just a constant, un-
important part to i,.

The present work is devoted to the theoretical derivation of the logi, ~7
relation by a higher approximation taking into account different seats of the
critical complex on every principal lattice plane for various values of the factor
a to compare the results with observations.

This procedure, if completed, would eliminate all the defects of the pre-
vious treatment®, which costs however an enormous labour. One of the present
authors has shown recently’® that the accuracy of the second approximation
of adsorption isotherm is practically attained simply by combining the first and
the proportional approximation, i.e. by treating the repulsion exerted by the
first nearest neighbours to an adatom of interest statistical mechanically dis-
cretely, but those exerted by the second and third nearest neighbours by the
proportional approximation. This sort of approximation has rendered the cal-
culation of the rates and hence of ¢’s as a function of 3 on (110}, (100)- and
(111)-lattice planes respectively for different values of parameter a practicable
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along the improved procedure', which will be called the combined appraxi-
mation in what follows.

The rate equation of hydrogen electrode reaction (2) is developed in
Chapter I on the basis of the catalytic mechanism. The model of the electrode
in the present calculation is defined in Chapter II and the coordinates and the
frequencies of normal modes of vibration of the critical complex as well as of
hydrogen adatom on the respective lattice planes are determined in Chapter IIL
The covered fraction # on the electrode surface and quantities concerned with
repulsion are determined in Chapter IV as functions of . On their bases the
current densities and hence z on the respective lattice planes are calculated
and compared with the experiments in the last Chapter.

CHAPTER 1. STATISTICAL MECHANICAL FORMULATION
OF CATHODIC CURRENT DENSITY

The rate v, of a thermal elementary reaction or step is generally expressed

as

=
_ kT p , (L 1)
h P
identifying the transmission coefficient with unity, where p* and p' are defined
with particular reference to the step (3.b) as follows. Consider a macroscopic

Uy

assembly C which consists of electrode material, aqueous electrolyte, metal
electron and 1atm hydrogen gas at a definite temperature but comprizes none
of the critical complex of the step. The p* is the factor by which the parti-
tion function QC of C is multiplied by addition of a critical complex of step
(3.b) to C to form C%, i.e.

p* =QC~/QC, (I 2. p*)

where QC* is the partition function of C*. It follows from the properties of
partition function, that factor p* is the BoLTzMANN factor of the free energy
increase of C caused by addition of the critical complex to it, 7.e. that of
its chemical potential p~,

p®=—RTInp*. (L 2. u~)
The p' is similarly defined as
' =C/QC, (L. 2.pY

where QC" is the partition function of C', which is formed by addition of
the initial system I of step (3.b), 7.e. I=2H(a), to C. The factor p' is similarly
the BoLTzMANN factor of chemical potential ' of I and p'=24"® particularly
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for the step (3.b), hence
24" = _RT'np'. (L 2. 45®)

The forward unidirectional current density ¢, of hydrogen electrode reaction
(2) is now

- U g T P* (L 3)

A Ah P
where e~ is the elementary charge and A the area of the electrode, every
occurrence of the rate-determining step (3.b) being accompanied by a transfer

of two elementary charges in the steady state.
We have from Egs. (I.2.%®), (5.H) and (5.a) in the Introduction,

—RT In p' = 2p"® = 2Fy + const. , (1.4.T)

i.=2e

and const.= " since for the reversible hydrogen electrode, =0 and 24"® =
™. We have in consequence

24 exp( “RT
or defining p": as p*:= — RT In p™
I__ pH,, _ 2F’7
P=p exp( 2 )
The p™: is now expressed as'
P = QW:/NH: (I.4.H,)

where N": is the concentration of hydrogen molecules in gas around the
electrode and Q™ is the partition function of a single hydrogen molecule in
gas in unit volume, which is expressed in good approximation', identifying
the vibrational partition function with unity, as

Q" = (2amkT ) - An*IkTh™ - exp(—ei:/RT), (1. 5. Q%)

where ¢+ is the energy of the ground state of the molecule. We have now
from the last three equations

#= D exp( - 2n) . Comk )" AZRT
oo~ (- )5

or according to Eq. (I 2. #"®), defining p"® similarly to p™, as
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Pn(a)Eexp(_ ;;:;)) _ «/ (2m:3T)3ﬂ 4#}1;7‘ y
xeXp(— 2;? )exp(—%)- JTVIT» . (L 5. H)
The p* as defined by Eq. (I.2.p*) is expressed as
p* =N+ B (L6)

oCc

where N* is the total number of seats ¢*’s of the critical complex and QC3=(«,
is the partition function of Cjx(, or the particular state of C* with a single
critical complex accommodated in a particular seat ¢%; QC* is in consequence
the total sum of QCjx.,’s over all ¢*'s, i.e. N*QCj5« (), in accordance with
the premised physical identity* of ¢*’s of a definite spacing on a definite lattice
plane. We have finally from Egs. (I.3), (I.5.1) and (I.6)

. _ kT QChxny N 2F .

i.=2e —h—Nﬁ—Q‘C‘—’ o ex (7%772_) , (1.7.4.)
where

NF= N*/A (I.7.N)

is the number of seats per unit area.

The calculation of i, according to Eq. (I.7.,) necessitates the evaluation
of the factor QCs+«,/QC, which requires in turn the determination of con-
figurations of the critical complex on its seat as in Chapter III.

CHAPTER II. MODEL OF THE ELECTRODE SURFACE

It has been recently shown by Tova'™ that there exist two types of
hydrogen adatoms on metallic adsorbent, i.e. r- and s-adatoms as called by
him. The r-adatom is an adatom of ordinary sense, i.e. that situated outside
the electronic surface of the adsorbent forming more or less polarized covalent
bond with the latter. The s-adatom is a sort of hydrogen atom dissolved in
the adsorbent but situated between the electronic surface and the plane through
the outermost metal atoms in an interstitial surface site', conducting there
quasi two dimentional translation parallel to the electronic surface. There exist
one site of r-adatom and another of s-adatom per one metal atom on a lattice
plane.”® The r-adatoms repulse each other stronger'” than the exchange repul-
sion as estimated by OrkamoTro, HoriuTi and HiroTa®, while s-adatoms
repulse each other as well as r-adatoms to lesser extent.”” The adsorptions of

*) Cf. (c), Chapter II.
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r- and s-adatoms may hence occur approximately independent of each other, as
assumed in the previous work.” The participants of the rate-determining step
(3.b) may plausibly be exclusively r-adatoms, as it appears that the recombi-
nation of s-adatoms to form hydrogen molecules imbedded in the electron cloud
of metal is associated with extremely high an activation energy.

The present treatment is thus simplified by dealing exclusively with r-
adatoms allowing for their repulsions, disregarding s-adatoms, on the basis of
the following model.

(a) The facets of (110)-, (100)~ and (111)-lattice planes are approximately
equally developed on the nickel electrode surface.®’

(b) The seat ¢* of the critical complex of step (3.b) consists of a pair of
adjacent metal atoms 2.49, 2.49y2 or 2.49y3 A apart from each other on
the lattice planes mentioned above, each affording a site ¢ of hydrogen adatom
H(a); three kinds of the seats are all present on (110)-lattice plane, while
(111)- or (100)-lattice plane is geometrically devoid of the seat of the second
or the third spacing respectively.

(c) The seat ¢*’s of the same spacing or the sites ¢’s on the same lattice
plane are respectively physically identical with each other on a definite lattice
plane. Only possible states of ¢ are practically** those occupied by one
hydrogen adatom or unoccupied.

(d) The Morsk function of H-H, Ni~-H or Ni-Ni bond is
K+J= D[exp{—Za(r—ro)} —2exp {—a(r—ro)}], (IL. 1)

where K or J is the CouLoMB or exchange integral and constants D, a and
7, shown in Table 1 are respectively the same as those in the previous paper.”
Table 1 shows also the percentage of the Morse function comprized by the

TABLE 1. The values of MORSE function.®

R - R Percentage of MORSE
a (A7) 7o (A) D (Keal) Function Comprized by K
H—H 1.98 0.7395 109 10
Ni—H 1.60 1.48 60 24
Ni—Ni — — 20 37

*) This postulate is in conformity with the results of low energy electron diffraction!®,
field emission microscopy'” and the conclusion arrived at by one of the present authors
and TOYA'™ from analysis of adsorption isotherms that the (110)-lattice plane occupies
nearly one third of the BET-surface.

**) It is admitted that the possibility of o being occupied by a critical complex as a part of
o* is negligible.
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CouLoMB integral as calculated in the previous work® according to ROSEN
and IKEHARA.™

CHAPTER III. CONFIGURATION OF CRITICAL COMPLEX

§3-1. Coordinates of Constituent Hydrogen Atoms
of Critical Complex

Coordinates of constituent hydrogen atoms of the critical complex and its
potential energy are determined by the previous method” as a four electron
problem™ as below.

Let the coordinates of the two con-

stituent hydrogen atoms, H(1) and H(2) Yy “ 7
. 1
be (z,7,2) and (x,,¥.,2;) respectively as } 7 (4
shown in Fig. 1. The axis OX is the nor- Ni(1) /
mal to the lattice plane YZ through the Ha
middle point O between two metal atoms, ?y
Ni(1) and Ni(2). Positive axis of each @~ | ... o)
coordinate is shown by + sign in paren- 0 A
theses in Fig. 1. AN :2 :::
Introducing new coordinates, ‘ by |
= X, +x, , E: Ly — Iy , wn OH(2>
2 2 Ni(2e®
y = Yty , p= Yo=Y , JL(.,,)
2 2 Fig. 1. Coordinates of the two constitu-
o 21+ 2, £ = 25— 2 ent hydrogen atoms of critical
2 7 2 ’ complex on a lattice plane repre-

(II. 1) sented by YZ.

the potential energy ¢ of the system consisting of Ni(1), Ni(2), H(1) and
H(2) is calculated as functions of z and y for 2=&=7={=0% by the
equation®,
* = KNi(l)-Ni(Z)+KH(!)—H(2)+KN1(1)-H(1)+KNI(I)-H(Z)+KNI(2)—H(1)+KN1(2)—H(2)
1
_,: 2 l(JNl(l) -Ni 2)+JH(1) -H(2) "INI(I)-H(Z)_‘]I‘U(Z)-H(l))2
(JNi(1)>Ni(2)+JH(I)—H(Z)_JNi(l)—H(l)_JNi(Z)-H(Z))2+

*) The potential energy e*=¢*'+ 3 (K;—1/2-J;) inclusive of the repulsive potential 3 (K;—
J J

1/2.Jj) of the surrounding metal atoms of number j’s, which is eventually used for the
calculation of the rate is minimum at this point as seen later.
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1/2
+ (Ixicy-ma +JNl(z)vH(z)_JNi(z)-H(l)“‘JNi(l)»H(z))z}‘] ’ (111. 2)

where Kyioywie etc. and Jyjy.xie etc. are respectively the CouLoMB and the
exchange integrals, which are evaluated by Eq. (IL.1) and Table 1.

The saddle point of the potential energy & for different spacings is
determined in order to pick out preliminarily the seat of the critical complex
of predominant contribution for each lattice plane as follows. The potential
energy surfaces, i.e. e¥'(x, ¥),_._,., are illustrated in Figs. 2, 3 and 4
respectively for the spacings 2.49, 2.49y2 and 2.49y3 A of ¢*. Insets of
Figs. 2 and 3 illustrate the potential energy near the saddle point. The
numerical value of ¢*'(z, y)._;-,;-, is referred to the energy of the state, where
the four atoms involved are at rest infinitely apart from each other. Table
2 shows values x, and y, respectively of x and y at the saddle point.

The present calculation reproduced the previously calculated® coordinates
of the saddle point of the critical complex on the seat of 2.49 JZ A spacing
as well as those of the critical complex on the same seat as reported recently

30
2
A~
o~

o 904 ~996) X |6 [-9935 |-99

20F

2y (A)

x (A
Fig, 2. €¥(z, y)e=¢=1=¢-0 by Eq. (IIL.2) for the spacing 249 A of 4%
on Ni. Numerical values are referred to the energy of the state,
where four atoms involved are at rest infinitely apart from each
other; X indicates the saddle point.
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30

o

2y A

20~

1 1 1
0 10 20 -

—*Z(A)

Fig. 3. €%(Z, ¥)em¢=r=z-0 by Eq. (IIL2) for the spacing 24942 A of
% on Ni. Numerical values are referred to the energy of the
" state, where the four atoms involved are at rest infinitely apart

from each other; X indicates the saddle point.

by Bockris and SrRINIVASAN®, but not those on the seat of 2.49 A spacing
by the same authors.?” Actual calculation has shown that the discrepancy is
due to the different values of constants, especially of D for Ni~H bond as
used in this case by Bockris and SrRiNIvAsAN™. The values of &+ 2(K;—

J o
1/2-J;) are now determined for the spacings of 2.49, 2.494/2 or 2.494/3 A for
each lattice plane by adding™ to & (¢*' at the saddle point) the total sum >(K;

2
—1/2-J;) of repulsive potential K;—1/2-J; due to j-th metal atom on the lattice
plane. Summation was taken over the first nearest metal atoms to those

*) We owe to Dr. T. NAKAMURA for proving the validity of this addition.
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2y (A

1

% 0 20 30
1 (A)

Fig. 4. &% (, ¥)z=¢=1=¢=0 by Eq. (II.2) for the spacing 24943 A

of ¢* on Ni. Numerical values are referred to the energy of

the state, where the four atoms involved are at rest infinitely

apart from each other.; X indicates the saddle point.

TABLE 2. Configulation of the critical complex.

Ni(1)-Ni(2) distance (A) 2y, (A) xy (A)
2.49 1.27, 1.40,
24942 1.35, 1.04,
2493 145 0.400
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TABLE 3. Potential energy of the critical complex.

Lattice Distance of
¢ Iy _1/9. 7 —1/2.
plane Ni-Ni (&) e*’(Kcal) L? (Kj—1/2+J3) (Kcal) | &7 +§} (Kj—1/2+J;) (Kcal)
2.49 —99.6 23 —-97.3
(110) 249772 —106.9 85 —984
24943 —110.6 16.2 —944
2.49 —99.6 9.3 —90.3
(100) .
249472 -106.9 19.8 -87.1
249 —99.6 96 —-90.0
(111) _
24943 —110.6 33.6 —77.1

underlying the relevant seat. The results are shown in Table 3.
The seat of the least value of &+ X (K;—1/2-J,) on each lattice plane
7

is now picked up, i.e. that of 2.49y7Z, 2.49 or 2.49 A spacing respectively on
(110)-, (100)- or (111)-lattice plane according to Table 3, the further involved
calculation being restricted to the latter seat on each lattice plane. This pro-
cedure is rather conventional and is desirable of being supplemented or revised
in future.

§ 3-2. Determination of Vibrational Frequencies
of Critical Complex

Frequencies of the critical complex have to be determined in order to
evaluate QC3+.,/QC as mentioned in Chapter I

The ggtential energy ¢* of the critical complex is now expressed inclusive
of the repulsive potential Z,: (K;—1/2-J,) due to the metal atoms around the

relevant ¢* as a function of coordinates of constituent hydrogen atoms of the
critical complex, as

e = Knion-mie) + Kuwy-ney + Knigy-uay + Knigy-me + Kyie)-ma) + Kyizy-mee

1
- ['—2- {(JNl(l)-NI(Z) + JH(!)-H(Z) - JNi(l)-H(z) - JNx(z)«»H(l))2

2
+ ( Iy -nie) + Juey-ne — Ixioy-ro) — Ixiey-ue)

2] 1/2
+ (I vigy-um F Iniey-me — I -rm — Iniay-ue) ]]

+ 5 (K;—1/2:J)), (I11. 3)

J
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where the summation of the last term is now extended, as a function of the
coordinates of the critical complex, over the first, second and third nearest
neighbouring metal atoms to ¢*, i.e. those 2.49, 2.49y/2 and 2.494/3 A apart

[+] o o o ] [ [ [¢] 0
0, [} ° [« [+]
° ° ° ] 0 12
° ° o Ir_—°-4___—3|_ °5_|l o ° °
| |
[ |
| |
| |
: )
)
] (=] o | © 0 o, ] ] (=] o
I I S 65
[+] -] o 09 Oe 01 [+] o -]
] o © (<] .0 ° (-] (] [+

Fig. 5. Arrangement of sites ¢’s, each provided by a metal atom on
(110)-lattice plane. »; consists of six ¢’s enclosed by the
dotted line, with ¢, and ¢; constituting the o*.
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Fig. 6. Arrangement of sites @’s, each provided by a metal atom on
(100)-lattice plane. 2, consists of eight ¢’s enclosed by the
dotted line, with ¢, and s, constituting the o*.
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Fig. 7. Arrangement of sites ’s, each provided by a metal atom on
(111)-lattice plane. 3 consists of ten o’s enclosed by the
dotted line, with a, and ¢, constituting the o*.
from either of the two metal atoms underlying ¢*. These surrounding metal
atoms are numbered consecutively from 3 to 12 or 18 as illustrated in Figs.
5, 6 and 7.
The ¢ thus calculated is now expanded in TAYLOR’s series around the
saddle point®, where ¢*=¢7, as

= +%:a7"‘(x—xo)’ + oy (T—20) (Y — Yo+ Ay (IIL. 4)

a.. etc. represent the force constants. Other cross terms vanish because of
the symmetry of the critical complex at the saddle point. The potential energy
given above leads to the secular determinants® ;

Ape— 22 Qy, 1 —0
Ay Ayy—2m2 ’
e — 2m2 a., 1 —0
@y am—omi | L, (IIL 5)
a,—2mi=0
and
ay—2mi =0

where A=4x*(v*):. The values of v* are determined from the roots of the
above equations as shown in Table 4. One of the six values is imaginary
as signified by the factor 4 — 1, which corresponds to the reaction path.

*) The coordinates of the saddle point are found coincident with those of the saddle point
of &%’ shown in Table 2.
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TABLE 4. Force constants, (a.. etc. Kcal mol~* A-?) and vibrational
frequencies (¥ cm™") of the critical complex in 0% of
different spacings on different lattice planes of Ni.

2.49 J 7 A, (110) 26180‘;“* Z(f‘ff? 249 A
From | BOCKRIS From | OKAMOTO| From From From BOCKRIS
ex’ et al*® g* et al.® i ¥ il et al®®
s 230.2 232.75 228.5 3483| 3493| 347.7| —5755
ayy | —1788| —15509 | —1766 —541.0| —541.3| —544.3| 54665
awe 423 0.96 535 67.2 712|552 0.23
as 275.0 276.66 273.3 4160| 4169| 4154| 13869
an 2777 267.09 279.9 100.2 999 969 26.65
ag 0 38.38 11.2 120 16.0 0 124.02
ary | —1957| —193.09 | —197.1 —399| —436| —382| 1944l
as, | —2234| —221.30 | —224.8 —1283| —1320! —1266 36.23
117041 | 1225y 1] 83977 | 1782y=1 1783y=1 T Ve
1696 1712 1704 1643 | 1649 1876
" 1355 | 1344 936 1431 1437 933
543 559 687 627 646 850
473 551 626 565 552 305
75 256 368 265 306 36

Table 4 shows the values of force constants derived from ¥ or ¢* in
comparison with those previously reported.”” Those reported by Bockris
and SRINIVASAN® are coincident with those derived from ¢*' except a,. and
ay. The value of a, ought to be zero as derived from ¢ of Eq. (IIL.2), the
relevant mode of motion of the critical complex being just a free rotation. It is
also evident that Eq. (IIL. 2) without };}(KJ—I/ZJ ;) makes no difference between

force constants of the critical complex on the seat of 2.49 A spacing on (100)-
lattice plane and those on the seat of the same spacing on the (111)-lattice
plane. The a derived from ¢* of Eq. (III. 3) differs from zero as seen in Table
4. The force constants derived from Eq. (IIL.2) for the seat of 2.49 A spacing
differ from those reported by Bockris and SRINIVASAN as shown in the last
two columns in Table 4, which is attributed to the difference of the coordinates
of the saddle point due to that of the fundamental constants used in this case
as mentioned in §3-1. ,

The frequencies derived from Eq. (III.3) as given in Table 4 are used
in the further calculations.
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§ 3-3. Determination of Frequencies of
the Hydrogen Adatoms

Vibrational frequencies of hydrogen adatom on the (110)-, (100)- and
(111)-lattice planes are determined by the equations,

(e YO N (e W L (5 S
h Qem'* o 2rm'/* T 2rem? ’

where m is the mass of hydrogen adatom. Second derivatives are determined

from the equation,

¢ = Dy fe "N g MR L S UK 124
J

where the last term represents summation of repulsive potentials between the
hydrogen adatom and the surrounding metal atoms, i.e. the first, second and
third nearest neighbours or those 2.49, 2.494 2 and 2.49y3 A apart from the
metal atom underlying the relevant site, say ¢, as shown in Figs. 5, 6 and
7. The numbers of the neighbouring metal atoms taken into account are 8
(those underlying o, 63, 64, 05, G5, 01, 011, 01, in Fig. 5), 8 (0,, 04, 05, 06, 01, Gs, G11
a1, in Fig. 6) and 12 (6,, 6., 65, 05, 6,, 04y 0sy O10, Ors, Ousy G5, 037 in Fig. 7) on (110)-,
(100)~ and (111)-lattice planes respectively. The values of frequencies thus
obtained are listed in Table 5.

TaBLE 5. Frequencies v (cm™) and }}(K—1/2-J))
7
(Kcal mol~!) of hydrogen adatom.

Lattice plane y ?; (Kj—1/2+J3)
(110) 1 1898,  79.2, 234 ‘ 457
(100} 1900, 225, 225 8.18

(111) 1901, 248, 248 10.64

CHAPTER IV. ADSORPTION ISOTHERM OF HYDROGEN

Isotherms §=46(7} of hydrogen adatoms are now determined as required to
work out TCis/QC comprized in Eq. (I.7.7) of i.. The process of the
determination is so designed as to yield requisite functions, besides 6(y), for
the calculation of QC§x,/QC as seen below.

§ 4-1. Fundamentals

Any one of the physically identical sites, ¢,’s, on a lattice plane is either
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unoccupied or occupied by a hydrogen adatom, which is in partial equilibrium
with proton in the electrolyte and metal electron according to the catalytic mecha-
nism as mentioned in Chapter I. Let C,, or Csym be the assembly C in
the particular state, where o, is unoccupied or occupied by a hydrogen adatom
respectively with certainty and the QC,, ., or {Cs,m) the respective partition
function. It follows that the partition function QC of the assembly C without
any such specification is the sum of QC, ) and QCs,m), . e

QC = chl-(o) + QCUZ.(H) 3 (IV 1)

while the probability of site ¢, being occupied, is Cys,1,/QC, common to all
sites on a definite lattice plane because of the premised physical identity of
sites, which equals the covered fraction 4, i.e.

We have from the above two equations,
0/(1—0) = gcdi(H)/DCﬂi(o) . (IV 2 I)

Eq. (IV.2.1) provides the isotherm #=0(y) in question by determining Cs,y,
and QCy, (., as functions of 7.

The approximation of QCs,n) and 0Cs,, is schemed for evaluation of
the requisite functions as follows. In the combined approximation the repulsion
exerted by the first nearest neighbouring hydrogen adatoms to the critical
complex is treated statistical mechanically discretely but that exerted by the
second and the third nearest ones by the proportional approximation, where
the first, second or third nearest neighbouring hydrogen adatom is defined, as
in the case of metal atoms in §3-3, as that located on ¢, which is 2.49,
2.4947 or 2.49y3 A apart from either of the two o’s constituting ¢* of
interest. Let now ) be the group of sites, consisting of a pair of ¢’s con-
stituting ¢~ of interest and the first nearest ¢’s to the ¢%. Hence ) includes
6, 8 or 10 ¢’s as shown enclosed with the dotted line in Fig. 5, 6 or 7,
respectively for the (110)-, (100)— or (111)-lattice plane. The partition func-
tions, L.Cs,my and LCy,,, are now developed with special reference to the
above defined >’s in order to evaluate the functions defined below, which are
required for the calculation of QC5x.,/QC as mentioned above.

Let QCy, be the partition function of C at the particular state, where
all sites of X are unoccupied. By transferring a hydrogen adatom within the
assembly from outside >, onto a definite, unoccupied site ¢, inside };, the
partition function of the assembly is multiplied by a factor f; 5, i e.

Sz = @ En/p™™ Iv.38)
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where ¢i'&, is the factor by which QCy, is multiplied as a hydrogen atom
is added to an unoccupied site ¢; inside Y and p™® is that by which QCg,
is multiplied as an adsorbed hydrogen atom is added to the assembly Cgq),
without any specification apart from that all ¢’s constituting Y, are kept
throughout unoccupied.

Let Cy,, be the assembly at the particular state, where a certain definite
set of sites inside Y are occupied by a definite number of hydrogen adatoms
in a definite arrangement signified by X (a). The factor f; 5, of multiplication
of the partition function QCy, of Cy by transferring a hydrogen adatom
within the same assembly from outside > onto a definite, unoccupied site g,
inside }; of Cy, is given in accordance with Eq. (IV.3) by the equation

Jozw = Galp™™ (IV. 4)
where ¢;%,, is the factor by which QCy,, is multiplied by adding a hydrogen
adatom onto a definite, unoccupied site ¢, inside 3}, of Cyyy-

Now the partition function QCy 4, of the assembly Cy,, of a particular
population and such arrangement of hydrogen adatoms inside >, signified by
2. (A) is given by QCy,, multiplied by f; yw’s respectively relevant to the
successive transfers of hydrogen adatoms to make up > (A). The partition
function QCy,m, or QCy, of the assembly Cs, ) or Cs,) is now the sum of
the QCy4’s of Cx4y’s representing respectively all possible numbers of hydrogen
adatoms inside Y in all possible arrangements, compatible with the condition
that a definite o, inside X is kept occupied by a hydrogen adatom or unoccu-
pied respectively with certainty. :

The factor ¢, or ¢i'¥),, defined above is the BoLTzmAaNN factor of the
work required to bring up a hydrogen atom from its standard state onto
a definite, preliminarily unoccupied site ¢; inside >,(0) or X (a} to form an
adatom there, keeping the assembly involved in statistical mechanical equilib-
rium throughout (called simply the reversible work in what follows). The work
mentioned above, i.e. —&T In g}, includes the work against the repulsion
exerted by hydrogen adatoms outside Y, and —%7 In ¢;'$,, does that of hydro-
gen adatoms outside as well as inside Y. These parts of the reversible works
are identified with the appropriate repulsive potentials.

The repulsive potentials R;, Ry and Ry are taken « times as large as
—35% of the MoRsE function of hydrogen molecule, 7. e. as

RI = 2.346 o, RII = 0.3087 a s RIII == 0-0645 [24 KC&I I’I‘lol”1 (IV; 5)

for the first, second and third nearest neighbouring hydrogen adatoms, i.e.
pairs of hydrogen adatoms on sites respectively 2.49, 2.4942 and 2.4943 A
apart from each other, where « is taken to be 1.2, 1.5 or 2.5; the repulsive
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potentials R;, etc. due to a single neighbouring adatom are in the proportional
approximation assumed to be proportional to ¢ with the above values of R;
etc. as proportional constants in the respective cases, i.e. as

RI,& = 2-346 0(0 5 RII,& = 0.3087 aﬁ ]

(IV. 6)
R =0.0645 aff Kcal mol™'.

We now define the following quantities.

(a) The 7 is the BoLTzMANN factor of the reversible work required to
transfer a hydrogen atom from its adsorbed state outside }, to its standard
state and then from the standard state to a definite, preliminarily unoccupied
site inside Y, less the reversible work due to the repulsive interactions with
adatoms in the latter process. Hence 7 is given as

7= ghepi Iv.7.7)

where ¢™® is the BoLTzMANN factor of the reversible work required to
transfer a hydrogen atom from its standard state onto a definite, preliminarily
unoccupied site inside Y, less the reversible work due to the repulsive inter-
actions with adatoms, which is developed as™'*

q:{(a) — fj_ {1_exp(_—h’)]/kT)} lexp(—sg(a)/RT> 5 (IV 7 q:{(&))
=1

v, is the frequency of the jth normal mode of vibration of the hydrogen
adatom and ¢"* its energy in the ground state. We have from Egs. (IV.7)
and (I.5.H),

q:{(a) NH: )5

2" = N Camk TV 47TRT

-1

Xj]i[l {l—exp(—%ﬁ%) } exp (1/2- s;{zl—zf;fjm)+F77).
(b} I, II or Ill is the BoLTzMANN factor of the repulsive potential Ry,
Ry or Ry, of Eq. (IV.5) respectively, i.e.
I=exp(—R/RT), II=exp(—Ry/RT) or
Il = exp(—Ryy/RT) .

(IV. 8)

(IV.9)

(¢) 1, I, or Ill, is the BoLTzMANN factor of the repulsive potential
Ry, Ry, or Ry, given by Eq. (IV.6), i.e.

I, =exp(—R,/RT), II,=exp(—Ru,/RT) or

IvV. 10
I, = exp(— Ry1,,/RT) . ( )
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(d}) The P is the BoLTzMANN factor of the repulsive potential between
a hydrogen adatom inside ), and the first nearest hydrogen adatoms outside
3 to it, i.e. those on sites 2.49 A apart from its site. The © is determined
as shown in §4-2 and used for evaluation of QCjx(.,/QC.

The f; 50 OF firzw 18 now expressed in terms of the quantities defined
above as™

fozo =T1-0"-ILIII;
o (IV. 11)
Frgiw =T -00- TSI - IO ),

where [/ is 1 or 0 according as the site ¢, of interest has first nearest neigh-
bouring site or sites 7. e. those outside Y7 2.49 A apart from the g, or not and «,
v or w is the number of hydrogen adatoms located at the first (2.49 A), second
(2.49y7% A) or third (24943 A) nearest neighbouring sites to ¢, inside > and
s or t is the number of the second or third nearest sites to ¢, outside 3.
These values are determined from the respective spacings of sites and the
arrangement of hydrogen adatoms inside ), as seen in Figs. 5, 6 and 7.
The partition function QCyg,, of the assembly Cy,,, is derived, as stated
above, from QCjy,, multiplying it by f; 5n’s respectively relevant to the suc-
cessive additions of hydrogen adatoms to make up X (A4). We have hence
for a particular population and arrangement };(A) of hydrogen adatoms,

[4]-1
QCZ(A) = QCE(UEH]J_IOﬁ’Z(,,) = QCZ(O) * T[A] plllog[ év . IUIIVIIIW . IIfIIIgT 5 (IV 12)

where [a] or [A] represents the number of adatoms in ) appropriate to the
arrangement ), (a) or ), {A) respectively, £, 0, or 0, is the special case of P,
where the hydrogen adatom on ¢, inside > has one, two or three first nearest
(2.49 A apart) neighbouring sites outside }, e. g. o, in Fig. 5 (9,), o, in Fig. 6
(0,) or g¢ in Fig. 7 (0,). L, M or N is the total number of the hydrogen adatoms
inside Y, associated respectively with the factor @, #, or ¢, U, V or W is
the total number of the pairs of hydrogen adatoms respectively 2.49, 2.4942
or 2.49y3 A apart from each other inside )] and .S or 7" is the total number
of the pair of hydrogen adatoms 2.49y72 or 2.49y3 A apart from each other,
one of them heing outside Y] and the other inside };.

*)} The isotherm is worked out here, taking into account the interactions between the second
or third nearest (2494 2 or 24943 A apart) neighbouring hydrogen adatoms as well as
the first nearest ones discretely in case where the neighbours are inside 3. The present
approximation as called simply the higher approximation of isotherm in what follows is
designed as mentioned in the text in order to evaluate the functions #,, 0, and ¢, required
for the evaluation of QCF*(x)/RC by the combined approximation.
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QCs,m and 0Cy,,) are formulated in the next section using Eq. (IV.12)
on the (110)-, (100)~ and (111)-lattice planes respectively.

§4-2. Q05w QCs,, and Isotherms

Let QCy ay or QCys ) be the partition function of the assembly C, 4, or
Cs ), where ¢, in Figs. 5, 6 and 7 is occupied by a hydrogen adatom or un-
occupied respectively with certainty.

QCy )y or QCy o, is expressed with reference to Y] as the sum of the
partition functions of assemblies for all possible arrangements of every possible
number ¢ of hydrogen adatoms inside };, with o, kept occupied or unoccupied
respectively with certainty, 7. e.

[
QCs = ;‘OQCEW‘(H),GM )l
- IV. 13)

G
Qcalw) = ZOS:‘CE(U,(O),GU(QH)) ’
e

where QCs s, 10,6001 Of QCss,0),000m IS the partition function of the as-
sembly in the state, where the o, is occupied by a hydrogen adatom or unoccu-
pied respectively with certainty and the other constituent sites of 3., G in
number, i.e. 5, 7 or 9 respectively on the (110)-, (100)- or (111)-lattice plane,
are occupied by ¢ hydrogen adatoms. Taking into account all possible arrange-
ments of ¢ hydrogen adatoms on G sites, we have

QC}:(m(H),GomH)):;Z:)@Cz(a,<H>,aa(gH),rm) 1
(g

(IV. 14)
QCs0,0.400m) :k(Zg:) QCE(MO).M(QH)M)) J )

Where QCE(O‘,(H),GO‘(Q H>k(g)) or QCZ(gl(o),ga(gH)k(g)) iS the partltion funCtiOn Of the
assembly with further specification that the g hydrogen adatoms inside 3] are
in k(g )-th arrangement on G sites. The number of the all possible arrangements

is Gl/g!l{G—g)!. We have from Egs. (IV.12), IV.13) and (IV.14)

G K(g)
Qo = 5, 3 QCry 7" pF0¥OY- 1PV I IISTITY]
‘ =0 K(@=1 k@) IV 15)
& K{(g) . 7
Qoo = 5 3% QCpoer-[Prodoy- I 1517, |
' g=0k(g)=1 (9)

where K(g)=G!/g!(G—g)! and the values of L, ---, T in the parentheses [ ]
depend on number k(g) of the arrangement. Eq. (IV.15) is applied to the re-
spective lattice planes as below.

(110)-lattice plane: As illustrated in Fig. 5, there are six ¢’s in 3] of which
four ¢’s, i.e. o3, 0., 05 and o, have only one first nearest (2.49 A apart) neigh-
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bouring site outside J;, whereas o, has none, 7.e. G=5 and M=N=0 in Eq.
(IV.15), hence

Qo= 3 5 Qo1 (08I I TSI »
g=0 k(g)=1 2] (IV 16)
5 (g) *
Q=2 3 Qg [ I I oy |

g=0 k(g)=

where
K(g)=59!(6—g)!.

All possible arrangements for a given number ¢ of hydrogen adatoms inside
> and corresponding the terms of the sums in Eq. (IV.16) are listed in Table
I in the Appendix, which is transformed into simple forms rearranging the
terms into the power series of X as

2Co,m = VC}:(o){i (@, ;€ +a. L) X7~ ]} (IV.17. a)

SQca,(o) = QCx {j;l(as,j"_a‘;,jC)Xj“l} , (IV.17.b)

where X=1-0-ILIIL, {=7-ILIII; and a, ,; k=1, ---, 4 are the constants shown
in Table 6. The above equations comprize unknown £, in X, which is
determined by another equation

QC@'](O) = QCg‘(o) (IV 18. a)

based on the premised physical identity of the sites in accordance with the
BeTHE-PEIERLS method, where QCy ( is the partition function of the assembly

TABLE 6. Constants, ar ; in Eqgs. (IV.17) for (110)-lattice plane.

A B R N R
V| ertenn | el HHTHIIPA2L I | 20 II+20 1 II® | TITIIE
2 I Al | 2 AT ’ ADIRIT? } TSI
3 1 4 ‘ 44200 : All ‘ 1
4 U | 204200 20 I I+ I+ 12421 O ‘ of2I] III+2l II IIT* | I*IPIII®

Cs 0y, i.€. C in the particular state that o, inside ] is unoccupied with certainty.
Eq. (IV.18.a) is written using the expressions of QCj (o, and QC;y () given in
Table I in the Appendix, as

2l +b, L)X = T by L+ 0,00 X, (IV.18.b)

J=1 j=1 .
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where b, ;, k=1,--,4 are constants shown in Table 7.

TABLE 7. Constants, b;; in Eq. (IV.18.b) for (110)-lattice plane.

Y B 3 | 4 \ 5
1 0 1 2411 311 \ 1
2 0 i 0 ‘ 0 5 PIOIAII I | e
3 1| 0 ‘ 0 0
4 | srom AN 420201 1T “ DRI 0

We have on the other hand from Egs. (IV.2.I) and (IV.17),

5

/! Z(ax,jC”*'az.jcz)Xjfl
6 _ . (IV. 19)

(@s;+a, L) X1

—
|
)

=1

[

The 6 as well as 0, are now numerically solved as a function of » from the
simultaneous equations (IV.18.b) and (IV.19) by the trial and error method
for a=1.2, 1.5 and 2.5 respectively.

(100)-lattice plane: Here we have eight ¢'s in ), ; two of them i.e. ¢, and
o, have three first nearest (2.49 A apart) sites outside ), and others have two
ones except ¢, and ¢,, which have none at all and there exists no spacing
of 2.49¢?A as seen in Fig. 6. Hence, G=7 and L=W=T=0. Eq. (IV.15)

is now

7 (g)
Qs =3 2 OCy -7 [0X0X - 1711V 117 (IV. 20. a)
' g=0k(g)=1 49
7 A(g) .
OCow =2 2 Q- 17- [P0 170717, . (IV.20.])

where
Klg)="7!g!(7—g)!.

Table II in the Appendix shows terms of the sums in the above equations
for all possible arrangements of hydrogen adatoms of all possible numbers,
from which we have finally,

QCdl(}I) = C [Zi: (alyj +a2,jZ+ a3‘jZZ + a4,jC + a5,jCZ+ ae‘jCZZ) YJ IJ
(IV.21.a)

QCg‘(D) = Zj: [(ahi + aB,jZ+ ag'jZZ + aw,jC + an,jCZ+ algijZZ) Yj_l] s
(IV. 21. b)
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TABLE 8. Constants, a; ; in Eqs. (IV.21) for (100)-lattice plane.

AR 2 | 3 | 4 5
11 ‘ oll+2] | 1242 I+ 142121 \ orrry2rl | IaIe
2 ‘ I | arn AI3IT2 42041 ] 411l i

oI 421 | 4431 IIP+I244I2012 | 2021+ 1°II°
8 | 1+ ‘+2111+21211 {are0r 1 yoraIsyorrs | T
| \
4 | orr appreaprpre | APAADRIS G2 g peppey asrs 21811
| F4I8I1 |
5 I ermeqereyr | IR DI ISIT5+ 21411 1517
_ To1sI1
I
6 [ J2 \ AT ATSTT+4-21°11* ‘ NUIL 19178
7 1 4 4421 { 41 Iz
8 1 OI421 P42l HI+I+20°00 [ oIz 12421301 14117
9 [ 2 ] 444l1 Qp 4TI+ 2012 +41 T \ 41 IT+AT 112 i IDIE
oI 42l | II431 4124412112 | 202114421300

W0 I yormsarn +30°11 varqp | LI

n| 1 anm \ Allz4 20 IT? I e Igig
]

12 ‘ 1 |ermeqorgy | THATRDIDATIE 21315421411 ‘ IsIIs
\ + |

where Y=r1.0,.-1I}, Z=71.0,-1I}, {=7-1I; and a,; , k=1,---,12 are constants
shown in Table 8. Two unknowns @, and @, respectively comprized in Y
and Z are determined by means of another two equations

S—:&Co'i(o) = QCgﬂ(o) N QC@‘E(O) = SD,..CL;7(0) (IV. 22. a), (IV 22. b)

based on the physical identity of ¢’s, where QCj () or QCj (o is the partition
function of the assembly Cy, ) or Cs ) in the particular state that g, or o, is
unoccupied. FEgs. (IV.22.a) and (IV.22.b) are transformed according to Table
II in the Appendix as

5200 24 b Z0 4 by LT Y = b S b G by 7)Y
(IV. 23.4a)

and

i (€124 LZ+ s B2+ o ;20 + 05 K20+ 06 S 25 Y

j=1

Yy + Ol oS D G 7+ e SZ) YO, (V. 23.b)

J=
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TABLE 9. Constants, b ; in Eq. (IV.23.a) for (100)-lattice plane.

S - _] e e S =
AN 2 | 5 4 5
1 \ 1 | 2sem % 121+ 12420 I orr+2rme | e
2 |1 Al ‘ All* 4 21 112 AL I 1200
3 } I ¥ 2UIPH2I | TIH2II+TPIIP4208 | 2I3[542141% | IIT¢
4 |1 emser | mevermrreorn oI 4213 | IMII®
| |
5 | 1 | A1 “ A2 210010 | arsir ‘ QI
6 ‘ 5| 212 “14112+214113+14114+215113} 2ISII+4-205115 | 18115

TABLE 10. Constants, ¢t ; in Eqg. (IV.23.b) for (100)-lattice plane.

J
. \ 1 2 | 3 | 4 | 5
1 5 1| 1411 0 | 0 0
2 ‘ 147 !112+1+1 11+1211’ 0 ‘ 0 ‘ 0
3 I \ PH+I | 0 | 0 0
4+ 1 811 L emsrr s 0
5 1 a1 ’ 31 I15-+31211 } [ 2B I pspps e pars 0
6 “ o 314112 ‘ OIS 0Ig JIC 0
7 ‘ 0 \ 1 \ 241 37 12
8 \ 0 L I+1 “ 112421 I+ 12421211 ‘ 31212431311 ] o II?
9 \ 0 ‘ 1211 oI T2+ T4I1? 315113 & I
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where b, ;, k=1,--,6 and ¢, , k=1,---,12 are constants shown in Tables 9
and 10. We have from Egs. (IV.23.a) and (IV.23.b) by eliminating Z

—B,+yB+4BB, _ —C,+/C+4CC, -
o5 2C : (IV. 24)

where

*) The — sign of the square root is excluded by the condition Z>0.
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B = JZj}l(bgj—l—ba L)Y

Bzzjz;(b”—bs L)Y

33:]2;( b O Y

C =JZS:1(C‘ e +e LY

C= jZ:;(cl P T A S N B S N T ) B C A

and

= ]Zx (cr 5+ €, L+ L)Y
The covered fraction ¢ as well as 0, and @, are now determined by Egs. (IV.2.1),
(IV.21), {IV. 23) and (IV.24) as a function of » by the trial and error method
for «a=1.2, 1.5 and 2.5 respectively.
(111)-lattice plane: In this case we have ten sites in J,; two of them, o,
and ¢, have each two first nearest (2.49 A apart) sites outside >, the others
each three ones except ¢, and ¢,, which have none at all and there exists no
spacing of 2.4947 A as seen in Fig. 7, hence G=9 and L=V=S=0 in Eq.
(IV.15) or

Q=3 ; z QCp 174 [o05 - 171 T, (IV. 25.2)

g=0 k(g

Q=3 z QCy 17 [oX0Y I7HI7 T, . (IV. 25.1)

g=0 k(g

where
K(g)=9!/g!(9—9)!.
The terms of the sums in the above equations are shown in Table III in the
Appendix, from which we have similarly
QCs ) = L @y + @2+ o 20+ s o+ @y L2+ ag LZ7) Y
o (IV. 26. a)

Qco',(o) = él(a7’j =+ ag,jZ+ ag‘jZZ + aw,jc + au,jCZ‘*' algijZ"’) Yj_l s
(IV. 26.b)

where Y=7-0,-1I1}, Z=7-0, 111}, {=7-III} and @, ; , k=1, --,12 are constants
shown in Table 11. Unknowns 0, and ¢, comprized in Y and Z are deter-
mined by another two equations
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TABLE 11. Constants, a,; in Egs. (IV.26) for (111)-lattice plane.

1 2 3
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QCs,0y =000y, QCsy0) = VCys0) > (IV.27.a), (IV.27.b)

where TCy,,0, or OCy,, is the partition function of the assembly Cy, o, or
Cs,0 in the particular state that o, or o, is respectively unoccupied with
certainty. Eqgs. (IV.27.a) and (IV.27.b) are transformed according to Table IiI
in the Appendix into the forms

(s 2+ by 204 by L2 Y = 3 (a4 b o SZ) YO

i1

(IV.28. a)
and
Sler 2+ L2+ o LT Ao T4 ¢ 2 e ST YO
= 271 (CryH s bt co T2+ CuosZ+cn L2+ KZ) Y7,
j=1
(IV. 28.b)
where b, ; , k=1,--,6 and ¢, ; , k=1,---,12 are constants shown in Tables
12 and 13. Eliminating Z from Egs. (IV.28.a) and (IV.28.b), we have
—B,+yBi+4BB, _ —C,+JC+4CC; IV, 20)%
2B, 2C,
where
B= S (bsyt by L)Y,
i=1
Bz = ng (bl,j_be,jcz> Yy’ s
Bi= Db+ 00T
C = sz (Coytes L+e )Y,
j=1
C, = ) (cryt G b+ Cs L —Cro—Cn L—Cu O Y70,
iz
and

C3 = 27 (67,j+68,jc+69,jcz) ijﬂ1 .
J=1

The covered fraction 4 as well as 9, and 0, are now determined by Egs. (IV.2.1),
(IV.26), (IV.28) and (IV.29} similarly for a=1.2, 1.5 and 2.5 respectively.

§ 4-3. Isotherm by the Proportional Apporximation

Isotherms are calculated by the proportional approximation on the (110)-

*) The — sign of the square root is excluded by the condition Z>0.
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TABLE 12. Constants, bz ; in Eq. (IV.28.a) for (111)-lattice plane.

6
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TABLE 13. Constants, ¢x,; in Eq. (IV.28.b) for (111)-lattice plane.
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lattice plane just for comparison with isotherms obtained by the higher approxi-
mation® in §4-2. In the proportional approximation, the seat ¢* of the critical
complex is treated as Y, itself, the repulsive potentials due to hydrogen
adatoms surrounding the critical complex being altogether smeared out in
this case.

The partition function QCsu) and QC, o, of the assembly Cgy y) and
Cs,y on the (110)-lattice plane are expressed with reference to the 3. con-
sisting in ¢, as

QCo,m = QCsx10,tm.9,01 + TCx6,0m),0,00 (IV. 30. a)
QCs ) = QCx.16,0),0,00 + CCx 10,0, 0,07 (IV. 30. b)
or in the form similar to Eq. (IV.15),
QCs iy = QCs0) (1 - LILIIL + 7% 11 - LI ITL;) (IV.31.a)
QCs 0y = QCx0y (1 +THILIIL) . (IV.31.b)
Noting that QCys u1)/QCs o, =0/(1—0), we have from the above two equations
N Rt 573/ M -3

Isotherms are obtained as a function of 7 by the trial and error method ac-
cording to Egs. (IV.32), (IV.8), (IV.9) and (IV.10) respectively for a=0, 1.0,
1.5, 2.0, 2.5 and 4.4 on the (110)-lattice plane. In case where a=0 or in
the absence of repulsion, Eq. (IV.32) is reduced to the equation

0 _y. (IV. 33)
1—40
Eq. (IV.33) is equivalent to #=6{y derived from Egs. (5.a) and (6) in the
Introduction, 7 being given as a function of 5 by Eq. (IV.8), except that the
proportional constant is left undetermined in the latter case.

§ 4-4. Calculations and Results

The constants shown in Tables from 6 to 13 are calculated by Eqgs. (IV.5)
and (IV.9) for a«=1.2, 1.5 and 2.5 respectively at 25°C. The 7 is now
evaluated for a given overvoltage using the values of v's calculated in § 3-3
(Table 5), m=2.016/6.024 x10*® and I=4.664x10*gecm®*, at 25°C and 1
atm hydrogen pressure ; (ef*) —1/2-¢f+) is taken —12.3 Kcal mol* for the (110)-
lattice plane as determined by analysis of observed isotherms® and those for

*)  (f. footnote on p. 143.
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the other lattice planes are calculated by adding to it the appropriate differences
of 21 (K;—1/2:J,) given in Table 5, § 3-3. The values of # were worked out

J
by the electronic computor, NEAC 2203 G, Nippon Electric Company.
Results of the higher approximation™ of isotherm dealt with in § 4-2 are
shown in Fig. 8a and Table 14.

].0[»

09

08t

06
05
04t
03

02F

e : i
=10 =5 0 5 10 15 2 25
N (mV)/591

Fig. 8a. Theoretical isotherms, 8 =6(%), of hydrogen adsorption on {110)-,
(100}~ and (111)-lattice planes of Ni by the higher approximation
of isotherm for a=1.2, 1.5 and 2.5 at 25°C and 1 atm pressure
of hydrogen.

The above results are commented upon as follows.
(1) Difference due to lattice plane: Covered fraction # of the respective
lattice planes decreases in the order of (110), (100) and (111) for a given value
of overvoltage and a. Fig. 8a shows that the difference of ¢ due to a definite
change of a tends to zero with decrease of # along with the decrease of
repulsive potential. As # exceeds ca. 0.2, on the other hand, the shift of «
makes a pronounced difference in #. Hydrogen adatoms are subject to the
strongest repulsion at a given value of # on the (111)-lattice plane resulting in

*)  (f. footnote on p. 143.
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TABLE 14. Theoretical values of ¢ as functions
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Combined Approximation

of 7 at 25°C

(110) (100) (111)
7591 | a=12 \ a=15 ‘ w25 | 1591 | a=12 a=15| a=25| 7591 | a=12
—9.51 | 00033 | 00033 ' 00033 | —656 ! 00049 00033 00033+ —471 \ 0.0033
—851 | 00291 | 00288 | 00281 | —556 0.0277 00274 | 00268  —3.71 L 0.0268
—751 | 0.1500 | 0.1453 | 0.1331 | —456 | 0.1226 = 01192 | 0.1115 © —271 01095
—651 | 0.3313 | 03206 | 02920 | —356 | 02461 | 0.2348 02108 —L171 = 01990
—551 | 04457 | 04351 | 04148 | —256  0.3525 | 0.3338 ' 0.2808 | —0.71 | 0.2585
—451 | 05037 | 04845 | 04719 | —156 | 0.4330 | 0.4130 | 0.3607 0.29 | 03021
—351 | 05664 , 05131 . 04914 | —056 | 0.4806 | 04661 | 04196 '  1.29 | 0.3366
—251 | 06931 | 05595 | 04979 | 044 | 0.4999 | 0.4920 | 0.4626 229 | 03718
~151 | 0.8757 | 0.6679 | 05015 | 144 | 05188 | 0.4994 | 0.4866 329 | 04278
—051 | 0.9786  0.8417 . 05071 | 244 | 05656 | 0.5048 & 0.4969 429 | 05145 |
0.49 | 09977 | 0.9665 | 05235, 3.44 | 0.6455 : 0.5236 | 0.4996 529 | 05935
149 | 09998 | 0.9961 | 05722 | 444 07515 05690 | 0.4999 629 ' 0.6401
249 | 09999 | 0.9996 | 0.6847 = 544 | 0.8748 | 0.6409 | 0.5000 729 06733
349 | 0.9999 | 0.9999 | 0.8429 . 644 | 09712 07351 , 0.5001 829 | 0.7107
449 | 0.9999 | 09999 | 09622 | 744 | 0.9966 | 0.8462 | 0.5006 929 | 0.7588
549 | 09999 | 0.9999 | 09953 844 | 0.9997 | 09540 | 05040 | 1029 | 08264
= 944 ‘ 05160 ©  11.29 | 09222
10.44 | | 05428 | 1229 | 09857
1144 | } 05886 | 13.29
12.44 0649 | 14.29
13.44 L 07218 | 15.20
1444 0.8030 |  16.29
15.44 0.9049 |  17.29
16.44 ' 09801 = 1829 |
1744 09977 | 1929 |
18.44 | 0.9998 |  20.29
19.44 09999  21.29
2044 | 0.9999 ' 22.29
2144 | 109999 | 23.29
5 ‘ 24.29
‘ 25.29
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and 1 atm pressure of hydrogen on different lattice planes.
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Proportional Approximation

No Interaction

(111) (110) (110)
| a=15| a=25 7591 |a=10 a=15 @=20 ' a=25|a=44 4591 | a=0
00033 | 00032  —951| 0003 | 0003 | 0003 | 0.003 | 0,003 —951 < 0.003
00267 | 00263  —751| 0.108 | 0.089 | 0076 | 0.067 | 0.047 ~851 | 0032
| o.1o79i 01043  —551| 0412 | 0.308 | 0.248 | 0.209 | 0.134 ~801 | 0.09%
01951 | 0.1879  —351' 0746 | 0.558 @ 0.444 | 0.370 | 0.231 —771 ¢ 0174
L 02511 | 02409  —251| 0.887 —751 | 0250
02001 | 02770  —151| 0972 | 0.800 ' 0642 | 0534 | 0.330 731 | 0346
03175, 03031  —051| 0.996 | 0.904 \ ~711 | 0456
. 0.3373 | 0.3190 0.49 0973 | 0.833 | 0.697 | 0.428 —691 & 0571
0.3576 | 0.3272 1.49 099 | 0915 —671 | 0678
0.3918 | 0.3315 2.49 0.973 | 0854 | 0526 —651 | 0.770
0.4601 | 0.3344 3.49 099 | 0.923 631 | 0841
' 05515 | 0.3377 449 0974 | 0624 —611 | 0893
| 06142 | 0.3434 5.49 0.996 —591 | 0930
0.6452 | 0.3550 6.49 0.723 —571 | 0955
0.6647 | 0.3800 8.49 0.821 —551 | 0971
0.6850 | 0.4341 10.49 0914 —531 | 0981
07146 | 0.5254 12.49 0.985 —511 | 0988
0.7561 | 0.5995 13.49 0.997 —~491 | 0993
0.8155 | 0.6355 14.49 —471 0995
. 0.9055 = 0.6522 15.49 ———
| 0.9794 | 0.6601
“ 0.9976 | 0.6638
| 0.9998 | 0.6660
09999 | 06700
| 09999 | 0.6757
{09999 i 0.6874
J 0.9999 | 0.7091
0.7419
“ 0.7856
0.8531
J 0.9432
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the smallest ¢ at a given overvoltage. It may be noted that the (110)-lattice
plane is covered almost completely as seen in Fig. 8a at overvoltage above
ca. 0.2V, where the hydrogen electrode reaction are usually observed. This
point is discussed in §5-3.

(2) Shape of isotherms: One or two plateaus appear in isotherms on every
lattice plane in the higher approximation, whereas not at all in the proportional
approximation as seen in Fig. 8b. The appearance of the plateaus may be

(110) - lattice plane

09}
08F
0Tf
06
a5

04+

02f

1 | | ! 1
—010 =5 0 5 0 15

” (mV)/591
Fig. 8 b. Theoretical isotherms, #=6{%), of hydrogen adsorption on (110)-
lattice plane of Ni by the proportional approximation for a=1.0,
15, 2.0, 25 and 4.4 at 25°C and 1 atm pressure of hydrogen.
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Fig. 9. Adsorption of hydrogen on (110)-, (100}~ and (111)-lattice planes.
Adsorption occurs first on the sites of solid circle and then on
those of open circle. The sites marked by points are occupied in
the last stage of adsorption on account of the strongest repulsion.
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understood as follows. With increase of 7 or of activity of hydrogen adatom,
the sites signified by solid circle in Fig. 9 ought to be first covered on account
of the smallest repulsion thus effected. As these sites are covered completely,
6 is 1/2 on the (110)- and (100)-lattice planes or 1/3 on the (111)-lattice plane,
although only approximately realized except at 0°K. Further occupation of the
other sites indicated by open circle in Fig. 9 encounters now with much stronger
repulsion, thus giving rise to a hindrance of ¢ increase or a plateau on the
isotherm as seen in Fig. 8a. The length of plateau depends on the extent of
the repulsion, i.e. longer plateau for larger value of . As 3 becomes large
enough to overcome this repulsion, # starts again to increase. The sites on
the (111)-lattice plane, marked by point are occupied only in the last stage
of increased 7 on account of the extremely strong repulsion as seen in Fig. 9.
(3) Comparison of isotherms: The isotherms obtained by the proportional
approximation are illustrated in Fig. 8b and in Table 14. Striking difference
is found between the latter results and those of the higher approximation of
isotherm shown in Fig. 8a. In the absence of interactions («=0), the electrode
surface is completely covered at very low overvoltages, which lie far below
those where actual observations are practiced””. The coverage obtained for
a=4.4 on (110)-lattice plane increases from 0 to 1, as seen in Fig. 8b, through
an appreciably wide range of overvoltage, covering the region of actual obser-
vations of hydrogen electrode reaction. It must be mentioned that the value
of «a=4.4 is far too large as compared with the value of a~1.5" obtained
previously from the analysis of hydrogen isotherm as referred to in Chapter V.

The values of X, Y and Z are shown in Table 15, which are used in
the calculation of reaction rate and TAFEL constant in the next Chapter.

CHAPTER V. RATES AND TAFEL CONSTANTS

The rates of hydrogen electrode reaction and its TAFEL constant are now
calculated on (110)-, {100)- and (111)-lattice planes by the combined approxi-
mation and compared with experimental results. The proportional approxima-
tion is conducted on the (110)-lattice plane only for comparison inclusive of
the case of no interaction.

§5-1. Rates and TAFEL Constant

The rate 7, of hydrogen electrode reaction is calculated by Eq. (I.7.7,)
for the catalytic mechanism, i.e.

i‘L = 267 &I Nﬁ‘gc_%ﬁ NHQ .exp( 2F’0 ) . (I. 7 Z+)

h QC O
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TABLE 15. Values of X, Y and
(110) (100)
X z
7/59.1 7/59.1 :
a=12 a=15 ‘ a=25 , a=12 : a=15 a=25 a=12
—951| 331710~ 331510~ 3.306:10-2 —6.56? 3.300-10-% 3.208-10-7 3293.10-% 3.311.10-?
—851| 3146102 3.124-10-2 3.057-10-2 —556 3.006-10-2 2993102 2.955.10-2 3.095-10-2
—751| 2.361-10-1 2.299.10-1 2.119-10-1| —4.56 | 1.869-10~7 184210~ 1.771-10~1, 2.210-10-1
651 1.222 1.176 1043 | —356] 6.980-10-1 6.755-10-1 6.202-10-1 1.094
—551 4871 4691 | 4240  —256| 2.261 2163 1815 4.430
—~451: 172410 163310 | 150210 | —156| 6.855 7.045 6.036 1.619-10
—351| 616010 | 546610 | 494810 | —0.56  1.470-10 | 1.984.10° | 2.03810 . 6.209-10
—251! 2530107 | 1.892.102 | 158810t | 0.44' 200510 | 355210 | 6521.10 | 2.137.10°
—151 1.37810° | 7.440-10° | 5060102 | 1.44| 272010 | 419910 |, 1.924.10% | 7.321-10?
—051| 108010 | 3721.10° | 1.62010° | 2.44| 577210 | 474010 | 4.039-10° | 2.810-10°
049 | 1047105 | 2.662.10¢ | 5.305-10° | 3.44' 174410 | 7.26810 | 5.00210% | 1.027-104
149 1043105 | 2.486-10° | 1.850-10* = 4.44| 5646.10° | 1.860-102 | 5159-102 | 4.143-10¢
249 1042107 | 2466106 | 7.336-10¢ | 544 2.093.10° | 5939-10* . 5.180-10° ~ 2.039-10° |
349| 1.042.10° | 2464107 3480-10° | 644 1.287.10* ' 1.923.10° | 5.226-10° = 1444.10°
4.49| 1.042:10° | 2.464.10¢ !2.267-106 744 1.167-10° | 6.494.10° | 5.450-10 | 1.346.107
549 1042100 2.464:10° i2_041-1ov | 844 115410° | 338510 | 7.189-10° | 1.336.10°
 9u 1.636-10°
10.44 4926107
11.44 1.589-10¢
1244 5.402-10¢
13.44 | 1.762-105
1444 5.145.10°
15.44 1.929-108
| 1644 1.260-107 l
' 17.44 1.163-10°
| 18.44 | 1153.10°
| 19.44 | 1.152:100
20.44 1.152-101
21.44 1.152.1012
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Z on different lattice planes.
(100) (111)
Y : Z Y
7 7/59.1 ‘ ‘
a=15 | a=25 a=12 ! a=15 a=25 a=12 a=15 a=25
3.309-10—3 3.303-10-%—4.71 3.301-10‘31 3.300-10-% 3.295-10-% 3.313-10-3 3.312-10-3 3.308-10-3
3.082-10—2] 3.042-10~2/—3.71; 3.020-10-2 3.009-10-2 2.977-10‘2 3.11810-2 3.109-10-2 3.083-10-2
2.177:10—1 2.086-10~4—-2.71| 1.957-10-! 1,934-10- 1.876-10-% 2.316:10-}] 2.296-10-}| 2.241.10-1
1.066 9.951-10-1—1.71| 7.924-10-1| 7.770-10-1| 7.474-10-%| 1.228 1.212 1.181
4.275 3.950 —0.71| 2.488 2.396 2.294 5.226, 5.120 5.055
1.5610-10 | 1.385:10 0.29' 7.168 6.619 6.244 1.987.10 :.1.882-10 | 1.873-10
5.361-10 | 4.403-10 1.29] 2.203-10 | 1.738.10 158510 ; 7.571-10 | 6.515:10 | 6.291-10
2.253-10% | 1.371-102 2.29] 612910 | 4.434-10 | 3.810-10 | 3.304.10% | 2.301-10? | 2.022-10?
7.241.10% | 4.561.10% 3.29| 2.487-10% | 1.160-10% | 8.799-10 | 2.033-10® | 8.971-10? | 6.420-102
2.068-10° | 1.662-10° 429, 2.072:10° | 3.721-10% | 1.962-10% | 2.539:10% ' 4.409-10* | 2.045-103
8.599-10° | 5.901-10¢ 5.29| 1.357-10* | 2.284.10% | 4.212-10% | 2.502-10° ‘ 4.084-10* | 6.582-10%
3.195:10¢ ! 2.095-104 6.29 | 4.841.10* | 4.660-10% - 9.068:10? | 1.335-10% | 1.223-10¢ 2.166-104
1.107-10% | 7.501-10* 7.29| 1.420-10° |, 2.478.105 | 2.049-103 : 5481.108  9.919-10° '@ 7.466-10¢
4.258-10° | 2.641.10° 8.29 4.020-10° | 7.660-105 | 4.509-10% | 2.055-107 | 4.667-107 | 2.827-10°
1.939-10¢  9.461-10° 9.29| 1.167-10% | 2.008:10¢ | 1.551-10* | 8.004-107 | 1.785-10% ' 1.303-10%
1.220-107 | 3.355:10° = 10.29 | 3.853-108 i 5.172.108 : 7.781-10* ‘ 3.609.10% | 6.248-10% | 9.698-10¢
i 1.431-107 | 11.29 61.779-107 1.357-107 | 4.401-107 | 2.113-10° | 2.166-10° | 7.824-10°
4.667-107 12.29‘ 1.333.108 | 3.741.107 = 4.602-108 ' 1.734-10%° ‘ 8.078-10° | 1.192-101
‘ 1.451.108 | 13.29 “ 1.171-10% | 1.668-10° 1'3.500-101° | 6.483-10%
4.659-108  14.29 | 4.952.10° I 4.474.10° 1 1.925-10" | 2.644.102
1.667-10° 1 1529 3.397-10° ‘ 1.052-10%° 1.487-10'2 | 9.450-1012
6.749-10° | 16.29 3.166-10%° | 2.162-10'° © 1.417.10'3 | 3.162.101
3.368-10% | 17.29 3.141-10' | 3.832-10%° 1.409-10% | 1.025.10
2.454.10* 1 18.29 3.139-102 ' 1,148-10* ; 114081015 | 3.286-10%
2.310-10'% 19.29 3.139:10% | 2.620-10" 1.408-10% | 1.043-10%5
2.294.10% | 20.29 3.139-10% ! 6.121-10M 1.408-10'7 | 3.320-10%5
2.293-10%, 21.29 i 3.139-10'5 | 1.488-10'2 1.408-10%¢ | 1.084.10%
2.293-10% | 22.29 3.828-102 3.805-101¢
2.293-10'¢ | 23.29 1.078-10*3 1.515-10%7
24.29 3.675-1013 7.164-10"7
25.29 1.831-10% 4.433-1018
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The TAFEL constant is expressed according to Egs. (1) and (1.7.7,) as

RT 0 1y 2Coves (V. 1)

T=2+
F oy QC

QC5s,/QC needs now to be evaluated as a function of » on the respective
lattice planes.

§ 5"2. QC;#(A;)/QC'

The configuration of critical complex has already been determined in
Chapter III on which basis the repulsive potential between a hydrogen adatom
and the pair of constituent hydrogen atoms of the critical complex is calculated,
assuming the repulsive potential to be a times as large as —35% of the
Mogrse function of Eq. (II.1), similarly to R; efc. in Eq. (IV.5). We see
from Fig. 5 that any hydrogen adatom on one of the first nearest sites to ¢~
in Y, i.e. gy, 04 05 and o, is equally apart from the constituent atoms of the
critical complex on the (110)-lattice plane, which is not the case on the (100)-
and (111)-lattice planes as seen from Figs. 6 and 7. The relevant repulsive
potentials, Ri etc. are calculated in Kcal mol™ as

Rr=1721«a (110)-lattice plane,
F=0.7652a, 5=2708 a (100)-lattice plane,
F=07652a, R5=1349«,

Ry =7484«a

(V.2)
} (111)~lattice plane,

where Ry is the repulsive potential between the critical complex and a hydro-
gen adatom on ¢, of each lattice planes, Rj; that on ¢, of the (100)-~ and
(111)-lattice planes and R3; that on ¢, of the (111)-lattice plane respectively.
The repulsive potential of critical complex due to the adatoms on the second
and third nearest neighbouring sites to ¢~ lying outside }, is taken as mentioned
in §4-1 to be proportional to the coverage # in the combined approximation,
the appropriate proportional constants R; being evaluated as the total sum of
the repulsive potentials at §=1 calculated by the same law, as

Ry =0.1091af, 05015a0 or 0.2386af Kcal mol™’

respectively for (110)-, (100)- or (111)-lattice plane. The BorTzmanN factor
of Rf, R, Rf; or RF is denoted by I, IL, IIT or {* respectively.

DCsxxy: QCr=(s, is expressed, similarly to QCs ) in the foregoing Chapter,
by the combined approximation, as
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@ K@)
3
QCos = 2 k(Z) QCso) gL 1%
g=0 g)=1

< [orodoy 11T IIT™ - ISHIF- IV TI" IIT" ], -, (V.3)

where ¢* is the BoLTzZMANN factor of the reversible work required to bring
up the constituent particles of critical complex from their standard states to
a definite, preliminarily unoccupied ¢* to compose the critical complex there,
exclusive of the work due to interactions with surrounding hydrogen adatoms
and expressed as®,

k(@)

q;:;1:{1—exp(—hu;€/kT>}”-exp(— ;5 ) (V. 4)

where ¢ is the energy of the critical complex in the ground state. U,
V' or W is the number of adatoms inside 3, which exert on the critical
complex the repulsion of potential Ry, Rj or Rf; respectively.

The QCr«(s) of Eq. (V.3) is now worked out for all possible arrangements
of hydrogen adatoms of all possible numbers inside };, as shown in Table IV
in the Appendix for (110)-, (100}~ and (111)-lattice planes, where G=4,
M=N=U=W=V'=W'=0 for (110)-, G=6, L=W=T=W'=0 for (100)-
and G=8, L=V=S=0 for (111)-lattice planes. Eq. (V.3) is written
rearranging the terms shown in Table IV as below.
(110)-latiice plane:

QCvie, = O ¢C*-SUM(110)*, SUM(110)* = 31 d,, X7,
=

(V.5.a)
(100)-lattice plane:
Qo sy = Qs - 77 -SUM (100)~, (V.5.b)
SUM (100)* = 3. (d ,+ds ,Z+ds , 29 Y7,
(111)-lattice plane: -
QCx ey = QCr - g7~ - SUM (111)*,
TABLE 16. Constants d,; in Egs. (V.5.a) and (V.7.a)
for (110)-lattice plane.
p ) 1 \ 2 3 . 4 \ 5
1 ‘ 1 } AT \ Ar201 I \ AL 13 ‘ nere
2 1 4 4421l ' l Al e
3 2| AI+4lI| 2041 [ TI4AL L2107 | ALILIT+AT I TI® | 2100
4 1 ; ATITII | 4D I+ 20°I100 } ALSITEIT [4IT°IIT
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TABLE 17. Constants, dg,; in Eags. (V.5.b) and (V.7.b)
for (lOO) —lattice plane

N\\ ; TR, ‘ 7 . | :

\ T . \
L T ATT i AIr*42I XI* | AlII® | I*IT
| - | \
- . eTIP4Al TIT | 411 TIT
2 | o “41H+_4”IH\+2112II12+41HIIP A e e
‘ | ‘ ‘
3 | aira A PIP 2l 1 PIE 41P DI | P C T
4 “ 1 ‘ 4 - ‘ 4421 | Al ‘ I?
| ' ;
o |
5 2 ‘ B e ‘ ALII+411IF 211
I - ) N ‘
| | - ‘ ‘
6 | 1 All | Al 421 IT* ‘ am e
72 ama 'v | o1p sl Horesar | APIPRAPI 2041
8 | 1 | arm | APIArR o ar T
| \ ) I
o | apar | MTHALHAIT | 2114461 42l P AL Al | 200
| D/ Forsir FADIHAIID | 20
T \ \
' 4772 4773 214 4 !
10 \ 2t ADIALLE e AT 2
4 2]]3 sffz | -
1 ‘ o | 4lII*4Al°I t RLIDAPI 20 | AISITS AT | 20501
12 ‘ 1o arar | apmeerms | arms | o
| ‘; i
7 | _
SUM (LLL)" = B (dy+ ds 24y 28 Y (V.5.¢)
j=1

and d,. ; ’s are constants shown in Tables 16, 17 and 18 for the respective
lattice planes.

0C: 2C is expressed with reference to Y7 on each lattice plane as the sum
of VC,, s and 0Cs,, worked out in §4-1, as

G kigy
QC= 3 3 OCrismig
. g=0k(g)= i
G Klg ‘

) -
Z ; QCr 1 [erodtoy IPIIVIII™ - IISIIIY | (V.6)

ko) *
We have here no specification for the state of ¢’s in J], e. g. that a definite
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TABLE 18. Constants, d; ; in Egs. (V.5.¢) and (V.7.¢) for (111)-lattice plane.

N‘ 1 1 2 l 3 4 5 ‘ 6 7
D 7 &) 5 RN B S S E -
1 1 orparr  WLTIERad prep) 8 LR U aE DRl IIDELE - LTI 4 pgpre pepps
AL 2HLIT? | o T prey adi] T2l rereciz s, 2000 LI
4121 TOIT T +4j;{}{15 FEPE | eran: rerreanx
3 2 g ™
e | e T LT
s rary | AR capnl o | R LICLLE Aypspys pepr gy
2 | 2[IT | +4I ITITI CEILILY |y 1 I arn I PLELL |\ s p Y poprr|20s 1 T2 I O0T
FAIT ITI FPILILE e ey | HALUD DICILL | s s rrp
+41 I TTT e | el eI
2 2 2 3 y
B ‘ +arerrrerr |t
TTUAPIE TITIIIE | ST I IIETI® | 4115 IEITTIT?
VAL T XT IIT?| +- AT TAITIIT? | +4III* T IT3IIX?
3\l ITT? +§§1{;III{IIIIZP FHISEEIIT? | 42141014 T IO | 4TSI T ITSTTT? 4%%{;%3%2 [T ITITT?
42 TIPITI? | 2120 1 IIEIT? | 4214011 AT IIT? [©
- | eI vARIE IEEIOIE | Y I ITIIT 7
4 1 6 94201+ Al GIII+ 120 +20111 AE AL | arererarn l [
T 2441114211141 . orar o
s e e | T G S s | s
LT 4T IIT3 IEIIEYOIIE T4l I | -
6 | Ul | 2valll | ARHI4212112 | L4811 | +AIMIII54+ 214000 | 20115+ ATs]I]5 13017
o AT O arn i
p . 3 341 14]2 972 2 3 2 J i} -
7 2 papr+er | AU SIRICLIIT O | Dot etan AL ALIE o
- 201 AP L8P+ 2050] | 2l II+asi: |t '
: : 2T I+ AT ISIITS 4TSI -
8 1 orzyarmr |1 r;‘}{;g{ :[jgi%z FAISIII+ 815111 SAITII 42 I3 | 2I[TS+ AT JENIIC
) ‘ e AT
oy AT L8133 :
8 I +41 fﬁ%ﬁffz%il TAIMII 241411 fﬁ;%;j%;%; SIS+ 411114
9 41 + 8L+ AL T +L ny 41]qs
48121114413 | 4831112412111 20151112 4-AIS]I]? +8ISIIT*+ 1271113 | +8I81II5+4I°]1*
FAISITT T FADIITS
I 4ls T
I3 +8I71II*
_ 8ISIII 41211112 . F20 I+ AINIIT* | AT IIIS+AT2]IT7
100128 | BIMIHAIIIL | Vyreqpps Cgpapppe | FREIEHAINITS L oorrrs opigyys 418 2remre
. YA+ 410011
i LAV
- . e T SISIIS+14IIIT .
11| ereqp | M PHDAALILE Cohrysie| + -2 ettty | 2o +Arelre 2117118
erararin Ry T | i s e Y6y
12 | o | ersirsarine +{;}§ﬁ;§fg}£{;l4 OIRIL SRl |9l PHIRHSIE 1 e 18I

UOLIIDIY P04 UIBOUPSET 2yl Jo UORDILSIAU] [DIIL0Y T,
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pair of ¢’s are occupied by the critical complex, hence G=6, M=N=0 for
(110)-, G=8, L=W=T=0 for (100)- or G=10, L=V=S8=0 for (111)-lattice
plane respectively; all terms of the sums in Eq. (V.6) are shown in Table V
in the Appendix. The terms thus obtained are rearranged as below.

(110)-lattice plane:

SC: S.\rC’Z(O) SUM (110) >
SUM(110) = ¥

J

(d;+ds L +d, 00 X7, (V.7.a)

1

(100)-l1attice plane :
LC = QCy, SUM (100),

SUM (100) = Z (di;+d, Z+ds ;27 +d, L+ dy ;04 ds L7+

J=1

¥ do S Z 4+ dn L2+ d L2 Y (V.7.b)
(111)-lattice plane:
QC = 5ﬂC’}:(o) SUM <111) N

SUM(111) = S1(ds, + du 7+ ds 70+ dy S+ dy 20+ do L7+

i=

b do L7 dn L7+ du 7 YO (V.7.¢)

where d, ;s are constants shown in Tables 16, 17 and 18 for the respective
lattice planes.

It follows from Egs. (V.5) and (V.7) that QCygs+,/QC is reduced to ¢*(*-
SUM (110)*/SUM (110}, ¢*¢* SUM (100)*/SUM (100} and ¢~{* SUM (111)%/
SUM (111) in the respective cases of the lattice planes, {iCy(,, being cancelled
out, where ¢~ is the factor independent of 7 as seen from Eq. (V.4). QCs«,/
QC is now evaluated as a function of » according to the above equations
using numerical values of X, Y, Z and # given in Tables 14 and 15.

The latter quantities especially X, Y or Z which comprizes ¢, ¢, or 0,
have had to be evaluated with special reference to the ), employed in the
respective case of the lattice plane.

The QCs+)/C is calculated by the proportional approximation as well,
for the (110)-lattice plane for comparison. The }; is reduced in this case to
¢* as mentioned in §4-3, hence we have

QC;F*(#) = QCgas(o)q:“C# (V 8)
and from Egs. (IV.1), (IV.31.a) and (IV.31.b)

— 166 —



Theoretical Investigation of the Hydrogen Electrode Reaction

QC = QCyuiw(1 + 27 FILIT + 1%+ H- L) (V. 9%

where — RT In {*=(4RF + 2R + 4R, 0 as seen from Fig. 5. The above two
equations are reduced in the absence of interaction, i.e. for a=0, where ,=
Il,=111,={*=1, to the equations

QCos sy = QCox0) - ¢~ (V.10
QC = QCyx (1 +T7). (V.11)
We have from Eqs. (V.8) to (V.11) in case of the proportional approximation,
QCos oy [QC = ¢¥ (1 + 21 - BILIL +7* - 1T- LILIIL), (V.12)
which is reduced for =0 to the equation

QC;#@F)/QC: qf/(l+7)2 . (V 13)
§ 5-3. Current Densities

Final expression of the current density is now given according to Eqgs.
(I.7.2,), {(V.5) and (V.7) as

R A ' 2Fy
i. =2 7L.NH 'Nf'@—z—-r'exp(?f), (V.14)

where ['={* SUM (110)*/SUM (110), ¢ SUM (100)*/SUM (100} or {* SUM
(111)%/SUM (111) for (110}-, (100}~ or (111)-lattice plane respectively. The first
factor 2e¢ (kT/h)N¥: on the right side of Eq. (V.14) is common to all expres-
sions of 7, on the different lattice planes. The second factor N;* depends on
the lattice plane as

NF=1x10", 3x10® or 6x10* cm™ (V.15. Nj

respectively for the (110)-, (100)- or (111)-lattice plane. The third factor
q7/Q" is expressed by Egs. 1.5.Q":) and (V.4) as

Sl it
qr _ =il eXp( kT)i, < '_E;Lie?;).
QY (2amkT)"* Az IR TR ( RT

*) The previous formulation?” 6% (0)=(1—6) (1—6’) of the probability 6% (0) of seat o= of the
critical complex being unoccupied, is erroneous, where 6 is the probability of one of the
constituent sites of ¢* being occupied irrespective as to whether the second site of ¢%
is occupied or not and 6§’ the probability of the second site being occupied in case, where
the first site is unoccupied. The probability of the first site being unoccupied depends
reciprocally upon whether the second site is occupied or not, insofar as that of the
second site does upon whether the first site is occupied or not. The probability that
the first site is unoccupied should in consequence differ from the first factor (1—#6) in
case, where the second site is unoccupied and there exists interaction, hence (1—6) (1—¢')
does not equal 6% (0).
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TABLE 19. Theoretical values of logi. (A cfn‘z) on (110)-, (100)-

Combined Approximation

(110) (100) (111)

/591 | @a=12 | a=15 "1 a=25 77/59.1 ; a=12 | a=15 | a=25 %/59.1 a=1.2
—951 | —1637] —1637| —1637| —656 | —1596| —1596 —1596/ —a71 | —1217
—851 | —14.44| —1444| —14.44| —556 | —14.06| —1406| —1407| —371 | —1028
—751 | —1286| —1286 —1283 —456 | —12.54| —1255 —1257| —2.71 | —879
—651 | —1196' —1194] —1182 —356 | —1158| —1158 —1157 —171 | —7.76
—551 | —1151| —1153| —11.36| —256 | —11.00| —11.00| —1092| —071 | —6.88
—451 | —~11.04| —11.23° —11.19] —156 | —1059| —10.60; —1053| 029 | —597
—351 | —1030! —10.74| —1111| —056 | —1027 —10.26| —1021 129 | —503
—251| 930 —992| —1098' 044 —983| —1013 —984 229 | —407
—151 | —844! —881| —1068| 144 | —915| —976| —948| 329 | —309
—051 | —810] -779| —1007| =244 | —828 —911| —931| 420 | —221
049 | —804| —7.30, —9.09 344 | —742 —828| —907| 529 | —175
149 | —804| —721| —777| 444 | —682| —726| —887. 629 | —138
249 | —804| —7.19| —631| 544 —647| —633 —866| 729 | —094
349 | —804| —719] —513 644 | —628. —570 —843] 829 | —047
449 | —804| —719 744 | —624, —543) —785 929 | —014
549 | —804| —7.19 8.4 —6.24‘ —694| 1029 | —013
9.44‘ ‘ 574 1129 | —070
10.44} | —445| 1229 —1.99

11.44 ‘ ~327| 1329

12.44 | -236 1429

13.44 ~175| 1529

1444 | —~144 1629

15.44 | —123 1729

16.44 | —111] 1829

17.44 ' 108! 1929

1844 | ~108' 2029

19.44 ~108| 2129

20.44 ~108| 2229

2144 | —108! 2329

: === 2429

25.29
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~and (111)-lattice. planes at 25°C and 1 atm pressure of hydrogen.
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Proportiotial ‘Approximation

(111)
a=15 | a=25
—1217: —1217
| —10.29, —10.30

~881 —884
—782! —790
~7.000 —7.20
—617' —6.58
~598| —594
—432| —505
—334 —435
—229| —343
—1211 —245
—048| —143
—0.16| —0.37
016| 076
059 199

| 118 330
164 432
200 46l
L2007 4T
L1620 496
032 527
—127 564
—218 610
—237 661
—239 745
-239) 787

| —2.39‘ 8.78
| 8o
f 9.35

| 897
Iy

‘No Interaction-

7

(110)-

.(110)

7591 | a=10 “ =15 a=20 | a=25 a=14 ..!77’/‘59}_(:‘ a=0
~951 —16.38!——16.39 —16.40(~16.40 ~16.39  —951 | ~1636
~751|—~13.01| —13.10| —13.18| —13.25| ~13.41  —8.51 | —14.39
—551 | ~10.92) —11.06| —11.13 ~11.21-1139 801 | ~1345
—351| —9.38 -9.34| —-9.41| —9.50] —9.64  —771, —12.93
251 —8.87 —751 | —1261
—151, —8.54| —7.91| —7.81, —7.85| —7.99  —7.31, —12.33
—051 | —8.45 —7.40 ‘ —711 | —12.09
0.49 ~7.09] —6.44 —6.29] —6.40  —691 7 —~11.90

1.49 —~6.97] —5.96 —671 | —~11.75

2.49 —5.64; —4.95| —4.86 —651 | —11.64

349 | ~5.50{ —4.50 —631| —1156

449 | —4.16] —339  —611| —1151

5.49 —4.02 ~591 1 —~1147

6.49 ~1.99 —5.711 ~11.45

8.49 —0.65  —551 | —11.43

10.49 058 531 | —1143
12.49 149 —511 | —1142
13.49 166  —491 | ~11.42
—471 | —11.41

t . 34
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The value of &5 —ef's was determined in accordance with the conclusion of the
previous work” as derived from the experimental results®, that the activation
energy of hydrogen adsorption on Ni is zero at the very initial stage at room
temperature, where interaction is ignorable; the rate v_ of the dissociative
adsorption is given by v, of Eq. (I.1) by substituting p": from Eq. (I.4. H,)
for p' and p* there from Eq. (I 6), inasmuch as H, is the initial system I in
this case; since QCsx,,/CC is reduced in the latter extreme condition to ¢~

10~

log i+ (Acm?)

i 1 P S—
-0 =10 0 10 20
7 (mV)/59
Fig. 10. Theoretical log 7+ ~7 relation of hydrogen evolution reaction on
(110)-, (100)- and (111)-lattice planes of Ni obtained by the com-
bined approximation for a=1.2, 1.5 and 25 at 25°C and 1atm
pressure of hydrogen.
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according to Eq. (V.13) with reference to Eq. (IV.33), we have”
v_ = (RT/h)N":N*q*/Q":,  hence

. dlogv_ P : dlogQ™ . u, .
RT (\7 s /)Pﬂz_o_eg RT® 0L — & —ef»—5/2-RT,
identifying ¢~ approximately with exp(—e;/RT’), where P": is the pressure of
hydrogen gas kept constant, or

e, —e*=5/2-RT (V.15.¢F)

for (110)-lattice plane, admitting that adsorption occurs predominantly on the
(110)-lattice plane at its very initial stage.*’ The values of ¢ —¢f: on the
other lattice planes are determined by adding the appropriate difference of
s’*+jZ(Kj—-1/2-Jj) given in Table 3 to 5RT/2. The values of v* are

shown in Table 4 and those of m and I are taken as 2.016/6.024 x 10 and
4.664 107" gcem.* ™ Using Egs. (V.14) and (V.15) as well as values of I's
calculated in §5-2, i, on the respective planes are determined at 25°C, latm
pressure of hydrogen, assuming that each lattice plane is developed equally
by one third of the total area. The results are shown in Table 19 and Fig. 10.

Fig. 10 shows that the slope of logi. against 7 is 2F/2.303RT, i.e. t=2
at very low current densities. With increase of current density, however, the
slope changes in a complicated manner and tends finally to zero, i.e. z=0 as
seen in Fig. 10 or readily deduced, revealing the saturation current.

Fig. 11 shows logi, ~7 plots on each lattice plane for a=1.5 in compari-
son with the experimental results® as well as with the theoretical calculations
on (110)-lattice plane by the proportional approximation for a=0 and 4.4
respectively.

The following points are remarked with regard to Fig. 11.

(1) The saturation current density at y— oo increases in the order of
(110)-, (100} and (111)-lattice planes. The (111)-lattice plane contributes pre-
dominantly to the current density at overvoltage above 0.2V, where observations
of £, are usually practiced as mentioned in §4-4.

(2) Logi.~n plot deviates without taking repulsive interactions into
account, 7.e. for a=0, far from the observed one, indicating the important
part played by the repulsion between unbonded hydrogen atoms, as deduced

12)

quantum-mechanically to exist.
(3) The logi,~% relation calculated by the proportional approximation
for a=4.4 on the basis of the (110)-lattice plane is in fair agreement with

*) It is seen from Fig. 8a that the hydrogen adsorption occurs predominantly on the (110)-
lattice plane at the very low activity of hydrogen adatom or such overvoltage.
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Fig. 11. Comparison of the experimental log 74+~ relation with the theoretical
ones by the combined approximation for a=1.5 on (110)-, (100)- and

(111)-lattice planes of Ni as well as by the proportional approzimation
for @a=0 and 4.4 on (110)-lattice plane.

the observed one, giving constant slope of z=0.65, whereas this value of «
is far too large as compared with the value 1.5 determined from the analysis
of adsorption isotherms', for such low activity of hydrogen adatoms as the
adsorption occurs predominantly on (110)-lattice plane. The present investi-
gation shows now that the predominant contribution to the rate is due to
the (111)-lattice plane over the range of 7, where the 7, is usually observed.
The above discrepancy of a-value is reconciled reasonably by transferring from
the (110)~to (111)-lattice plane with the proportional approximation, inasmuch
as the repulsive potential of an adatom is thus approximately trebled, since its
first nearest neighbours contributing predominantly to the repulsive potential
increases thus from 2 to 6, which is nearly equivalent to increasing a from
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1.5 to 4.4 remaining instead with the (110}-lattice plane.

(4) Logi,~m relation on the (111)-lattice plane is quite different from
others at higher current densities, where further increase of 7 is associated
with a conspicuous decrease of current density, hence r<0. This decrease of
i, with increase of 7 is attributed to the repulsive potential, Rf;, 7. e. that between
the hydrogen adatom on ¢, or ¢, in )] of (111)-lattice plane in Fig. 7 and the
critical complex situated on ¢, and ¢,. The repulsive potential Rf; is extra-
ordinary large, hence the sites ¢; and ¢, tend to remain unoccupied until the
coverage attains ca. 0.8. With further increase of », however, these sites are
occupied, resulting in a large increase of the potential energy of the critical
complex, hence in a considerable decrease in Z,. On the other lattice planes
Ry or Rf is almost equal or less than R; while Ry, is absent as seen from
Eqgs. (IV.5) and (V.2). It follows in the latter case that sites are nearly equally
covered, no such sites being left unoccupied till an extremely high overvoltage
as their occupants, once emerged, severely increase the potential of the critical
complex and hence decrease the current density as in the case of (111)-lattice
plane.

(5) The experimental results of i, is torelably reproduced by its theoret-
ical value of 7., which is practically exclusively sustained by (111)-lattice plane
in the region of overvoltage from 0.2 to 0.7 V. At higher overvoltage than
0.7V, however, the theoretical values of i, deviates considerably from the
observed ones. This difference might be attributed to the galvanostatic method
employed®, where constant currents are imposed, hence only fraction of the
current might possibly cause the hydrogen electrode reaction, the rest being
spent on other electrode reaction, e.g. discharge of sodium ion, resulting in
a large increase of the electrode potential. The logi.~7 relation theoret-
ically deduced at high overvoltage might be experimentally reproduced by po-
tentiostatic measurements of steady currents in acid solution.

§ 5-4. TAFEL Constant

TAFEL constant = is now readily calculated according to Eq. (V.1) as
a function of 5 using the values of C.Crx(.,/QC obtained in §5-2 by different
approximations. Results obtained by the combined approximations are shown
in Fig. 12.

The ¢ thus decreases from 2 to zero with increase of 7. The present
theoretical results indicate that the value 2 of 7 elementarily deduced in
the Introduction, reveals itself at extremely low coverage of the hydrogen
adatoms, 7.e. at the very large positive polarization against the reversible
hydrogen electrode, whereas under the usual experimental conditions where
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Fig. 12. Theoretical z~y relation of hydrogen electrode reaction on (110}-,
(100)~ and (111)-lattice planes of Ni by the combined approxima-

tion for a=1.2, 1.5 and 2.5 at 25°C and 1 atm pressure of hydrogen.

7>0%, the electrode surface is sufficiently covered with hydrogen atoms to
reduce the value of r from 2.

It is interesting to note that, in every cases studied by the combined
approximation, r reveals one or two maxima with increase of #, finally tending
to zero at extremely high overvoltage. These behaviours are closely connected
to those of 6 (Fig. 8a) in such a way as the first or second minimum in z~7y
diagram occurs at the value of overvoltage, where the first or second plateau
appears in f~ diagram. At the plateau, where 6 increases with » only slightly,
the increase of current density or ¢ with » is very small. As 5 increases above
that of the plateau, # and hence the current density increases rapidly with g,
resulting in a rise of . As ¢ tends to its limiting value of unity, ¢ tends to
zero. The t~y plots for a=1.5 on the respective planes are compared with
each other and with experimental values® as well as with those obtained by the
proportional approximation for a=0 and 4.4 on (110)-lattice plane in Fig. 13.

Noting that the experiments are carried out in the overvoltage region
higher than ca. 0.2V, 7 on (111)-lattice plane is in the best coincidence with

*)  Overvoltage used in this paper is defined as negative of the potential of test electrode
referred to that of the reversible hydrogen electrode in the same hydrogen atmosphere
and the same electrolyte (¢f. Introduction).
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Fig. 13. Comparison of the experimental t~7% relation with the theoretical
ones by the combined approximation for a=15 on (110)-, (100)-
and (111)-lattice planes of Ni as well as by the proportional approxi-
mation for a=0 and 4.4 on the (110}-lattice plane.

the experimental results similarly to the case of logi,~ plot, while z’s on the
other planes are there almost reduced to zero, contributing practically none to
the value of z. The = for =0, 7.e. that in the absence of repulsive inter-
actions, drops quite sharply to zero at very low overvoltage, which indicates
that the repulsive interaction deduced quantum-mechanically'”, is essential to
reveal the experimental aspects of r. On the other hand, r calculated by
the proportional approximation follows the observed ones fairly well for a=4.4
on the basis of (110)-lattice plane in conformity with logi, ~ relation referred
to in (3), §5-3. The same explanation as that in (4), §5-3, applies to the
curious behaviour of z on (111)-lattice plane of assuming a negative value at
higher overvoltages as shown in Fig. 13.

DISCUSSION

One of the present authors showed” as mentioned in the Introduction that
the experimental results on the hydrogen electrode reaction on nickel is theo-
retically reproduced as based on the (110)-lattice plane by taking into account
repulsive interactions among hydrogen atoms both adsorbed and constituting
the critical complex by the proportional approximation, where the potentials
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of exchange repulsion was multiplied by a factor @ of 4.4, suggesting the
existence of saturation current, ca. 2 < 10* Acm™* at 25°C and 1atm H,. The
latter current has been recently confirmed experimentally by one of the present
authors and YAaMAzAKI™ at the expected value in the concentrated solution of
NaOH at 224-1°C. The adsorption isotherm of hydrogen on the (110)-lattice
plane of Ni was deduced, on the other hand, theoretically by the second
approximation mentioned in the Introduction, which was found in the best agree-
ment at a=1.5 with experimental results on Ni powder at 0.01~100 mmHg
pressure of hydrogen. It is readily shown that the thermodynamic activity
of hydrogen adatoms at the above mentioned pressures amounts to that in
partial equilibrium of the step (3.a) at the overvoltage of —0.288~ —0.053V.

The present analysis by the combined approximation shows that at such
a low pressure, hydrogen adsorption takes place predominantly on (110)-lattice
plane as shown in Fig. 8a, leaving the other lattice planes, especially (111)-
lattice plane practically bare. In case where the hydrogen electrode is cath-
odically polarized to a certain extent, however, these lattice planes are no longer
left bare. Thus at 0.4V of overvoltage corresponding to 10" mmHg pressure of
hydrogen, arround which the TAFeL law is almost closely obeyed as observed™®,
the (110)-lattice plane is already completely covered, while the other lattice
planes are covered to an appreciable extent as shown in Fig. 8a. It follows
that the increase of current density is effected by that of the (100)~ or (111)-
lattice plane of higher energy of adatoms along with the increase of their
activity, hence of the overvoltage, while the (110)-lattice plane of the lowest
energy of adatom, which plays alternatively the leading part at lower activity
of adatoms as in case of the adsorption isotherm mentioned above, is practically
fully occupied to contribute just a constant, unimportant amount to the total
current density. From a comparison of the theoretical calculation of logi,~7
or t~y plot with the experimental results, it is concluded that the value of
a=1.5 gives the best coincidence between them as shown in Figs. 11 and 13
in accordance with the conclusion'” independently arrived at.

The repulsive potentials depend now on the geometry of the lattice plane.
An adatom on the (110)-lattice plane has only two nearest neighbours at 4=1,
while an adatom on the (100)- or (111)-lattice plane has four or six such neigh-
bours respectively. Hence the repulsive potential on the (111)-lattice plane is
roughly three times as large as that on the (110)-lattice plane. It is now under-
standable that the value of @=4.4 adequately accounts for the observed TAFEL
line as based on the (110)-lattice plane”, whereas in the present case, the value
a=1.5 confirmed by the analysis of adsorption isotherms', fits in with experi-
mental results with due regard to the (100)- and (111)-lattice planes involved.
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APPENDIX .

The following tables show all of the possible arrangements of hydrogen
adatoms of all possible numbers inside Y and the corresponding terms of the
sums of Egs. (IV. 15). The notation of solid circle or [ %] represents a hydrogen
adatom or an critical complex and ¢ the weight of a given arrangement
respectively. (

TaBLE 1. QCs m), DCos 0y and 0Cs ) on (110)-lattice plane

Arrangement in :
R Values of g, L, U, V, W, S |
>, de | and 7 in Eq. (IV. 16) v
g, a, 0y 6, 0 06| g L U V W S T
2O (,(1),50(0)) . 00 0 0 0 1 2] 1
° ° 1 1.1 0 0 2 5 2
‘D,CZ(O-I(H),sa(H)) ® [} 1 1 0 0 1 2 5 2
i e o 1 0 0 1 0 2 4 1
! ° * o 2 2 1 1 1 3 8] 2
® o o 2 2 2 0 0 3 8 1
2c ® ® [ ] 2 2 0 0 2 3 8 1
2 (g, (H),50(2H)) e o o 2 1 1 1 1 38 7 2
e @ [ ] 2 1 1 1 1 3 7 2
2Co ) ) ‘ [ ] OW [ ] 2 2 1 0 1 1_3 8 2 i
e e o @ 3 2 2 2 2 4 10| 2
o o e o 3 2 2 1 2 4 10 2
8Cxo,H),50H) @ @ @ ® 3 2 2 1 2 4 10 2
[} e o o 3 3 2 1 1 4 11 2
® o o 3 3 1 1 2 4 1 2
e o o o ° 4 3 3 2 3 5 13 2
QC}:}(G‘(H),SGMH)) e @ e o o 4 3 3 2 3 5 13 2
| e e o o 4 4 2 2 2 5 14 1
OCsiomsosm) | ® ®© © © ® ® 5 4 4 3 4 6 16 1
‘ 0Cx(0,(0),50(0)) ‘ ‘ 0O 0 0 0O 0 0 0 1
_ L : [ S
| ) 1 1 1 4
RCE 0, 0),50 (1) i ® ‘ 1 0 8 8 8 1 2 1
[ — ‘ ! S
‘ e o 2 2 0 1 0 2 6! 2
\ e o 2 2 0 0 0 2 6 2
0Cs1a,(0),50 (2H) o o 2 1 1 0 0 2 5 2
0Cs,0) ‘ ° ° 2 1 0 0 1 2 5 2
1 . . 2 2 0 0 0 2 6 2
e e o 3 2 1 1 1 3 8 2
e o ® 33 0 1 0 3 9 2
) e o 3 2 0 0 2 3 8 1
RCga,0,506H) e o e '3 2 2 0 0 3 8| 1
| [ L] L 3 2 1 0 1 3 8 2
e o o 3 3 0 1 0 3 9 2
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TABLE V. £C’s on (110)-, (100)- and (111)-lattice planes
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