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mE HYDROGEN ELECTRODE REACTION ON (110)-, 
(100)- AND (lll)-LATTICE PLANES OF NICKEL 

By 

Juro HORIUTI and Hideaki KIT A 

(Received December 20, 1964) 

Abstract 

The unidirectional rate i+ of hydrogen electrode reaction on nickel and the 

appropriate TAFEL constant -r=CRT/FHo In i+/or;) were theoretically calculated as 

a function of overvoltage r; 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, i. e. (110)-, (100)- and (I11)-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 ada toms and any adjacent pair of the sites composes a seat 

of the critical complex. It was assumed in the previous investigations5
) 7) 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 

apppoximation). The evaluation of the rate by the procedure necessitates that of 

covered fraction tJ of sites by hydrogen adatoms and quantities concerned with 

the repulsion, which are required for the combined approximation, as functions of r;. 

The results show that (i) the curve of tJ plotted against r; has each one plateau 

on the (110)- and (IOO)-Iattice planes, whereas two ones on the (I11)-lattice plane, 

(ii) the (11I)-lattice plane contribu~es predominantly to i+ or -r over the range of 1}, 

where the observation of hydrogen electrode reaction is usually practiced, (iii) the 

observed log i+-r; or -r-r; relation22
) 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 (lll)-lattice plane decreases 

with increase of r; in the region of r;>O.7 V and (v) the current density attains 

finally a constant value on every lattice plane. 

The experimental results on i" (r;) have previously been theoretically satisfactorily 

reproduced7) attributing the seat of reaction solely to the (llO)-lattice plane with 

too large value 4.4 of a, which is now interpreted as just a version of the pre

dominant contribution to if (r;) from the (111)-lattice plane with the reasonable value 

1.5 of a. 

The above mentioned decrease of i, with increase of r; on the (lll)-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 latt~r (§ 5-3, (4)). 

INTRODUCTION 

The TAFEL constant!' defined as 

_ RT olni+ !'=-----
F O1j 

IS an important characteristic of hydrogen electrode reaction 

2H + + 2e - = H2 , 

( 1) 

(2 ) 

where i+ 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 1j, 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 H20 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 TAFEL'), ca. 0.5 for many metallic 
cathodes over a considerable range of 1j!)3) 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. H2 , (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 surface. He started') from the postulates, 

8 ex a, (4. a), (4. b) 

where 8 is the covered fraction of adsorption sites of hydrogen adatoms on 
the electrode surface and a the activity of ada tom. The chemical potential 
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pH(a) of H(a) is by definition expressed in terms of a as 

pH(a) = RT In a + const. , 

while the partial equilibrium of step (3. a) IS stated as 

(5. H) 

(5. p) 

where pH+ and pe- are the chemical (electrochemical) potentials of H+ and e
respectively. The pH+ is a constant for one and the same electrolyte, while 
pe- is given in terms of the particular value p~- of pe- for the reversible 
hydrogen electrode and r; as 

pe- = p;- + Fr; . 

We have from the above three equations 

a oc exp(Fr;/RT) , 

hence from Eqs. (4) and (5. a) 

lni+ = 2Fr;/RT+const. 

(5. a) 

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

It has been sometimes accepted that !" = 2 is the criterion of the catalytic 
mechanism, hence that the observed !" 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 modeI4
), 

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 

aocO/(1-0); (6 ) 

Eq. (4. b) is the special case of Eq. (6), where 0 is negligibly small as compared 
with unity. It follows from Eqs. (1), (4. a), (5. a) and (6) instead of !" = 2 that 

(7 ) 

where r;,/2 is the particular value of r; at 0= 1/2. Eq. (7) states that!" decreases 
continuously from 2 to zero with increase of Tj, hence transiting the value of 
1/2 on its way. However,!" stays around 1/2 for too small an interval of r; 
as compared with experiment, decreasing from 0.8 to 0.2 according to Eq. (7) 
for only 0.046 V interval of r; at 25°C. 

OKAMOTO, HORIUTI and HIROTA') have shown theoretically that the re
tention of !" around 0.5 is appreciably improved by the repulsive potentials 
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between ada toms 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 ada toms , with each site right above a lattice point. 
Each pair of adjacent sites provides a seat (1'" 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 (1'" consisting of a pair of 
sites 2.49{Z A apart from each other on (110)-lattice plane, to which they 
attributed the predominant contribution to i+. They have thus calculated i+ 
as a function of r; arriving at the above result on " assuming that the repulsive 
potentials of an adatom and a critical complex due to the surrounding adatoms 
are respectively proportional to 0. 5

) This sort of approximation6
)*) 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 i+ 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 0.7) Third, the probability 0"'(0) of a particular (1'" being un
occupied was equated to (I-O)", which is not exact in the presence of the 
repulsive interaction, where the probabilities of the two constituent sites of (1'" 

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 previously5) as exchange repulsion by a factor a = 4.4 with 
reference to an experimental value of heat of adsorptionS), adhering yet to the 
(110)-lattice plane as the seat of rate-determining step (3. b). The" was thus 
found to stay between 0.59 and 0.52 through the increase of r; 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 approximations9

), where the 
different arrangements of different numbers of adatoms on the first, second and 

*) This sort of approximation was applied by BRAGG and WILLIAMS6) 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' method10

). 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. 
Toy A and one of the present authorslll 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:::: 1.511

) in 
conformity with TOYA'S theoretical result!2) that the repulsion must be stronger 
than the exchange repulsion taken into account by OKAMOTO, HORIUTI and 
HIROTA.') They have suggested ll l, 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 log i+--'1) 

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!3) 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 1) on (110)-, (100)- and 
(ll1)-lattice planes respectively for different values of parameter a practicable 
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along the improved procedure13
), 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 III. 
The covered fraction 0 on the electrode surface and quantities concerned with 
repulsion are determined in Chapter IV as functions of 7). On their bases the 
current densities and hence " on the respective lattice planes are calculated 
and compared with the experiments in the last Chapter. 

CHAPTER I. STATISTICAL MECHANICAL FORMULATION 
OF CATHODIC CURRENT DENSITY 

The rate v+ of a thermal elementary reaction or step is generally expressed 
as')14) 

kT p'" 
v+=TJT' (I. 1) 

identifying the transmission coefficient with unity, where p'" and pI are defined 
with particular reference to the step (3. b) as follows. Consider a macroscopic 
assembly C which consists of electrode material, aqueous electrolyte, metal 
electron and 1 atm 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 DC of C is multiplied by addition of a critical complex of step 
(3. b) to C to form C"', i. e. 

p"'=DC"'jOC, (I. 2.p"') 

where DC'" 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, i. e. that of 
its chemical potential p"', 

p'" = -RTlnp"'. 

The pI is similarly defined as 

pI=DCIjDC, 

(I. 2. p"') 

where DCI is the partition function of C, which is formed by addition of 
the initial system I of step (3.b), i.e. I=2H(a), to C. The factor pI is similarly 
the BOLTZMANN factor of chemical potential pI of I and pI = 2p H(a) particularly 
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for the step (3. b), hence 

2p H(a) = - RT In pI . 

The forward unidirectional current density i+ of hydrogen electrode reaction 
(2) is now 

i+=2e-~=2e- kT p" 
A Ah pI ' 

(1. 3) 

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 Eqs. (1. 2. pH(a)), (5. H) and (5. a) in the Introduction, 

-RTlnpI = 2p H(a) = 2Fr;+const., (1. 4. I) 

and const. = pH, since for the reversible hydrogen electrode, r; = 0 and 2p H(a) = 

pH,. We have in consequence 

pI = exp ( _ pH';~Fr;) 

or defining pH, as pH,= -RTlnpH, 

pI = pH, . exp (_ ~F; ) . 

The pH, is now expressed as") 

(1. 4. H2 ) 

where NH, is the concentration of hydrogen molecules in gas around the 
electrode and QH, is the partition function of a single hydrogen molecule in 
gas in unit volume, which is expressed in good approximation!4), identifying 
the vibrational partition function with unity, as 

QH, = (2rcmkT),/2. 4rc2IkTh- 5
• exp( -e:'/RT) , (1. 5. QH,) 

where e:' is the energy of the ground state of the molecule. We have now 
from the last three equations 

pI = QH, exp (_ 2Fr;) = (2rcmkT)3/2 4rc2IkT x 
N H , RT h3 h2 

x exp __ 0- exp _~_·I- .~~ 
( 

e
R
') ( 2Fn ) 1 

RT RT N H, 

or according toEq. (1. 2. pH(a)), defining pH(a) similarly to pH" as 
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pH(a) == exp - _r'__ = X 
( 

"H(a) ) ~ (2rrmkTJl/2 4rr21kT 
, RT h' h2 

X exp(-~)exp(- Fr;). 1 . 
2RT RT .jNH

, 

The p'" as defined by Eq. (I. 2.p"') is expressed as 

P'" = N'" DGj",(",) 

DC ' 

(I. 5. H) 

(I. 6) 

where N'" is the total number of seats u""'s of the critical complex and DCj",(",) 
is the partition function of Cj",(",) or the particular state of C'" with a single 
critical complex accommodated in a particular seat u"'; OC'" is in consequence 
the total sum of DCj",(",/s over all u""s, i. e. N"'DCj",(",), in accordance with 
the premised physical identity*) of u""s of a definite spacing on a definite lattice 
plane. We have finally from Eqs. (I. 3), (I. 5. I) and (I. 6) 

i+ = 2e- kT N
I
'" DC~",(",) N

H
, exp ( 2Fr;_) (I. 7. i+) 

h OC QH, RT' 

where 

NI"'=N"'/A (I. 7. N) 

IS the number of seats per unit area. 
The calculation of i + according to Eq. (I. 7. i +) necessitates the evaluation 

of the factor DC';", (",)/OC, which requir~s 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 Toy AI") 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 sitelsl, 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. 12

)IS) The r-adatoms repulse each other stronger 15
) than the exchange repul

sion as estimated by OKAMOTO, HORIUTI and HIROTA5l, while s-adatoms 
repulse each other as well as r-adatoms to lesser extent. '5

) The adsorptions of 

*) Cj. (e), Chapter II. 
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r- and s-adatoms may hence occur approximately independent of each other, as 
assumed in the previous work." 1 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 a'" of the critical complex of step (3. b) consists of a pair of 
adjacent metal atoms 2.49, 2.49{Z or 2.49{3 A apart from each other on 
the lattice planes mentioned above, each affording a site a 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 a""s of the same spacing or the sites a's on the same lattice 
plane are respectively physically identical with each other on a definite lattice 
plane. Only possible states of a are practically**l those occupied by one 
hydrogen adatom or unoccupied. 
(d) The MORSE function of H-H, Ni-H or Ni-Ni bond is 

K+J = D[ exp {-2a(r-ro)} -2 exp {-a(r-ro)} J, (II. 1) 

where K or J is the COULOMB or exchange integral and constants D, a and 
ro 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.") 

D (Kcal) 
I 

Percentage of MORSE 
Function Com prized 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'6\ 

field emission microscopyl7l and the conclusion arrived at by one of the present authors 
and TOYAIIl from analysis of adsorption isotherms that the (llO)-lattice plane occupies 
nearly one third of the BET-surface. 

**) It is admitted that the possibility of " being occupied by a critical complex as a part of 
,,'" is negligible. 
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COULOMB integral as calculated in the previous workS) according to ROSEN 
and IKEHARA.'8) 

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 methodS) as a four electron 
problem") as below. 

Let the coordinates of the two con
stituent hydrogen atoms, H(l) and H(2) 
be (.X"y"ZI) and (x.,Y.,z.) respectively as 
shown in Fig. 1. The axis OX is the nor
mal to the lattice plane YZ through the 
middle point 0 between two metal atoms, 
Ni (1) and Ni (2). Positive axis of each 
coordinate is shown by + sign in paren
theses in Fig. 1. 

Introducing new coordinates, 

X= 
Xl+X. 

~= 
X.-X, 

2 2 

Y= Yl+YZ 7)= YZ-Yl 
2 2 

Z= ZI+ZZ (= ZZ-Zl 

2 2 

(III. 1) 

~ 
Zt(+) 

Ni(1) 

y 
)1,(+) z 
I 

~ 
Z,(+) 

c:;>H(I) 
1)'1 

_____ -!'L ___ ,?J 

,,,:t.l 
~------~,~---------X 

/Ze -.tl(+) 
.. ____ a'i ____ ( _ %2 (+) 

'''2 
6H(2~ 

Ni(2l 
I 
>'2(+) 

Fig. 1. Coordinates of the two constitu
ent hydrogen atoms of critical 
complex on a lattice plane repre
sented by YZ. 

the potential energy c'" of the system consIstmg of Ni(l), Ni(2), H(l) and 
H(2) is calculated as functions of x and Y for z=~=7)=(=O*) by the 
equationS), 

c'" = KNi(I)-Ni(.) + KH(I)-H(.) + KNi(I)-H(I) + KNl(J)-H(.) + K N1 (2)-H(I) + K N1 (2)-H(2) -[ + {(JNi (I)-Ni(2) + J H (I)-H(2) - JN1(1)-H(.) - J Ni (2)_H(I))2 

+ (JNi (I)-Ni(2) + J H (I)-H(2) - JNi(J)-H(I) - J Ni (2)-H(.Jl" + 

*) The potential energy s"=s"'+L;(Kj-l/2·Jj) inclusive of the repulsive potential L;(Kj-
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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2) JI/2 + (JNi(I)-H(I) + J N1 (2)-H(2) - JNi (2)-H(I) - JN i(l)-H(2») j , (III. 2) 

where K N i(I)-NI(2) etc. and J N1(1)-Ni(2) etc. are respectively the COULOMB and the 
exchange integrals, which are evaluated by Eg. (II. I) and Table l. 

The saddle point of the potential energy e"" 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, Y)z~,~"~,~o are illustrated in Figs. 2, 3 and 4 
respectively for the spacings 2.49, 2.49~2 and 2.49{3 A of a"'. Insets of 
Figs. 2 and 3 illustrate the potential energy near the saddle point. The 
numerical value of e"" (x, Y).~,~"~,~o 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 Xo and Yo 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 ~2 A spacing 
as well as those of the critical complex on the same seat as reported recently 

3.0 

\.0 

~ 

\.0 

---~ 
:;\ 

2.0 

---X(A) 

~ 

ao 

1.46 • 
--.tlAl 

Fig. 2. e"" (x, Y)z~,~"~,~o by Eq. (III.2) for the spacing 2.49 A of 11'" 
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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4.0 

3.0 

2.0 

1.05 

1.0 

______ -~1I5~ _________ ~~ __ ~-1~ 
-100 

°O~-----------l~.O------------~W~----------'M~-----

----,-- X (A) 

Fig. 3. e"" (x, y)p<~~~,~o by Eq. (III. 2) for the spacing 2.49l2 A of 
11'" 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 SRINIVASAN2o
), but not those on the seat of 2.49 A spacing 

by the same authors!O) 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 SRINIVASAN20

). The values of ei' + "L,(Kj-
j 0 

1/2·Jj) are now determined for the spacings of 2.49, 2.49.J2 or 2.49l3 A for 
each lattice plane by adding*) to ei' (e"" at the saddle point) the total sum "L,(Kj 

j 

-1/2·Jj) of repulsive potential K j-l/2·Jj 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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~
110 -100 

-\11 

~ 
~ 

120 
no 
100 

~ w U M 
x (A) 

Fig. 4. e"" (x, Y)z-<~~=,~o by Eq. (III. 2) for the spacing 2.49 "'3 A 
of 17'" 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) 

2.49 

2.49"'Z 

2.49l"3 
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Lattice 
plane 

(110) 

(100) 

(111) 
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TABLE 3. Potential energy of the critical complex. 

2.49 -99.6 2.3 -97.3 

2.49~2 -106.9 8.5 -98.4 

2.49~3 -110.6 16.2 -94.4 

2.49 -99.6 9.3 -90.3 

2.49~2 -106.9 19.8 -87.1 

2.49 -99.6 9.6 -90.0 

2.49~3 -110.6 33.6 -77.1 

underlying the relevant seat. The results are shown in Table 3. 
The seat of the least value of c;' + L: (Kj-l/2·Jj) on each lattice plane 

j 0 

is now picked up, i. e. that of 2.49",2, 2.49 or 2.49 A spacing respectively on 
(1l0)-, (100)- or (ll1)-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 

FreqJ.!.encies of the critical complex have to be determined in order to 
evaluate ~~",(",)/DC as mentioned in Chapter I. 

The ~~tential energy c'" of the critical complex is now expressed inclusive 
of the repulsive potential L: (Kj -l/2·Jj) due to the metal atoms around the 

j 

relevant a'" as a function of coordinates of constituent hydrogen atoms of the 
critical complex, as 

c'" = KN1(1)-Nl(Z) + KH(I)-H(Z) + KN1(1)-H(I) + KN1(1)-H(Z) + KN1(Z)-H(I) + KN1(Z)-H(Z) -[ + {(JN1(1)-Nl(Z) + JH(I)-H(Z) - J N1 (1)-H(2) - JN1(Z) .. H(1)Y 

+ (JN1(1)-Nl(Z) + JH(l)-H(Z) - JNi(l)-H(l) - JNi(Z)-H(Z)Y 

21 J'/Z + (J Nl(l)-H(l) + J N1(2)-H(2) - J N1 (2)-H(1) - J N I(1)-H(2)) J 

+ L: (Kj -l/2·Jj ), (III. 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 a", i. e. those 2.49, 2.49{2 and 2.49{3 A apart 

o o o o o o o o .0 

0 0 0 0
10 

0 11 
0

12 
0 0 0 

E 
r------------, 0 0 0 0 0 0 I 04 0 1 05 I 
I I 
I I 
I I 
I I 
I I 
I I 

0 0 0 0 0 0 I 0 3 O2 06 I 
L"':""' ___________ :.J 

0 0 0 0
9 

0 8 07 0 0 0 

0 0 0 0 .0 0 0 0 0 

Fig. 5. Arrangement of sites <1's, each provided by a metal atom on 

(llO)-lattice plane. r: consists of six <1'S enclosed by the 
dotted line, with <11 and <12 constituting the <1". 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

~ 
,-----~ 

0 0 012 // 07 o~, 09 0 0 

/ 
/ , 

/ 
, 

/ 
, 

/ , 
/ , 

0 0 <,06 0 1 O2 "¥' 0 0 , / , / , / , / , / 
0 '0 0

11 ',05 0",,/ 0 10 0 0 
'----_.../ 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

Fig. 6. Arrangement of sites <1's, each provided by a metal atom on 
(IOO)-lattice plane. r: consists of eight <1'S enclosed by the 
dotted line, with <11 and <12 constituting the <1". 
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o o o o o o • 

o o o o o o 

o o 

o o o o 

o o 

o o o o o o 

o o o o o o o 

Fig. 7. Arrangement of sites "'s, each provided by a metal atom on 
(lll)-lattice plane. L: consists of ten ,,'s enclosed by the 
dotted line, with "1 and /12 constituting the ,,~. 

from either of the two metal atoms underlying a~. 

atoms are numbered consecutively from 3 to 12 or 
5, 6 and 7. 

These surrounding metal 
18 as illustrated in Figs. 

The e~ thus calculated is now expanded in TAYLOR'S series around the 
saddle point*), where e~ = ei, as 

e~ = ei + xi' a""" (x-xo)' + axy (x-xo) (y - Yo) + a<~er; , 
2 

(III. 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 5) ; 

a"",,-2mJ. axy 1=0, 

1 
aXY ayy -2mJ. 

a«-2mJ. a<y 1=0, a<y a~~-2mJ. (III. 5) , 

a •• -2mJ. = 0 
and 

a,,-2mJ. = 0 
where ).=47!"2().I~)'. The values of ).I~ 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 ,J-=-f, which corresponds to the reaction path. 

* ) The coordinates of the saddle point are found coincident with those of the saddle point 
of e~1 shown in Table 2. 
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TABLE 4. Force constants, (axx etc. Kcal mol- 1 A -2) and vibrational 
frequencies (v"" cm - ') of the critical complex in a"" of 
different spacings on different lattice planes of Ni. 

I 
2.49 ./2 A, (llO) 2.49 A 2.49 A 

I 
2.49 A (100) (111) 

I From I 
BOCKRIS 

I 

From I OKAMOTO From From 
I From I 

BOCKRIS 

."'" 
et al.'O) ."" et al.') ."" ."" ."'" et al.'°) 

230.2 232.75 228.5 348.3 349.3 347.7 -57.55 

-178.8 -155.09 -176.6 -541.0 -541.3 -544.3 546.65 

42.3 0.96 

I 

53.5 67.2 71.2 55.2 0.23 

275.0 276.66 273.3 416.0 416.9 415.4 138.69 

277.7 267.09 279.9 100.2 99.9 96.9 26.65 

0 38.38 11.2 12.0 16.0 0 124.02 

-195.7 -193.09 -197.1 -39.9 -43.6 -38.2 194.41 

-223.4 -221.30 -224.8 -128.3 -132.0 -126.6 36.23 

1170'/-111225'/-1 839'/-11 1782'/-1! 1783'/-11 I 
818./ -1 

I 
1712 1704 1649 

I 

1876 1696 1643 

I 

1355 
I 

1344 936 1431 1437 933 

I I 
543 I 559 687 627 646 850 

473 551 626 565 552 305 

75 368 265 306 I 36 

Table 4 shows the values of force constants derived from e"'" or e"" in 
comparison with those previously reported.')20) Those reported by BOCKRIS 

and SRINIV ASAN20
) are coincident with those derived from e"'" except azz and 

a". The value of a" ought to be zero as derived from e"'" of Eq. (III. 2), the 
relevant mode of motion of the critical complex being just a free rotation. It is 
also evident that Eq. (III. 2) without z:.(Kj-l/2·Jj) makes no difference between 

j 0 

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 (lll)-lattice 
plane. The a" derived from e"" of Eq. (III. 3) differs from zero as seen in Table 
4. The force constants derived from Eq. (III. 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, 

Ii = [(oZe H/or)x_x,]I/2 
x 2rrm l / 2 ' 

Ii = [(02eH/oy2)y~or/2 

y 2rrm l / 2 ' 

Ii = [(02eH/OZ2)z~or/2 
z 2rrml / Z ' 

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

H = D. {-2a Ni _H (r-r o) _ 2 -aN1_H(r-r o)} " (K .-I/?·J ) e Nl-H e e + LI J ~ j, 
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, 2.49,J-Z and 2.49l3 A apart from the 
metal atom underlying the relevant site, say a l as shown in Figs. 5, 6 and 
7. The numbers of the neighbouring metal atoms taken into account are 8 

(those underlying a" a" a" a" a" alO , all, al2 in Fig. 5), 8 (az, a" a" a6, a" aB, all, 
a l2 in Fig. 6) and 12 (a2, a" a" a6, a" a" a" alO , a 14 , a,,, aJ6 , a17 in Fig. 7) on (110)-, 
(lOO)- and (111)-lattice planes respectively. The values of frequencies thus 
obtained are listed in Table 5. 

TABLE 5. Frequencies v (em-I) and L, (K-l/2·Jj) 
j 

(Kcal mol-I) of hydrogen adatom. 

Lattice plane )I 2::: (Kj-1j2.Jj) 
j 

-~--~-. 

(110) 1898, 79.2, 234 4.57 

(100) 1900, 225, 225 8.18 

(111) 1901, 248, 248 10.64 

CHAPTER IV. ADSORPTION ISOTHERM OF HYDROGEN 

Isotherms {} = {} (r;) of hydrogen adatoms are now determined as required to 
work out DC~"c("c)/DC comprized in Eq. (1. 7. i) of i e • The process of the 
determination is so designed as to yield requisite functions, besides {} (r;), for 
the calculation of DC'h("c)/D.C as seen below. 

§ 4-1. Fundamentals 

Anyone of the physically identical sites, a/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 1. Let C",;(O) or Ca,;(H) be the assembly C in 
the particular state, where a,; is unoccupied or occupied by a hydrogen adatom 
respectively with certainty and the DC",;(o) or DC",;(H) the respective partition 
function. It follows that the partition function DC of the assembly C without 

any such specification is the sum of DC",;(o) and DC",;(H)' i. e. 

(IV. 1) 

while the probability of site a,; being occupied, is DC",;(H)/DC, common to all 
sites on a definite lattice plane because of the premised physical identity of 
sites, which equals the covered fraction {}, i. e. 

{} = DC",;(H)/DC. (IV. 2. (}) 

We have from the above two equations, 

(}/(1-{}) = DCa;(HjDC",;(o) . (IV. 2. I) 

Eq. (IV.2.I) provides the isotherm (}={}(7)) m question by determining DC"i(H) 
and DC",;(o) as functions of 7). 

The approximation of DC"i(H) and DC"i(o) 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 a, which is 2.49, 
2.49.J2 or 2.49l3 A apart from either of the two a's constituting a'" of 
interest. Let now I: be the group of sites, consisting of a pair of a's con
stituting a'" of interest and the first nearest a's to the a"'. Hence L: includes 
6, 8 or 10 a'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, DC"i(H) and DC"i(o) are now developed with special reference to the 
above defined I:'s in order to evaluate the functions defined below, which are 
required for the calculation of DCd",(",)/DC as mentioned above. 

Let DC1;(o) be the partition function of C at the particular state, where 
all sites of I: are unoccupied. By transferring a hydrogen adatom within the 
assembly from outside L: onto a definite, unoccupied site ai inside I:, the 
partition function of the assembly is multiplied by a factor h,1;(O)' z. e. 

-I' _ H(a) /pH(a) 
J i,1;(o) - Q;,1;(O) , (IV. 3) 
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where q~~io) is the factor by which DC1:Co) is multiplied as a hydrogen atom 
is added to an unoccupied site ai inside I: and pH(a) is that by which DC1:Co) 
is multiplied as an adsorbed hydrogen atom is added to the assembly C1:(O)' 

without any specification apart from that all a's constituting I: are kept 
throughout unoccupied. 

Let C1:(a) be the assembly at the particular state, where a certain definite 
set of sites inside I: are occupied by a definite number of hydrogen adatoms 
in a definite arrangement signified by I: (a). The factor !t,1:(a) of multiplication 
of the partition function DC1:ca) of C1:Ca) by transferring a hydrogen adatom 
within the same assembly from outside I: onto a definite, unoccupied site ai 

inside I: of C1:ca) is given in accordance with Eq. (IV.3) by the equation 

+' _ HCa) /pHca) 
J i,1:(a) - qi,1:(a) , (IV. 4) 

where q~~ia) is the factor by which DC1:(a) is multiplied by adding a hydrogen 
adatom onto a definite, unoccupied site at inside I: of C1:C")' 

Now the partition function DC1:(A) of the assembly C1:(A) of a particular 
population and such arrangement of hydrogen ada toms inside I: signified by 
I: (A) is given by DC1:(o) multiplied by !t,1:(a/s respectively relevant to the 
successive transfers of hydrogen adatoms to make up I: (A). The partition 

function DCdi(H) or DCdi(o) of the assembly Cd,;(H) or Cdi(O) is now the sum of 
the DC1:(A)'s of C1:(A/S representing respectively all possible numbers of hydrogen 
adatoms inside I: in all possible arrangements, compatible with the condition 
that a definite a

i 
inside I: is kept occupied by a hydrogen adatom or unoccu

pied respectively with certainty. 
The factor q~~io) or q~~;a) defined above is the BOLTZMANN factor of the 

work required to bring up a hydrogen atom from its standard state onto 
a definite, preliminarily unoccupied site ai inside I: (0) or I: (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. - kT In q~i;aio) includes the work against the repulsion 
exerted by hydrogen adatoms outside I: and - kT In q~~;,,) does that of hydro
gen adatoms outside as well as inside I:. These parts of the reversible works 
are identified with the appropriate repulsive potentials. 

The repulsive potentials Rr, Rn and RIll are taken a times as large as 
- 35% of the MORSE function of hydrogen molecule, i. e. as 

RI = 2.346 a, Rn = 0.3087 a, RIll = 0.0645 a Kcal mol' (IV. 5) 

for the first, second and third nearest neighbouring hydrogen adatoms, i. e. 
paIrS of hydrogen adatoms on sites respectively 2.49, 2.49,{z and 2.49.J3 A 
apart from each other, where a is taken to be 1.2, 1.5 or 2.5; the repulsivE' 
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potentials Rr,o etc. due to a single neighbouring adatom are in the proportional 
approximation assumed to be proportional to f} with the above values of Rr 
etc. as proportional constants in the respective cases, i.e. as 

Rr,o = 2.346 af} , Rn,o = 0.3087 af} , 

Rm,o = 0.0645 af} Kcal mol-I. 
(IV. 6) 

We now define the following quantities. 

(a) The r is the BOLTZMANN factor of the reversible work required to 
transfer a hydrogen atom from its adsorbed state outside L: to its standard 
state and then from the standard state to a definite, preliminarily unoccupied 

site inside L: less the reversible work due to the repulsive interactions with 
adatoms in the latter process. Hence r is given as 

(IV. 7. r) 

where q~(a) 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 L: less the reversible work due to the repulsive inter
actions with adatoms, which is developed as5

)") 

(IV. 7. q~(a)) 

l.Ij IS the frequency of the j-th normal mode of vibration of the hydrogen 
adatom and e~(a) its energy in the ground state. We have from Eqs. (IV. 7) 
and (I.5.H), 

(IV. 8) 

(b) I, II or III is the BOLTZMANN factor of the repulsive potential R r, 

Rn or Rm of Eq. (IV.5) respectively, i. e. 

1= exp( -Rr/RT) , II = exp( -Rn/RT) or 

III = exp( -Rm/RT). 
(IV. 9) 

(c) 10, 110 or 1110 is the BOLTZMANN factor of the repulsive potential 
Rr,o, Rn,o or Rm,o given by Eq. (IV. 6), i. e. 

10 = exp( -Rr,o/Rl') , n = exp( -Rn,o/RT) 

In = exp( -Rm,o/RT). 

-142-

or 
(IV. 10) 



Theoretical 1m'e"tigation of the Hydrogen EIIY'trode Reaction 

(d) The P is the BOLTZMANN factor of the repulsive potential between 
a hydrogen ada tom inside L; and the first nearest hydrogen ada toms outside 
L: to it, i. e. those on sites 2.49 A apart from its site. The P is determined 
as shown in §4-2 and used for evaluation of OC:;"<-(,,<-)/Oc. 

The 10:,(0) or J;"E(a) is now expressed in terms of the quantities defined 
above as*) 

or (IV. 11) 

where l is 1 or 0 according as the site at of interest has first nearest neigh
bouring site or sites i. e. those outside L; 2.49 A apart from the at or not and u, 

v or w is the number of hydrogen adatoms located at the first (2.49 A), second 
(2.49~2 A) or third (2.49~3 A) nearest neighbouring sites to at inside L; and 
s or t is the number of the second or third nearest sites to at outside L:. 
These values are determined from the respective spacings of sites and the 
arrangement of hydrogen adatoms inside L; as seen in Figs. 5, 6 and 7. 
The partition function OCE(A) of the assembly CE(A) is derived, as stated 
above, from OCE(O) multiplying it by J;"E(a)'s respectively relevant to the suc
cessive additions of hydrogen adatoms to make up L; (A). We have hence 
for a particular population and arrangement L: (A) of hydrogen adatoms, 

(IV. 12) 

where [a] or [A] represents the number of adatoms in L; appropriate to the 
arrangement L; (a) or L: (A) respectively, PI' P2 or P3 is the special case of P, 
where the hydrogen adatom on ai inside L; has one, two or three first nearest 
(2.49 A apart) neighbouring sites outside L;, e. g. a3 in Fig. 5 (PI), as in Fig. 6 
(P 2 ) or a. in Fig. 7 (p 3 ). L, Mar N is the total number of the hydrogen adatoms 
inside L; associated respectively with the factor PI' Pz or P3 • U, V or W is 
the total number of the pairs of hydrogen adatoms respectively 2.49, 2.49{z 
or 2.49~3 A apart from each other inside L: and S or T is the total number 
of the pair of hydrogen adatoms 2.49~2 or 2.49{3" A apart from each other, 
one of them being outside L; and the other inside L;. 

*) The isotherm is worked out here, taking into account the interactions between the second 
or third nearest (2.49~2 or 2.49~3 A apart) neighbouring hydrogen adatoms as well as 
the first nearest ones discretely in case where the neighbours are inside L;. 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 P" P2 and P3 required 
for the evaluation of och(,,<-)/oC by the combined approximation, 
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DCdt(H) and DCdt(o) are formulated in the next section using Eq. (IV.12) 
on the (1l0)-, (100)- and (lll)-lattice planes respectively. 

§ 4-2. DGdt(H)' DGdt(o) and Isotherms 

Let DCd,(H) or DCd,(o) be the partition function of the assembly Cd,(H) or 
Cd,(O)' where a, in Figs. 5, 6 and 7 is occupied by a hydrogen adatom or un
occupied respectively with certainty. 

DCd,(H) or DCd,(o) is expressed with reference to L: as the sum of the 
partition functions of assemblies for all possible arrangements of every possible 
number 9 of hydrogen adatoms inside L:, with a, kept occupied or unoccupied 
respectively with certainty, i. e. 

I ' (IV. 13) 

where DC,E(d,(H),Gd(gH») or DC,E(d,(O),Gd(gH») is the partItIOn function of the as
sembly in the state, where the a, is occupied by a hydrogen adatom or unoccu
pied respectively with certainty and the other constituent sites of L:, G in 
number, i, e, 5, 7 or 9 respectively on the (1l0)-, (100)- or (lll)-lattice plane, 
are occupied by 9 hydrogen adatoms. Taking into account all possible arrange
ments of 9 hydrogen adatoms on G sites, we have 

DC,E(d,(H),Gd(gH») = L: DC,E(d,(H),Gd(gH)k(O)) 1 
k(g) 

DC,E(d,(O),Gd(9H») = L: DC,E(d,(O),Gd(9H)k(P)) J ' 
keg) 

(IV. 14) 

where DC,E(d,(H),Gd(9H)k(O)) or DC,E(d,(O),Gd(9H)k(O)) is the partition function of the 
assembly with further specification that the 9 hydrogen adatoms inside L: are 
in k (g loth arrangement on G sites. The number of the all P9ssible arrangements 
IS G!/g!(G-g)!. We have from Eqs. (IV.12), (IV.13) and (IV.14) 

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. 
(IlO)-lattice plane: As illustrated in Fig. 5, there are six a's in L: of which 
four a's, i, e. a3, 0'" a5 and a6 have only one first nearest (2.49 A apart) neigh-
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bouring site outside L:, whereas a2 has none, i. e. G = 5 and M = N = 0 III Eq. 
(IV.I5), hence 

5 K(O) 

DCd,(H) = L: .L: aCl:(O)·rg~1 . [Pf·JUIJVIII w. II/lIlt] _ 
g"O k(g)~l keg) 

5 K(g) 

OCd,(O) = L: .L: OCl:(O)·rg,[pf-JUllvlIIw.Il/Illr]k(O) 
o~o k(g)~l 

I ,(IV. 16) 

where 

K(g) = 5!/g!(5-g)!. 

All possible arrangements for a given number 9 of hydrogen adatoms inside 
L: and corresponding the terms of the sums in Eq. (IV.I6) are listed in Table 
I in the Appendix, which is transformed into simple forms rearranging the 
terms into the power series of X as 

OCd ,(H) = OCl:(O) {El (al,j( + a 2,j(2) Xj-l} 

OCd,(O) = OCl:(O) {± (a3,j+a"j()Xj-l} , 
j~l 

(IV. 17. a) 

(IV. 17. b) 

where X =r·PI·lIoIIli, (=r·IIoIII': and ak,j, k= 1, ",,4 are the constants shown 
in Table 6. The above equations comprize unknown PI in X, which IS 

determined by another equation 

(IV. 18. a) 

based on the premised physical identity of the sites in accordance with the 
BETHE-PEIERLS' method, where OCd,(O) is the partition function of the assembly 

TABLE 6. Constants, ak,j in Eqs. (IV.17) for (HO)-lattice plane. 

--- j ! 

k~, 1 2 I 3 4 5 

1 1 2J+2III 21 II IIJ+I'+III'+2I III 2l'II III+2I II III' I2II2IIl' 

2 II 41 II III 21 'II'III 2 + 4l'II III' 4I3II2III3 I 4JJ3III , 

3 1 4 4+2II 4II 11' 

4 1 2J+2111 21 II III+III2+1'+21 III 2I2II IIJ+21 II III' I2II2II12 

Cd,(O)' i. e. C in the particular state that a, inside .L: is unoccupied with certainty. 
Eq. (IV. 18. a) is written using the expressions of OCd,(O) and OCd,(O) given in 
Table I in the Appendix, as 

5 5 

.L: (b l,j+b2,j()Xj-1 = L: (b3.j( +b"j(')Xj-l, (IV. 18. b) 
j=-l j=l 
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where bk,j, k=1,···,4 are constants shown in Table 7. 

TABLE 7. Constants, bk,j in Eq. (IV. IS. b) for (HO)-lattice plane. 

", 
/i'( 5 2 3 4 

1 
I 

0 2+Il 3Il IJ2 

2 
I 

0 0 0 12 II III + I II III2 J2IJ2III2 

3 
I 

1 J+1II 0 0 0 

4 
I 

II 31 II 1II J2IJ2IIl2 + 2J2II IIJ2 I'lJ2IIJ3 0 

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

(IV. 19) 

The () as well as PI are now numerically solved as a function of 1) 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. 

(lOO)-lattice plane: Here we have eight a's in L: ; two of them i. e. a, and 
a, have three first nearest (2.49 A apart) sites outside L: and others have two 
ones except a l and a2 , which have none at all and there exists no spacing 
of 2.49/3 A as seen in Fig. 6. Hence, G=7 and L= W=T=O. Eq. (IV.15) 
IS now 

7 K(g) 

OCd,(H) = L: .L: DCI;(O)' rg
+

l
• [P}fP3V

, lUll v . ll/l( ) 
O~Ok(g)~1 9 

(IV. 20. a) 

7 J.:(g) 

OCd,(O) = .L: .L: D.cJ;(o)·ro ,[P2lfP3v .[UlJV.ll/] , 
g~o k(g) ~ I k(g) 

(IV. 20. b) 

where 

K(g) = 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, 

OCd ,(!!) = ([t (al,j +a2,jZ +a"jZ2 +a',j( +as,j(Z + a"j(Z2) Yj-l] 
)=i 

(IV. 21. a) 
5 

OCd,(O) = ~ [(a7,j+aB,jZ+ag,jZ2+alO,j(+al1,j(Z+aI2,j(Z2)Yj-I], 
)=1 

(IV. 21. b) 
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TABLE 8. Constants, ale,j in Eqs. (IV.21) for (lOO)-lattice plane. 

I 

1+1 

Z12 

I 

I' 

1 

1 

Z 

1+1 

1 

I 

Z 

ZI1+ZI 

412II 

I 
ZII2+21 I 

+21 I1+Z12II 

i 4I'I1+4I'II2 1 

. ZI II2+Z12II i 
I 

41'II2 1 

4 I 

ZJI+ZI 

4+4II 

I 
ZII2+21 1 

~ +21 I1+Z12II 

j 4II 1 

IZI JI 2+ ZJ2II I 

3 5 4 -I 
----- -------------+----

Z12I12+ZJ3II I II2+ZI II+ 12 + Z12II 

41'II2+ZI'II2 

II'+3II12+12+412II2 
+3J3II2 

21'I12+4I'JI'+ZI'II' 
+4I5II' 

I II'+Zl'II'+I'I12 
+ZJ3II' 

4I5II'+21"II' 

4+Z1 

II2+21 II+I2+Z12II 

Z+4II+ZII2+4I II 

II'+3I II2 + 12+412112 
+3J3II2 

4II2+21 II2 

I II'+ Z12II'+ 1'112 
+ ZJ3II , 

14]12 

41'JI I'll' 

Z12II'+J3I12 I I'II'+I5II' 
+ZJ3II'+21'II' 

416II'+4I6II5 I ZI'II6 
I 

ZI'II5+ZI'II' I5II6 

41' II" 19 II' 

41 12 

Z12II2 + ZI'II 14]12 

41 II+4I 112 Z1 2II2 

Z12II'+ZJ3JI2 I I'II'+I5II' 
+Zl'II' 

41 II' 1 J2II' 

Zl'II5+Z1'II' I I5II" 
I 

where Y=7'Pz IIi, Z=7·P3 ·IIi, (=7·lIi and ale,j , k=1, .. ·,12 are constants 
shown in Table 8. Two unknowns P2 and p, respectively comprized in Y 
and Z are determined by means of another two equations 

OCd,(O) = DCd,(o) , (IV. 22. a), (IV. 22. b) 

based on the physical identity of a's, where OCd,(O) or OCd, (O) is the partition 
function of the assembly Cd,(O) or C d, (O) in the particular state that a" or a, is 
unoccupied. Eqs. (IV. 22. a) and (IV. 22. b) are transformed according to Table 
II in the Appendix as 

and 

5 5 

'L.(b1,jZ+b"jZ'+b"j(Z2) yH= L: (b.,j( +b5 ,j(2+b6 ,j('Z) Yj-l 
j=l j=l 

(IV. 23. a) 

5 

L: (C1,jZ + C2,j(Z + C"j(2Z + C'.jZ2 + C5,j(Z2 + C6 ,j(2Z2) Yj-l 
j~l 

5 

= L: (C"j + C"j( + C9,j(2 + CJO,jZ + Cll.j(Z + C12,j(2Z) Yj-l, (IV. 23. b) 
j=l 
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TABLE 9. Constants, b k,j in Eq. (IV. 23. a) for (100)-lattice plane. 
-=,_::....::...=:-;=-,~-=:::::--;:-_,=-.~_7: ___ -==---~-=~ 

", j I k '-" -, 1 2 3 4 5 

1 I 
1 2+2Il 1+21/+Il2+21 II 2I Il+21 IJ2 12II2 

2 1 4II 4II2+2I II2 4IIl' J2II' 

3 I 21IJ2+2PII 11 II'+2PIJ3+J3II2+2J3IJ3 I 2J3II5+2I'II' 15II' 

4 1 21/+21 I II2+2I1/+J2+2PII 
I 

2J2II2 + 2l'II I'lP 

5 1 4PII 41'II2+2I'II2 I 41 5 II3 I'll' 
I 

6 12 2J3II+2J3If2 i 1'lP+2I'II'+I'II'+2/SIl3 I 2I'II'+2I'II5 JBII' 

TABLE 10. Constants, Ck,j in Eq. (IV. 23. b) for (IOO)-lattice plane. 

j 
I 

1 2 3 4 5 k 

1 I 1 l+Il 0 0 0 I 
2 I 1+1 I II2+I+1 Il+PII I 0 0 0 

3 
I 

12 I'II+J3IP 0 0 0 

4 
I 

1 3Il 2II2+IIJ2 I Il3 0 

5 
I 

21 31 II3+312II I Il'+212Il3+13II2 13II5+ I'll' 0 +213II3 

6 13 3I'lP 2/SII'+I'II' I'll' 0 

7 0 1 2+1 31 P 

8 0 1/+1 II2+21 II+I2+2J2II 312II2+3J3I1 2I'II2 

9 0 12II 213II2+I'II2 3J5]]3 ]'II' 

10 0 0 0 I II+I II2 J21P 

11 0 0 0 PII'+I3IP I I'II'+]5II' +I'II3+I'II2 

12 0 0 0 ]'II'+I'I/S 
I 

]BIl' 

where bk,j, k= 1,,, ·,6 and Ck,j' k= 1, .. ·,12 are constants shown in Tables 9 

and 10. We have from Eqs. (IV.23,a) and (IV.23.b) by eliminating Z 

where 

-B2 +.jB;+ 4B,B3 
2B, 

- C2 + .jC; + 4C,C3 

2C, 

*) The - sign of the square root is excluded by the condition Z>O. 
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5 

Bl = L:(b2,}+b3,l~)P-I, 
j=l 

5 

B2= L: (b 1,j-b6 ,j,2) p-l , 
j=l 

5 

B, = L: (b,,), + b5,},2) p-l , 
j=l 

5 

C1 = L: (C,,) + C5,j' + C6,j,2) p-l , 
j=l 

5 

C2 = L: (C1,j+ C2 ,)' + C3,j,2_ CIO,j-Cll ,j' -CI2 ,},2) Yj-l , 
j~l 

5 

C3 = L: (C"j + Ca,j' + C9 ,}") Yj-l . 
j=l 

The covered fraction B as well as P2 and p, are now determined by Eqs. (IV. 2. I), 
(IV. 21), (IV. 23) and (IV. 24) as a function of T) by the trial and error method 
for a= 1.2, 1.5 and 2.5 respectively. 
(lIl)-lattice plane: In this case we have ten sites in L:; two of them, a5 

and a., have each two first nearest (2.49 A apart) sites outside L:, the others 
each three ones except a 1 and a2 , which have none at all and there exists no 
spacing of 2.49~2 A as seen in Fig. 7, hence G=9 and L= V=S=O in Eq. 
(IV.15) or 

9 K(g) 

OCd,(H) = g~ k(~~l OCL(D)' rg
+

1
• [pgtpt' ·JUIlIW .IIlnk(Y) (IV. 25. a) 

9 K(g) 

OCd ,(D) = g~ k(~' OCL(D) . rg 
• [pgtpt'. F IlIW . IIln k(y) , (IV. 25. b) 

where 

K(g) = 9!/g!(9-g)!. 

The terms of the sums in the above equations are shown in Table III in the 
Appendix, from which we have similarly 

9 

OCd ,(H) = , L: (a"j + a2,jZ + a3,jZ2 + a',j' + a5,j'Z + a6,j,Z2) Yj-l 
j~l 

(IV. 26. a) 
9 

OCd,(D) = L: (a"j + a8 ,jZ + a9,jZ2 + a,D,j' + all,j'Z + a12 ,j,Z2) Yj-l , 
j~l 

(IV. 26. b) 

where Y=r·P2·Illo', Z=r,P3·IIlo', ,=r·Illo' and ak,j ,k=l, ,,,,12 are constants 
shown in Table 11. Unknowns P2 and P3 comprized in Y and Z are deter
mined by another two equations 
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TABLE 11. Constants, ak,j in Eqs. (IV.26) for (lll)-lattice plane. 

-~~I -1-1-- --2-- 1-----3----- 4 1- 5 I 6 7 

--1--1 1 1 3I+21II+1 1 ;;;~~2l+81 IIl+2;3 1 31 IIf3+712II1+ 212II12 1 ~~f,j~tZ:-~5~j~I-I-I<III--'~2ISIII-3 J71II< 
+ 2f3 + 4f3III+ I sIll + 1 sIII+ 21 sII12 +f5III<+2I6II12 

4-I-1-II+21-2- ~1412lII+612I1I2+213IIf3 2f3!tGt<i§7~~t<7§;{II<14I~If,+6ZSII-;+2ZSI1f5 41~;~I--:+2fBI;;: ;1 -

+4J2III+2f3 +6(3[Il+41
3
!II2 +21<III4+lOIsII12 +~I?II~+~I:1II: +4I8III'+2I9III<, 2I

Io
II1

6 

+61 IIl+2I III +2I6III2+2J7 II12 I +61 III +21 1II I 
2 2l 

-1--2 -----1 12II13+2I;IIl;f!3J!Ts+s2I<VI'f51-:I114 i 3FTII6f7I;I1l4-;21:II751 J7III~~-3i81IIs+8['Ii161 pOIIl' ~21!OIIPI--13--:-
3 I III +f3IlI3+2J<III I +41 III +1 III ! +1 III +21 III +I9II16+2IloIIIs I +31111117 1 III 

+2[61/1 3 I + 4J7Ill < + J91/I4 

-- 4--1-1 --1-2[2+~-I~I~ I3+4I-3lll+4I3Il12+ 121<IIl3+4I<1II~4ISlII I-I~1l6~4I6I1I~+417II121 2I8IIl6-+ 1 IIlII1 6 
21 31Il3+4J<III +8f5III2+2I6IIl3 +2l'III3+4f7III< 4f9III< 

--~1-2-f3- 1- 8f4IIl+4ZSIII 815~1;-t12!~;lz62 -18j71~~t8%;i~~f.}}j:JIi31,:2I~~;;f;~};IJ-~~jl~1;W61411;IlI6t34P:llI71· 2f1 sIIl8 
+41 11/ +61 1/1 +419III< I +2IIl IIl4+4I Il I1/s +41 III 

6 1 1 sIll 1 2161/f3+4171/12 17I1/s+418III4+4J9IIf31 4I IOIiis+2POlII6--1 9113111;+2I131/18 1------;;1~1II-9----'-I-I-191II1! 
+61911/4 + 121 IlIIlS+2I 12III6 + 41 14 III' 

7 1 1 1- --6 4l+ 2lll+ 9 1 12l+ 6III+ 2[21/1 ---1- II12-+t-'~Mjjt4[2 2121II2+4f31II1--f411~~-

8 I 2 1 4l+4Ill+4 I' 2+4l+41II+121 III 18I1~14j~hH~tm;IIl--I--812III2+12I'IIJ2 81<III3+4P1II31---;I61II4 
. +21 2 +21/1 2 +4[2111 +4131/[2 +41 3IIf3 +6J<IIJ2 

--9-.1-11--- 411/1+211/3 ---I -II1S+41IJI3+4I21II-14I;1II<+412111S+ii3IIJ21 I<1II 3+4f4I1/<+4I<IIP 2I-:I~IS+4f6III:-1 I8~I1---: 
+2J2III2+412III3 +8f3IIJ3+2I4III< +214IIl6+4f5III< 

----;--1··- 1 ~l+2~Il+1 1 3l+8I IIJ+J2lII 131H;Ij,7~if!tI§:HrliJ21II<+213IIJ2+-5I31II31 I:II;~+2IsII~;;II4 
+21 3+IlJ3 +f51/1. +4I<II1+l slII+2f5IIJ3 + f51ll 4+ 216IIJ2 I --1- -1---- ---14J21II+6J2II12+21-3-IIJ312J317J2+4T31II3+2131II<14I;UJ3+61SlII~-+2f5IIf51 - - ----1- ----

11 21 41 III+412IIl +6J31/l+4J311.12 .. + 121<III2+4.I<II1. 3 I' +.6I6III3+4I61Il<. 4J7IlP+. 21
8
11I< 2I Ioll1 6 

+2/2+213 +61<II1+21s11I +U<'JII4+lOPllJ2 +61'1113+2181/13 +418IIIs+2J91II4 
+216III6+2f7II12 I .--, -1- 2 Ip;lf3+ 2f3III;-1 f3lIIs+F4IfI3~5J:1il41-3]SfIY6t7I:11!4-;21:iIf5Il'IIl~+318IllS+818III~-I-IIOIIl'+-2110III81- 13 9 

12~c_ ~~II +f31II_3_+_214IIl +4Ij~5;JjJ31II~!!/'}IIr;1~m_~ _ +~:1116+2110IIl8 +31IlI~~7_~~~_I~~_ 

~ 
::: 
~ 
~ 

~ 
So 
'" ::tI 
." 

~ 
~ 
:r 
~ 
~. 

" ~ 
'I 

Q 
£' 
~ 
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(IV. 27. a), (IV. 27. b) 

where DCd,(o) or DCd,(o) is the partition function of the assembly Cd,(O) or 
Cd,(O) in the particular state that a, or a9 is respectively unoccupied with 
certainty. Eqs. (IV.27.a) and (IV. 27.b) are transformed according to Table III 
in the Appendix into the forms 

and 

7 7 

L: (bl,jZ + b"jZ2 + b3,j~Z') ¥i-I = L: (b',j~ + b5.j~2 + b6,j~'Z) Yj-l 
j=--=-l j-=l 

7 

L: (c1,}Z + C2,j~Z+ C3,j~2Z + C',jZ' + C5,j~Z2 + C6,j~'Z2) Yj-l 
j=-l 

7 

= L: (C7 ,j + C',j~ + C9,jC + C'O.jZ + Cl1.j~Z + CI"jCZ) Yj-l , 
j~l 

(IV. 28. a) 

(IV. 28. b) 

where bk,j , k=l, "',6 and Ck,j , k=l, ",,12 are constants shown in Tables 
12 and 13. Eliminating Z from Eqs. (IV. 28. a) and (IV. 28. b), we have 

where 

and 

-Bz+~B;+4BB3 

2Bl 

7 

- C, + ~Cf+4C-;-C~ 
2Cl 

Bl = L: (b"j+ b3,j~) ¥i-I, 
j=l 

7 

B3 = L: (b',j~ +b5,j~') Yj-l , 
j~l 

7 

C l = L: (C',j + C5,j~ + C6,j~Z) Yj-l , 
j~l 

7 

Cz = L: (Cl,j + C2,j~ + C3,j~Z - ClO,j - Cl1,j~ - C12,j~Z) Yj-l , 
j~' 

7 

C = L: (C7 ,j + C',j~ + C9,j~2) ¥i-I. 
j==-l 

(IV. 29)*) 

The covered fraction {} as well as pz and p, are now determined by Eqs. (IV. 2. I), 
(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>O. 
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TABLE 12. Constants, bk • j in Eq. (IV. 28. a) for (111)-lattice plane. 

XIII 2 I 3 I 4 5 I 6 7 

-1-1-~1~1--;;2IlI~2-;-ll+2IlI';IlI2+21+6IJ1II-4I III+4I III 2+6J2III 1 4J2III2+61'IIJ2-I-~14II;3+2jsJ11' 1 I 61II4 
+ f2 + 2f2 II I + 21' II 1+ 21' III2 + 2J2 lIP + 21' III 3 + 3J< IIf2 

-~----

2 1 III 1 41 ;I7+2II1' -I- II~tr~M~I~tI~};fI12-J2IlI~+4f21;i;+4I3IlI--'114IIf3~4I4III4+4I4Ilf512I6III5+4I6III61 fBIIJ1 
+ 21'IIJ2 + 81'III3 + 2l4fII4 +2141II6+4f5IIJ< 

1 

2 1 f2IlI3+2-;3IIf2 1 f3III5+214II1'+514II1413f5IIl6t 7I?I!4t2I:IlI51 f7III8+3I8III5+8I8I-1-I-61:-3-I-l1III7 +J1°IlJ1 1 13 9 

3 I III -'-f3Ill' + 214IlI +4I51II6+2I6II1' +1 III +21 III +19IlI6+21 IoIlf5 +2I IoIII 8 I III 
___ '----'_ +4J1 III 4+ l'III' 

4 I 1 1 1;;IIl+3I 1 IiI3+3I~8I IIl+f2III 131~IJ,~t~~~f,~~}2Hh2II2IIi4+21'III2+51'III31 I 'III 4 + 2f5Iii:-1 I7III~ 
, +21' +J5IlI +4I4III+f5IIl+2I5IlI6 +f5III4+2f6IlJ2 

5 -I I 1 2I2+4J2;I-1--I-p+4f31II+41'I-;;;'--I-2141II3+4141II4+4f5IIl I I5IIl6+4I6IlI4~4I7IlJ212181;16+4l'II1 41- I"III6 
+2I3IlI3+4I41Il + 8f5IlI2 + 216Ilf3 I +2f7IIl3+4f7IIl4 

I 'I ---1- 41 51112 +61 61112 1 4J7Ilf3 + 4J7IIl4 + 6fBIlf3 'I 7 91II4+2I91Il5+I9III6 121121116+211211-1-::1----' --
6 f3 4I41Il+2f5IIl '6 3 7 2 + 2I8III4+2l'Il1' +2p01Il4+61 1OIII5 '13 6 II5IIl8 

===,====,1==== ____ - +21 III +31 III __ ~ +2l'III4 +Il1IIl4+?Il1III5 _~21 III I 

~ 
;:: 
;l 
f2.. 
~ 
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TABLE 13. Constants, Ck,j in Eq. (IV.2S. b) for (111)-lattice plane, 

~I 1 2 -- -- 3 - ----- 4 --~~1-~~ I 
-1 I 1 1+2111+1 II1+1II2+21 II1+f21J1 I IIF + FIIF I 0 I 0 I 
__ 1 ______ I ______ 1 ________ ' __ _ 

2 1 21 ;f/!hU~, 0 \ 0 1 0 I 0 

~I--l:- I 3I'II1+J5IIl - J7IlI'+l"III' 1 () 1 0 1 

-- 4-1- -;;;- 21I~+31 III III5+3IIIl3+2J21I1 ;;-iIl'+312;Il5-;'J~1Jl2--I]'III'+2J4;1I5+T'lII6 I l6Il16 1--
0
--

+ J2IIl2+ 3J21IJ3 +4J3IlJ3 + I 'III , +I5IlI'! 

6 7 

o 

o 

-1- 1 1----zJ3JII5+3I'lI[3--14ISIlI6+6l6IlI'+3i6IlIS-I-- - - --1--- 1 
5 2J2III 12FIII3+3J3Ilf2 +7I'lII'+4/S1IJ2 +I61II6 + J7IlI 3 +4J7IlI' J7I1I 8+l8IlIS+6l 8II16 T,oIII8+IllIIJ7 0 

+ 2J3IlI 3 + 31 'Ill + 16IlF + 3161IJ3 +1~III' + 1'1II6+ 1'01I/S , 

-6-1-15III 12l~I~+3J7lIF -I I;lII+318III'+2J911l; 14IIOIII6+5;1~~1I5+l12;;I6-1--?)I13lIi'~-I131I18 I I'6IIJ9 1 
+419III' +I14lIJ7 ' o 

-7--1 -0- 1- 1 1 HlI1+; I 41I1+51+FIII-1 IIF+3IIII+2F 21 2IIF+3J31I1 1 I'lIF 
I +4I2IIJ 

I 1 

-- ---I 1411IJ3+6FIlI+3J2IIFI - 2I2III'-+ 31 3 III 2 1 -- --- ---- 1 

8 0 III+I I IIf3+I+61 {lI+FlIl +FlIJ3+1'+41'III +71'I1I3+41'I11+1'111 2!'~II':315{1132 2J7lII' 
i +1 +/slII +3I'IIF +21 III +31 III 

----:----
9 1 () 1 f2111 -1-T~III+21'IIJ2+l'I1I31 I'I1I3+3I'III'+/SIII I/sIIT6+3I6IIl'+2J7IIJ212l8I1I6+3191II'1 I U lII6 + I 'III +4/SIIJ2+ I 6 III 3 + J7I1I 3+3J7III' 

10 1 0 1 0 -- 1- 0 - --I------;;I1+12III -1212III2+21'IIJ2+I';II~F~;S;I;~1-76~ 

11 0 0 0 0 +2I6III'+I'I113 3J7~115tI8;ll', 21 101116 1 1 
--1-- 1 1 151113+4{51l/'+I6IlI3 I - 1 

+I8II13 I +31 III +1 III 

12 1 0 -1- -~---I- 0 J7III'+I"lIl' Il'II/s+I91II6+2II01II5Il121116+211211J7 "I 

__ +1"111' I ~I131l16 _ I 15III 
8 
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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 a" of the critical 
complex is treated as L: itself, the repulsive potentials due to hydrogen 
ada toms surrounding the critical complex being altogether smeared out in 
this case. 

The partition function DC",(H) and DC",(o) of the assembly C",(H) and 
C",(O) on the (110)-lattice plane are expressed with reference to the L: con
sisting in a", as 

DC",(H) = DCL;{<1,(H),d,(O)} + DCL;{d,(H).d,(H)} 

DCd,(o) = DCL;{",(O),d,(O)) + DCL;{d,(O).d,(H)} 

or in the form similar to Eq. (IV. 15), 

DCd , (H) = DCL;(o) (r . Ii 1101110' + r" . II· Io'l1i III:) 

DCd,(o) = DCL;(o) (1 +rIi11oIl1o') . 

(IV. 30. a) 

(IV. 30. b) 

(IV. 31. a) 

(IV. 31. b) 

Noting that DCd,(H)/DCd,(o) =8/(1-8), we have from the above two equations 

8 
1-8 

r· Ii 1101110' (1 + r· II· 10"1101110') 
1 + r·Iil1ol1lo' 

(IV. 32) 

Isotherms are obtained as a function of r; by the trial and error method ac
cording to Eqs. (IV. 32), (IV.S), (IV. 9) and (IV.lO) respectively for a=O, 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 

8 --=r. 
1-8 

(IV. 33) 

Eq. (IV.33) is equivalent to 8=8(r;) derived from Eqs. (5.a) and (6) in the 
Introduction, r being given as a function of r; by Eq. (IV.S), 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 Eqs. (IV.5) 
and (IV. 9) for a = 1.2, 1.5 and 2.5 respectively at 25°C. The r is now 
evaluated for a given overvoltage using the values of ),i'S calculated in § 3-3 
(Table 5), m= 2.016/6.024 x 10" and 1= 4.664 ><10- 41 g cm' 21), at 25°C and 1 
atm hydrogen pressure; (e~(a) -1/2'e~') is taken -12.3 Kcal mol' for the (110)
lattice plane as determined by analysis of observed isotherms') and those for 

*) L'f footnote on p. 143. 
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the other lattice planes are calculated by adding to it the appropriate differences 
of L: (Kj -l/2·Jj) 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 III Fig. 8 a and Table 14. 

1.0 

09 

08 

01 

Oh 

0.5 

04 

03 

02 

0.1 

------Q-----~-

10 15 

--- YJ (mV)/591 

------- (I JO) 
_.- (100) 
--(III) 

1, a:-I.! 
2, a:-1.5 
3. a:-2.5 
4, a:-O,on(lIO) 

20 

Fig. 8 a. Theoretical isotherms, (j = (j (r;), of hydrogen adsorption on (1l0)-, 
(100)- and (lll)-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. 

25 

(1) Difference due to lattice plane: Covered fraction () of the respective 
lattice planes decreases in the order of (1l0), (100) and (lll) for a given value 
of overvoltage and a. Fig. 8 a 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 a 
makes a pronounced difference in (). Hydrogen adatoms are subject to the 
strongest repulsion at a given value of () on the (lll)-lattice plane resulting in 

*) Cf footnote on p. 143. 
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TABLE 14. Theoretical values of tJ as functions of r; at 25°C 

Combined Approximation 

(110) 
I 

(100) (Ill) 

1 a= 1.2 I I a=2.51 
I 

a= 1.5 I 11/59.1 a=1.5 11/59.1 I a= 1.2 a=2.5 11/59.1 a=1.2 
__ I~ ___ -

-9.51 I 0.0033 I 0.0033 0.0033 -6.56 : 0.0049 : 0.0033 0.0033 -4.71 0.0033 

-8.51 0.0291 I 0.0288 0.0281 -5.56 0.0277 : 0.0274 i 0.0268 -3.71 0.0268 

-7.51 0.1500 0.1453 0.1331 -4.56 0.1226 0.1192 ' 0.1115 -2.71 0.lO95 

-6.51 0.3313 0.3206 0.2920 -3.56 0.2461 i 0.2348 0.2lO8 -1.71 0.1990 

-5.51 0.4457 0.4351 0.4148 -2.56 0.3525 ' 0.3338 0.2898

1 

-0.71 0.2585 

-4.51 0.5037 0.4845 0.4719 -1.56 0.4330 0.4130 I 0.3607 0.29 0.3021 

-3.51 0.5664 0.5131 0.4914 -0.56 0.4806 0.4661 . 0.4196 . 1.29 0.3366 

-2.51 0.6931 0.5595 0.4979 0.44 0.4999 0.4920 0.4626 2.29 0.3718 
I 

-1.51 0.8757 0.6679 0.5015 1.44 0.5188 0.4994 0.4866 i 3.29 0.4278 

-0.51 0.9786 . 0.8417

1 

0.5071 2.44 0.5656 0.5048 0.4969 I 4.29 0.5145 

0.49 0.9977 0.9665 0.5235 3.44 0.6455 • 0.5236 0.4996 5.29 0.5935 

1.49 0.9998 0.9961 ! 0.5722 4.44 0.7515 , 0.5690 0.4999 I 6.29 0.6401 

2.49 0.99991 0.9996

1 

0.6847 5.44 I 0.8748
1 

0.6409 0.5000 I 7.29 0.6733 
! 

3.49 0.9999 0.9999 0.8429 ; 6.44

1 

0.9712 . 0.7351 0.5001 8.29 0.7107 , 

0.9622 I 4.49 0.9999 0.99991 7.44 0.9966 0.8462 0.5006 9.29 0.7588 

0.99991 
I 

5.49 0.9999 0.9953 8.44 ! 0.9997 0.9540 0.5040 lO.29 0.8264 

9.441 0.5160 11.29 0.9222 

lO.44 ; 0.5428 12.29 0.9857 
I 

11.44 0.5886 13.29 

12.44 0.6496 14.29 

13.44 
, 

0.7218 15.29 

14.44 , 0.8030 I 16.29 

15.44 I 0.9049 17.29 

16.44 0.9801 I 18.29 

17.441 0.9977 ! 19.29 

18.44 I 0.99981 20.29 

~~::: I 
0.9999 21.29 

0.9999 : 22.29 
I 

21.44 : 0.99991 23.29 ! 

I 24.29 

25.29 
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and 1 atm pressure of hydrogen on different lattice planes. 

Proportional Approximation No Interaction 

(111) (110) (110) 

I a= 1.51 a=2.5 '11/59.1 I a = 1.0 ~ a = 1.5 1 a = 2.0 i a = 2.5 I a = 4.4 11/59.1 I a=O 
! 

-9.51 I 
I I 

0.0033
1 

0.0032 0.003 0.003 I 0.003 0.003 I 0.003 -9.51 0.003 

0.0267 • 0.0263 -7.61 . 0.108 0.089 0.076 0.067 0.047 -8.51 0.032 
I 

-5.51 I 
, 0.1079 I 0.l043 0.412 0.308 0.248 0.209 0.134 -8.01 0.096 

0.1951 0.1879 -3.51 0.746 0.558 0.444 0.370 0.231 -7.71 0.174 

0.2511 0.2409 -2.51 0.887 -7.51 0.250 

0.2901 0.2770 -1.51 0.972 0.800 0.642 0.534 0.330 -7.31 0.346 

0.3175 0.3031 -0.51 0.996 0.904 -7.11 0.456 

0.3373 0.3190 0.49 0.973 0.833 0.697 0.428 -6.91 0.571 

0.3576 0.3272 1.49 0.996 0.915 -6.71 0.678 

0.3918 0.3315 2.49 0.973 0.854 0.526 -6.51 0.770 

0.4601 0.3344 3.49 0.996 0.923 -6.31 0.841 

0.5515 0.3377 4.49 0.974 0.624 -6.11 0.893 

0.6142 0.3434 5.49 0.996 -5.91 0.930 

0.6452 0.3550 6.49 0.723 -5.71 0.955 

0.6647 0.3800 8.49 0.821 -5.51 0.971 

0.6850 0.4341 10.49 0.914 -5.31 0.981 

0.7146 0.5254 12.49 0.985 -5.11 0.988 

0.7561 0.5995 13.49 0.997 -4.91 0.993 

i 0.8155 0.6355 
14.491 -4.71 0.995 

0.9055 0.6522 15.49 

0.9794 f 0.6601 

0.9976 I 0.6638 

0.9998 0.6660 

0.9999 0.6700 

0.9999 0.6757 

0.9999 0.6874 

0.9999 0.7091 

0.7419 

0.7856 

0.8531 

0.9432 
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the smallest 0 at a given overvoltage. It may be noted that the (llO)-lattice 
plane is covered almost completely as seen in Fig. 8 a at overvoltage above 
ca. 0.2 V, 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. 8 b. The appearance of the plateaus may be 

CD 

(1lOHattice plane 

1.0. 

0.9 

0.6 

o.T 

0.6 

0.5 

0..4 

0.3 

0.2 

0..1 

0. 
-10. -5 5 10 

--- 7) (mV)/591 

Fig. 8 h. Theoretical isotherms, f) = {} (1'1), of hydrogen adsorption on (110)
lattice plane of Ni by the proportional approximation for a = 1.0, 
1.5, 2.0, 2.5 and 4.4 at 25°C and 1 atm pressure of hydrogen. 

o • 0 • 0 .0. 0 
0 • 0 • 0 • 0 • • · 0 • · 0 • · 0 

.0. 0 • 0 • 0 • • 0 • 0 • 0 • 0 0 • · 0 • · 0 • 
• · 0 • · 0 • · 0 

0 • 0 • 0 • 0 • o • 0 • 0 • 0 • 0 0 • · 0 • · 0 • • 0 • 0 • 0 • 0 • · 0 • · 0 • · 0 

0 • 0 • 0 • 0 • 0 • · 0 • · 0 • • 0 • 0 • 0 .0. 

o • 0 • 0 • 0 • 0 • 0 • 0 • 0 • 0 • · 0 • 0 • · 0 

0 • · 0 • · 0 • 0 • 0 • 0 • 0 • .0. 0 • 0 • 0 • • · 0 • · 0 • · v 

• 0 • 0 • 0 • 0 0 • · 0 • · 0 • o • 0 .0. 0 • 0 

( 110) (100) (111) 

Fig. 9. Adsorption of hydrogen on (110)-, (lOO)- and (ll1)-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 r; 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, 
() is 1/2 on the (110)- and (lOO)-lattice planes or 1/3 on the (ll1)-lattice plane, 
although only approximately realized except at O°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. 8 a. The length of plateau depends on the extent of 
the repulsion, i. e. longer plateau for larger value of a. As r; becomes large 
enough to overcome this repulsion, () starts again to increase. The sites on 
the (ll1)-lattice plane, marked by point are occupied only in the last stage 
of increased r; 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. 8 b and in Table 14. Striking difference 
is found between the latter results and" those of the higher approximation of 
isotherm shown in Fig. 8 a. In the absence of interactions (a = 0), the electrode 
surface is completely covered at very low overvoltages, which lie far below 
those where actual observations are practiced22

). The coverage obtained for 
a=4.4 on (l1O)-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 il

) 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 (l1l)-lattice planes by the combined approxi
mation and compared with experimental results. The proportional approxima
tion is conducted on the (l1O)-lattice plane only for comparison inclusive of 
the case of no interaction. 

§ 5-1. Rates and TAFEL Constant 

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

i c = 2e- kI Nl~ D~~i2l t;~ . exp ( :}-) . 
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TABLE 15. Values of X, Y and 

(HO) I (100) 

I ' 

71/59.1 X : 71/59.1 I~~~~~_Z~--'-~~~_I_~~_' 
a=1.2 a=1.5 I a=2.5 , a=1.2 ! a=1.5 1 a=2.5 a=1.2 

, I' I 1 I 
-9.51 3.317-10- 3 3.315.10- 3 3.306.10- 3 -6.56. 3.300.10- 3 3.298.10- 3

1 3.293.10- 3 3.311·10-' 

-8.51 3.146.10- 2 , 3.124.1OJ 3.057-10- 2 -5.56 3.006.1OJ 2.993.10-2

1 

2.955.10213.095.10-2 

-7.51 2.361.10- '

1

' 2.299.10- 11 2.119.10- 1 -4.56 1.869.10- 1 1.842.10- ' .' 
1.771-10-\ 2.210.10- 1: 

-6.51 1.222 1.176 11.043 -3.56 6.980.10- 1 6.755.10-116.202.10-1] 1.094 I 

-5.51, 4.871 I 4.691 . 4.240 -2.56 2.261 1 2.163 ' 1.815 1 4.430 

-4.51 i 1.724·10 '1.633·10 1.502·10 1-1.56 6.855 7.045 6.036 1.619·10 

-3.5116.160.10 5.466·10 4.948·10' -0.56 1.470·10 1.984·10 2.038·10 • 6.209·10 

-2.51: 2.530.102 1.892.102 1.588·10' 0.44 ~ 2.005·10 3.552·10 6.521·10 12.137.107 I 

-1.51 1.378·10' 7.440.102 5.060.102 1.44, 2.720·10 4.199·10 1.924.102 7.321.102 

-0.51 1.089·10' ,3.721·10' 1.620·10' 2.441 5.772-10 4.740·10 4.039.102 : 2.810·10' 
i 

0.49 1.047·10' 1 2.662·10' 5.305·10' 3.44 I 1.744-102 

1.49

1

1.043.106 , 2.486·10' 1.850·10' 4.44, 5.646.102 

2.49 1.042.107 2.466.106 7.336·10' 5.441' 2.093·10' 

3.49 1.042.108 2.464.107 3.480·10' 6.44 1.287-10' 

4.491
' 

1.042.109 2.464.108 12.267-106 7.44 1.167·10' 

5.49 1.042.10'0 , 2.464.109 I 2.041-107 8.44 1.154.106 

7.268·10 5.002·10' : 1.027·10' 

1.860.102 5.159.102 14.143.10' 

5.939·10' 5.189.102 2.039·10' 

1.923.103 
1

5.226.10' i 1.444.106 
, 

1
6.494.103 5.450.102 11.346.107 

3.385·10' 7.189.102 1.336.108 

9.44 1.636·10' 

i 10.44 4.926·10' 

11.44 1.589·10' 

12.44 5.402·10' 

13.44 1.762·10' 

14.44 5.145·10' 

15.44 1.929·10' 

16.44 1.260.107 

17.44 1.163.108 

! 

18.44 , 1.153.109 

19.44 i 1.152.10'0 

20.44 

21.44 
11.152.10

11 

1.152.1012 
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Z on different lattice planes. 

(100) (111) 
, 

, __ y_-,-___ 1I/59.11----,-__ Z_'_---c-___ 'j y 

a = 1.5 , a = 2.5 , a = 1.2 ! a = 1.5 a = 2.5 I a = 1.2 i a = 1.5 I a = 2.5 

3.309.10-'1 3.303.1O-'!,-4.71 , 3.301.10-,1 3.300·10-' 3.295-10-' 3.313.10-,1 3.312'10-'13.308'10-' 

3.082.10- 2 3.042.10- 2 -3.71 3.020.10-2 3.009.10- 2 2.977.10- 21 3.118.10-,1 3.109·10-' 3.083.10- 2 

1 I 
2.177.10- 1 2.086.10- 1 -2.71 1.957.10- 1 1.934.10- 1 1.876.10- 1 2.316.1O- 1 ! 2.296'10-'12.241'10-' 

1.066 9.951·10'1 -1.71 7.924-10- 1 7.770.10- 1 7.474.10- 1 1.228 11.212 I 1.181 

, 4.275 

1.510·10 

5.361-10 

2.253·10' 

7.241·10' 

2.068·10" 

8.599·10' 

3.195·10' 

1.107.105 

4.258.105 

1.939·10' 

1.220.107 

! 3.950 -0.71 2.488 2.396 2.294 5.226. 5.120 5.055 

1.385·10 0.29 7.168 , 6.619 6.244 1.987-10 •. 1.882·10 1.873·10 

4.403-10 1.29 2.203-10 1.738·10' 1.585·10 1 7.571-10 6.515·10 6.291·10 

1.371-10' 

4.561-10' 

2.29 6.129·10 4.434·10 13.810.10 3.304·10' 2.301·10' 2.022·10' 

3.29 2.487·10' 1.160·10' I 8.799·10 2.033·10' 8.971·10' 6.420·10' 

1.662·10' 4.29 2.072·10' 3.721·10' i 1.962·10' 2.539·10' 4.409·10' 2.045·10' 

5.901·10' 

2.095-10' 

7.501·10' 

2.641·10' 

9.461·10' 

I 3.355.106 

'I 1.431.107 

4.667-107 

11.451.108 

4.659.108 

1.667-10' 

5.29 1.357-10' 

6.29 4.841·10' 

7.29 1.420·10' 

8.29 4.020·10' 

9.29 1.167-106 

10.29 3.853.106 

11.29 1.779.107 

12.291 1.333.108 

1
13.29 ! 
14.291 

! 15.29, 

6.749·10' 

3.368.10'0 

16.29 

17.29'1 

I 2.454-10" 18.29 

I 2.310.1012119.29 

1 

2.294·1013 , 20.29 

2.293.1014 , 21.29 

2.284·10' 

4.660·10' 

, 2.478.105 

1

7.660.105 

2.008·10' 

: 5.172·10' 

1

1.357,107 

3.741.107 

i 1.171.108 

I 4.952.108 

1 3.397·10' 

i 3.166.10'0 

1

3.141.1011 

, 3.139.1012 

I

' 3.139·1013 

3.139.1014 

3.139·1015 

: 4.212·10' 2.502.105 i 4.084·10' 6.582·10' 
I 

9.068·10' ! 1.335·10' ! 1.223·10' 2.166·10' 

2.049·10' ' 5.481·10' 9.919.106 7.466·10' 

4.509·10' 2.055.107 '14.667.107 
1

2.827-105 

1.551·10' 8.004.107 1.785.108 1.303.106 

, 7.781·10' 3.609.108 6.248.108 

1 4.401.107 
'I 2.113·10' 2.166·10' 

, 4.602.108 ' 1.734.10'0 8.078·10' 

11.668.10' '3.500.10'0 

I 4.474·10' 1.925.1011 

, 1.052.1010 I 1.487.1012 

2.162.10'0 , 1.417.1013 

3.832.10'0 I, 1.409.1014 

1.148.1011 , ' 1.408'1015 

2.620.1011 
I ' 1.408.1016 

6.121.1011 ~ 1.408.1017 

1.488.1012
1 

1.408.1018 

3.828.1012 

1.078.1013 
I

: 2.293.1015122.29 

2.293.10161 23.29 
I===~===! 24.29 

1_ 25.29
1 

, 3.675·1013 

11.831.1014 

9.698.106 

7.824·10' 

1.192.1011 

6.483-10" 

2.644.1012 

9.450.1012 

3.162.1013 

1.025.1014 

3.286.1014 

1.043.1015 

3.320.1015 

1.084.1016 

3.805·1016 

1.515.10'7 

7.164.10'7 

4.433.10'8 
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The TAFEL constant is expressed according to Eqs. (1) and (1. 7. i r) as 

7" = 2+R.T~_ln_9f~"("L. 
F or; DC 

(V. 1) 

DC:;,,(,,)/DC needs now to be evaluated as a function of r; on the respective 
lattice planes. 

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 
MORSE function of Eq. (II. 1), similarly to RI etc. in Eq. (IV. 5). We see 
from Fig. 5 that any hydrogen ada tom on one of the first nearest sites to a" 

in L::, i. e. a" a., as and a. is equally apart from the constituent atoms of the 
critical complex on the (llO)-lattice plane, which is not the case on the (100)
and (ll1)-lattice planes as seen from Figs. 6 and 7. The relevant repulsive 
potentials, Ri etc. are calculated In Kcal mol-' as 

Ri = 1.721 a 

Ri = 0.7652 a, 

Ri = 0.7652 a, 

RiII = 7.484 a 

RiI = 2.708 a 

RiI = 1.349 a, } 

(110)-lattice plane, 

(100)-lattice plane, 

(ll1)-lattice plane, 

(V. 2) 

where Ri is the repulsive potential between the critical complex and a hydro
gen adatom on a, of each lattice planes, RiI that on a. of the (100)- and 
(lll)-lattice planes and RiII that on as of the (ll1)-lattice plane respectively. 
The repulsive potential of critical complex due to the adatoms on the second 
and third nearest neighbouring sites to a" lying outside L: 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 

R'; = 0.1091 a(), 0.5015 a(} or 0.2386 a(} Kcal mol-' 

respectively for (110)-, (100)- or (ll1)-lattice plane. The BOLTZMAc\!N factor 

of Ri, RiI, RiII or R'; is denoted by I, II, III or '" respectively. 

OCJ,,(,,): DC:;,,(,,) is expressed, similarly to OCa,(H) in the foregoing Chapter, 
by the combined approximation, as 
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G KCg) 

DC~",c",) = .L: .L: DCr;co) . q;('" . rg 
X 

g~O kCg) ~ 1 

X ,[pLpMpN. I U IJVIIIw. IJSIIF· IU'IIv,£IIw'] (V. 3) 
1 2 3 8 8 kCg) , 

where q; is the BOLTZMANN factor of the reversible work required to bring 
up the constituent particles of critical complex from their standard states to 
a definite, preliminarily unoccupied a'" to compose the critical complex there, 
exclusive of the work due to interactions with surrounding hydrogen adatoms 
and expressed as'), 

q'" = IT {l-exp(-hl/i/kT)}-I.exp(-~), 
o i~1 RT 

(V. 4) 

where cd is the energy of the critical complex in the ground state. 0', 
V' or W' is the number of adatoms inside .L:, which exert on the critical 
complex the repulsion of potential Ri, Rir or RirI respectively. 

The DC;",c",) of Eq. (V.3) is now worked out for all possible arrangements 
of hydrogen adatoms of all possible numbers inside .L:, as shown in Table IV 
in the Appendix for (1l0)-, (100)- and (lll)-lattice planes, where G = 4, 
M=N=U=W=V'=W'=O for (1l0)-, G=6, L=W=T=W'=O for (100)
and G=8, L= V=S=O for (lll)-lattice planes. Eq. (V.3) is written 
rearranging the terms shown in Table IV as below. 

(IlO)-lattice plane: 
5 

DC;",c",) = CCr;co) . q':('" . SUM (1l0)"', SUM (1l0)'" == .L: d
"
jXj -

, 
, 

j=l 

(V.5.a) 
(lOO)-lattice plane: 

DC;",c",) = DCr;co) . q':('" . SUM (100)'" , (V. 5. b) 
, 

SUM (100)'" == .L: (d1,j + d2,jZ + d 3,jZ') P -1 , 

j = 1 

(lIl)-lattice plane: 

k il 
1 

I 
2 

I 

3 I 
4 

I 

DC;",c",) = DCr;co) . q':('" . SUM (1l1)" , 

1 

TABLE 16. Constants dk,j in Eqs. (V.5.a) and (V.7.a) 
for (llO)-lattice plane. 

2 3 I 
4 

4I 4I2+2II I' 
I 

4II I' 

4 4+2II I 
4II 

5 

112 1;' 

II2 

2 4/+4III 2/2+41 II III+41 III+2II12 14/2II III+41 II IIJ2 i2J21121II2 

II I 41 II III 4/2II 1II2 + 2J2II 2II1 2 

I 
4/3II2IIJ3 I I '11 31II , 
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TABLE 17. Constants, dk . j in ~~:us, (V.S.b) and (V.7.b) 
for (lOO)-latt"ice plane. 

Rrl--~r~~~~=,~~;=,~cT==-,~c7~=~~ 
5 

--1 -1-- 4IL 4TP+21 II' 41 II' I'II' 

2 21 . . '. 21 IT'+4II I II' i 41 II I II3 
1.41 IT+4II I II 1+2112 I Il'+41 II I Il21 +41 II' I II3 1212112 I II' 

I 

3 I' 4II I' II 14112 PTI'+21 II' PIT' 41 II3 PII3 I J2II'I'IT' 

4 1 4 4+21 41 
I 12 

5 2 4+4II 2+4II+2II'+41 II 41 II+41 II' 2I'II' 

6 1 4II 4II'+21 II' 4IIf3 J2II' 

7 2 4II+41 ,I 2II'+41 II+2I'+4I'II 4I'II'+4f3/l 21'112 

8 I I 4J2II 4I'If3 I'/l' 

I ' 

9 ! 2+21 4//'+4I+4I/l 12/l'+61 /l'+2J2.+8I'II' 4I'/l'+4f3II' I 2I'/l' 
4I'/l . +2f3/l' ; +4f3II3+4I'/l31 +2I'II' 

10 

11 

12 

212 4f3/l +41 3/l' 

21 4I//'+4I'II 

41'//' 

, 

21 '//'+41 '//'+2I'II' 
+4I'II3 

21 II'+4I'//3+2f3II' 
+413II' 

41'//'+216II' 

SUM (111)'" = '£ (d1,j+d"jZ+d3,jZ') Yj-l, 
j=l 

416//'+416/l' 2I'II6 

413//'+4I'I/' 21'//6 

4I'II6 1'//' 

(V. S.c) 

and dk,j 's are constants shown in Tables 16, 17 and 18 for the respective 
lattice planes. 

OC: DC is expressed with reference to '£ on each lattice plane as the sum 
of DCdt(H) and DCdi(o) worked out in § 4-1, as 

G ktg)' 

DC = ~o k~)!?;CL;[Gd(~H)k(O)} 
G K(g) 

=;= '£ L: DC . rg • [pLpMpN . JU IFIII w .IJSIIF] (V. 6) 
g~O k (g)':: L;(O) 1 , 3 0 0 k(g) 

We have here no specification for the state of a's in '£, e. g. that a definite 
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TABLE 18. Constants, d k • j in Eqs. (V. 5. c) and (V. 7. c) for (lll)-lattice plane. 

2 

ZI+4LI 

4III I III 
+41 II III 
+4LIIU 

1 __ 3,1 __ 4 1 5 I 6 7 

\

41 I II+4.1 II+p\ SI I II"+41 I2U 'j4J2-'pIP+41 III[II'j 
+4.1P+2II1 II' +212II1 III" +412II1 I II' ~J3II1 PIP ,2 2 

+2II1 I L!2:.+-r~If!!I',+Z12III pIFt.JII2 II' +ZPIII3 I II' I III I II' 

412 III I II III 
+SI III I II III 

+2II12pIII 
+41II I II III 
+Z12IpIII 
+41 IpIII 
41 III IPIII 
+ZIPIII 

4J3 III .L .L.L -

+412II12 PII 
+S12III I II" 
+4J3II12 I II 
+41 III I II 

+41 lIP I II 
+412II1 II' 
+41 III II' 

, +411112 I II 

2I'II12 I"IPIII 
+Sl'Il12 I II'III 
+4I'II12 I II'III 
+41 3Il12 PIpIII 
+4131II3 PIpITI 
+Z12II12 I'II2III 
+412II12 pIPIII 

+Z12II12 II'ILI 

4f5Il13 I' 
+4I'IIJ3I 
+4I'IIJ3 L' 

IL'III 
II'IIIIZI6II1 'P II'III 
'II'III 

-------41211J3 I-rTIII" SJ3IIJ3I IIZ ~4I'III5 pIPI.II" 

III IIPI 2II1 I III +llJ5PIIP +214III4 I II 
3 2 1+4II1l3 I II III' +41211f5 PII 

+41 III II III' +412Ill IPITP +21211I4 I II 
+Zf2II12 IpITP +4J3II12 II"_ 

+414II14 I IpIIP 
+4f51Il' I.IT3IIp 41 

+: 
II'IIp 
II'IIPI JB III' I' II'III2 

+2I'III6 pIp.IIp 

1 1 6 9;'2III~41 1 6III+121+21211I ll12+4IllI+4f2 
+612III 

+I,/II3 II'IIp 
-------;.-------, --
2J21II2+41'III I 'lIP 

-~-I'~2---I--4;~IIl+41 Iz+:gjjH!/'~t41 lSI llI+S1 III 2 + 1ZJ2III I S12111 2+12J311J2 
+4J2III, +4J3Ill+4J31112 +4J3IIJ3+6I'II12 

SI'II1 3+4f51II 3 2161II' 

I I" IIJs+4I Ill' I 212III'+412IIf5 1 I'III3+ 4/'T1J4--1 
III I ZIII3+41 III + 412III+212II12 +41'II12+SJ3IIJ3 +4I'III5+2I'llI6 ZI611I5+4J6II16 

+4121II3 + ZI '/II , + 41'II1 , , 
6 18III' 

7 Z 1 2+4IIIH~--I--2I-II-~-+~6I~161 /II I ji!!h~t~~i~i}i, '--1 ;i~1j,~~t~~IJ.j~I--12!4;ll't115~II3 21 
+ZI III+4I +4J3+SJ311I+ZI'III + 2f5III+4f5II12 +ZI III ,41 III 

21 'III , 

S I ZI2+4121II I -I;4{ II{+4I/II +4f5lIl+SI'II12 +4I'III2+2I'IIJ3 ZI B1II6+4I"II1' 
1 1 

3 3 c· ---3-2-1--Zl'III3+414III'-I--- 151II6+41611I' 1 -----

+21 III. +41 111 ,+ZI6I1l3 +4I'III4 
1"1II6 

I 

S12Ill+1212III~ J,J3[I1
2f81 3

1p3 2 Sf5III 3+1ZI5III' I 
SI II1+412 +4121II3+1Z1 3111 +41 III +Z41 III +41511I6+1Z161II' SI'IIf5+41BII1' 

+S12II1+4J3 +SI3IIJ2 + 1Z1'III + SI '!II 32+ 41 '[II '2 +SI6II1'+12I'IIJ3 +SJBIII5+41'III' 
+4151II +ZOI III +41 III +418111' 

___ ~-'-_ L __ ._+-'---4I_'_Il_1_2 __ -+-_~."'~~~ 

4I'Oll1 6 9 41 

SI'IIJ3+S1'III' Zl'lli'+4I'III5 I 
10 I ZI3 I SI'III+4J5III I Sf51II2+1Z1 6II12 I + 12IBIIJ3 + 41B1II , +ZI'III6+4I,oIII' 41 '2III 6+41 12IIl' ZIl5IIIB 

+4161II3 +61 'IIJ2 +4J9IIJ3+41'II1' +12I,01II5+ZI"II1' +41 13III6 
+41"IIf5 

I 

--1-212/115+41'1113 -1- 6[51II6 + 141 6II1 , Zl'IIIB+61 8 IIf5 I 1--
11 Z12II1 Z~2IfJ3t413IfI2 +lOI4II1'+Sf5II12 +4I?II:+21~III: + 16JBII16+Z191II6 211OIII:t4J1~IIIB 2113i1f9 

+ZI III +41 III + ZI6II12 + 4161II 3 +41 III +SI III +4I,01II5 +61 III 
_~~~+~ZI~'~11~1~'~=-~~~~=-~~==~~_ 

12 151II 1 ZI6IIJ3+ 4J7II12 1 . I'II1 5+41 BIll' I 61
,o

1116+1Z1"II15 91 131II'+21 121IIB 61 '61119 I I 19II1" + 4I'IIJ3 + 61 'III , +21 12III 6 +41 14II1' 

;;l 
'" c 
~ 
[ 
~ 
N 

~ iO 
§' 
~ 
:;. 
" 
$ 

~ 
::! 

t>:I 
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pair of a's are occupied by the critical complex, hence G=6, A1=N=0 for 
(110)-, G=8, L=W=T=O for (100)- or G=lO, L=V=S=O 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. 

(llO)-lattice plane: 

8C = 8CL (o) SUM (110) , 
5 

SUM (110) = L; (d,.j + d 3,j( +d"jCjXj-l, (V.7.a) 
j=l 

(IOO)-lattice plane: 

DC= DCl:(O) SUM (100) , 
5 

SUM (100) = ~ (d"j + dS,jZ + d 6,jZ' + d"j( + d"j(2 + dg,j(Z + 
j,-'l 

(V. 7. b) 

(llI)-lattice plane: 

DC= DCL(o) SUM (111) , 

7 

SUM (111) = L; (d"j + d 5,jZ + d6,jZ' + d"j( + d"j(2 + dg,j(Z + 
j=l 

(V. 7. c) 

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

It follows from Eqs. (V.5) and (V.7) that DC:"(,,,)/DC is reduced to q;(". 
SUM (110)'" /SUM (110), q:(" SUM (100)" /SUM (100) and q:(" SUM (111)" / 
SUM (111) in the respective cases of the lattice planes, DCl:(O) being cancelled 
out, where q: is the factor independent of r; as seen from Eq, (V. 4). DC:;",(",)/ 
DC is now evaluated as a function of r; 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 PH p, or p, 

have had to be evaluated with special reference to the ~ employed in the 
respective case of the lattice plane. 

The DC;",(,,)/DC is calculated by the proportional approximation as well, 
for the (110)-lattice plane for comparison. The L; is reduced in this case to 
a" as mentioned in § 4-3, hence we have 

(V. 8) 

and from Eqs. (IV. 1), (IV. 31. a) and (IV. 31. b) 
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(V. 9)*) 

where - RT In C' = (4Ri + 2R'lI + 4RtII) 0 as seen from Fig. 5. The above two 
equations are reduced in the absence of interaction, i. e. for a=O, where 10= 
110=1110=("'=1, to the equations 

(V. 10) 

(V. 11) 

We have from Eqs. (V.S) to (V. 11) m case of the proportional approximation, 

DCi'""",)OC = q";("'/(l + 2r· l;nII1o'+ r 2
• II· Io'II;III:J, 

which is reduced for a = 0 to the equation 

DC:",(",)/DC = q"; /(1 + 7)2. 

§ 5-3. Current Densities 

(V. 12) 

(V. 13) 

Final expression of the current density is now gIven according to Eqs. 
(1. 7. i+), (V.5) and (V.7) as 

. _ kT '" . 2F \ 
L = 2e h-NH,. N ,"'· ~~;-. r· exp ( Rlfi ' (V. 14) 

where r==('" 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)NH2 on the right side of Eq. (V.14) is common to all expres

sions of i+ on the different lattice planes. The second factor N ,'" depends on 
the lattice plane as 

N ,'" = 1 X 1015
, 3 X 1015 or 6 x 1015 cm--' 

respectively for the (110)-, (100)- or (111)-lattice plane. 
q";/QH

, is expressed by Eqs. (1.5.QH,) and (V.4) as 

5 f h).!"'· 1 1 

fLd 1-exp (- k+) J (. s~ _ SH2 ) 
(2rrmkTF 4rr' IkT/ h'- . exp - - RY2.... .. 

(Y. 15. N) 

The third factor 

*) The previous formulation7l IJ'" (O)=(l-IJ) (I-IJ ' ) of the probability IJ'" (0) of seat a'" of the 
critical complex being unoccupied, is erroneous, where IJ is the probability of one of the 
constituent sites of (,'" being occupied irrespective as to whether the second site of a'" 
is occupied or not and 1J' 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 (I-IJ) in 
case, where the second site is unoccupied and there exists interaction, hence (I-IJ) (I-IJ ' ) 
does not equal IJ'" (0). 
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TABLE 19. Theoretical values of log i+ (A cm ~2) on (110)-, (100)-

Combined Approximation 

(110) (100) i (111) 

a=2.51 r;/59.1 I a = 1.2 I a ='1.5 !. a=2.5 r;/59.1 : a = 1.2 I a = 1.5 I r;/59.1 
I a=-=-I I 1 

_ 9.51 1 -16.37 i -16.371 
, 

-15.96 ! 
, 

-16.37
1 

-6.56 -15.96
1 -15.96 1 -4.71 

1 

-12.17 ' 
I 

-10.28 I -8.51 ! -14.44 -14.441 -14.44 -5.56 -14.06 -14.06 -14.07
1 

-3.71 
1 I -7.51 -12.86 -12.86 -12.83
1 

-4.56 -12.54 -12.55 -12.57 -2.71 I -8.79 

-6.51 -11.96 . -11.94 -11.82 -3.56 I -11.58 -11.58 -11.57\ -1.71 

I 

-7.76 
, 

-11.36
1 

-5.51 -11.51
1 

-11.53 -2.56 -11.00 -11.00 -10.92
1 

-0.71 -6.88 

-4.51 -11.04 -11.23 -11.19. -1.56 -10.59 -10.60

1 

-10.53 0.29 

I 
-5.97 

-3.51 -10.30 -10.74 -11.111 -0.56 1 -10.27 -10.26 -10.21 1.29 -5.03 

-2.51 -9.30 -9.92 -10.98 0.44 . -9.83 -10.13
1 

-9.84 2.29 
I 

-4.07 

-1.51 -8.44 -8.81 -10.68
1 

1.44 -9.15 -9.48 3.29 1 -3.09 -9.76, 
! 

-0.51 -8.10 -7.79 -10.07 . 2.44 -8.28 -9.11 -9.31 4.29 
I 

-2.21 I 

0.49 -8.04 -7.30, -9.09 3.44 -7.42 -8.28 -9.07 5.29 
1 

-1.75 

1.49 -8.04 
-7.

21
1 

-7.77 4.44 -6.82
1 

-7.26 -8.87 6.29 I -1.38 

2.49 -8.04 -7.19 -6.31 5.44 -6.47 -6.33. -8.66 7.29 I -0.94 
I 

-5.70
1 

, 

3.49 -8.04 
-7.

19
1 

-5.13

1 

6.44 -6.28 . -8.43 8.29 -0.47 

4.49 -8.04 -7.19 7.44 -6.24

1 

-5.43 i -7.85 9.29 -0.14 

5.49 -8.04 1 -=-_7.19
1 

I 8.44 I 
-6.24 -6.94 10.29 

I 

-0.13 
-I 9.44 -5.74 11.29 -0.70 

10.44 -4.45 12.29 -1.99 

11.44 -3.27 13.29 

12.44 -2.36
1 

14.29 

13.44 -1.75 15.29 

14.44 -1.44 
! 

16.29 

15.44 -1.23

1 

17.29 

16.44 -1.11 18.29 

17.44 -1.08 ! 19.29 

18.44 I -1.08 ! 20.29 

19.44 
-1.

08
1 

21.29 

20.44 -1.08 22.29 

21.44 I 23.29 -1.08
1 

I 

24.29 

I 
25.29 
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.,j 
! .. '" 

and (111)-lattice planes at 25°C' al,1d 1 atm pressure of hydrogen. 

Proportibtlai Approximation No Interaction 

(111) 

a = 1.5 I a = 2.5 
I 

-12.17. -12.17 

-lO.29 -lO.30 

-8.81 -8.84 

-7.82 -7.90 

-7.00 -7.20 

-6.17 -6.58 

-5.28 -5.94 

-4.32 -5.05 

-3.34 -4.35 

-2.29 -3.43 

-1.21 -2.45 

-0.48 -1.43 

-0.16 -0.37 

0.16 0.76 

0.59 1.99 

1.18 3.30 

1.64 4.32 

2.00 4.61 

2.07 4.77 

1.62 4.96 

0.32 5.27 

-1.27 5.64 

-2.18 6.lO 

-2.37 

-2.39 

-2.39 'I 

-2.39 

I 
I 
I 

6.61 

7.45 

7.87 

8.78 

8.91 

9.35 

8.97 

8.44 

1//59.1 

-9.51 

-7.51 

-5.51 

-3.51 

-2.51 

-1.51 

-0.51 

0.49 

1.49 

2.49 

3.49 

4.49 

5.49 

6.49 

8.49 i 

10.49 

12.49 

13.49 

I 

.(110) 

I a=d.O II a=1.51,a=2.b,i a=2.~:1 a=4.4 

-16.381-16.39 -16.401-16.401-16.39 

-13.01 -13.10 -13.18 -13.25 -13.41 

-10.92
1
-11.06 -11.13 -l1.21i -11.39 

-9.381 -9.34 -9.41 -9.501 -9.64 

-8.87 I 
-8.54 -7.91 -7.81 -7.85, -7.99 

-8.45 -7.40 

-7.09 -6.44 -6.29 -6.40 

-6.97 -5.96 

-5.64 -4.95 -4.86 

-5.50 -4.50 
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-4.16 -3.39 

-4.02
1 

I -1.99 
-0.65 

0.58 

1.49 

1.66 

t,'. 

(110) 

11//~9jj . a=O 

-9.51 I -16.36 

-8.51 I -14.39 

-8.01 ' -13.45 

-7.71 -12.93 

-7.51 -12.61 

-7.31 -12.33 
I 

-7.11 I -12.09 

-6.91 -11.90 

-6.71 -11.75 

-6.51 -11.64 

-6.31 -11.56 

-6.11 -11.51 

-5.91 -11.47 

-5.71 -11.45 

-5.51 -11.43 

-5.31 -11.43 

-5.11 -11.42 

-4.91 -11.42 

-4.71 -11.41 
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The value of e; - e~' 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. (1.1) by substituting pH, from Eq. (1. 4. H 2) 
for pI and p"c there from Eq. (1. 6), inasmuch as H2 is the initial system I in 

this case; since DCd"cc"c)/DC is reduced in the latter extreme condition to q~ 

.':: 

10 

-10 

-15 

------- (\ I 0) 
_.- CIOO) 
--CIII) 

I. 1X-1.2 
2. 1X-1.5 
3, 1X=2.5 

-~roh-----~-I~o-----*o------Tnlo,---------iw'--------

--- 7J (mVl/59.1 

Fig. 10. Theoretical log i+ -71 relation of hydrogen evolution reaction on 
(110)-, (100)- and (l11)-lattice planes of Ni obtained by the com· 
bined approximation for a = 1.2, 1.5 and 2.5 at 25°C and 1 atm 
pressure of hydrogen. 
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according to Eq. (V. 13) with reference to Eq. (IV.33), we have?} 

v_ = (kT/h)Nd2N~q:/QH2 , hence 

RT2 (· a logv_·) = 0 = c"-RT2 dlogQH 2 = c"-cH2-5/2.RT 
. aT I pH, g dT a g , 

identifying q: approximately with exp(-cd/RT), where pHz is the pressure of 
hydrogen gas kept constant, or 

cd -C~2 = 5/2· RT (V. 15. cd) 
for (110)-lattice plane, admitting that adsorption occurs predominantly on the 
(110)-lattice plane at its very initial stage. *) The values of c; - c~z on the 
other lattice planes are determined by adding the appropriate difference of 
c'" + 1:, (K;--1/2·Jj) given in Table 3 to 5RT/2. The values of ).I" are 

j 

shown in Table 4 and those of m and I are taken as 2.016/6.024 x 1023 and 
4.664 ), 10-" gem! 21) Using Eqs. (V. 14) and (V. 15) as well as values of r'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 r; is 2F/2.303RT, i. e. 7'=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. 7' = 0 as 
seen in Fig. 10 or readily deduced, revealing the saturation current. 

Fig. 11 shows log i+,-...·r; plots on each lattice plane for a = 1.5 in compari
son with the experimental results'2) 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 r; --'? 00 increases in the order of 

(110)-, (100)- and (111)-lattice planes. The (111)-lattice plane contributes pre
dominantly to the current density at over voltage above 0.2 V, where observations 
of i + are usually practiced as mentioned in § 4-4. 

(2) Log i+ '-""r; plot deviates without taking repulsive interactions into 
account, i. e. for a = 0, far from the observed one, indicating the important 
part played by the repulsion between unbonded hydrogen atoms, as deduced 
quantum-mechanically to exist. '2 ) 

(3) The log i+ '"'""r; 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. 8 a 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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, 
// 

/ 
/---L- a ~ 4.4 (Prop. Approx) 

I 

I 
I 

I 

/ .~.a~1.5 
,/ / 

/ . 

/<". ... ----/-1- a = 1.5 , / 
/ j' 

/' / /' 
/ / /' /: /,/' 

1~""-1---------- a=Q 

/' / 
I I 

------- (110) 
-'-(100) 
--(111) 

-15,1 / 
/ / 

Obs. I, 0.95 ±o.02 N NaOH 
Obs.2, 4.13±O.1I N NaOH 

I 

-~~O-----~----~IO~----~20'-----

--- '7 (mV)/59.1 

Fig. 11. Comparison of the experimental log i+-r; relation with the theoretical 
ones by the combined approximation for 0: = 1.5 on (110)-, (100)- and 
(l1l)-lattice planes of Ni as well as by the proportional approximation 
for 0:=0 and 4.4 on (110)-lattice plane. 

the observed one, giving constant slope of T = 0.65, whereas this value of a 
is far too large as compared with the value 1.5 determined from the analysis 
of adsorption isotherms ll

), 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 (l1I)-lattice plane over the range of r;, where the i+ is usually observed. 
The above discrepancy of a-value is reconciled reasonably by transferring from 
the (110)-to (l1I)-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 (llO)-lattice plane. 
(4) Log i+ '""'1} relation on the (lll)-lattice plane is quite different from 

others at higher current densities, where further increase of r; is associated 
with a conspicuous decrease of current density, hence ,<0. This decrease of 
i+ with increase of 1) is attributed to the repulsive potential, RiIr, i. e. that between 
the hydrogen adatom on as or a, in L: of (lll)-lattice plane in Fig. 7 and the 
critical complex situated on aj and a2 • The repulsive potential RiII is extra
ordinary large, hence the sites as and a, tend to remain unoccupied until the 
coverage attains ca. 0.8. With further increase of 1), however, these sites are 
occupied, resulting in a large increase of the potential energy of the critical 
complex, hence in a considerable decrease in i+. On the other lattice planes 
RiI or Ri is almost equal or less than RI while RiII is absent as seen from 
Eqs. (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 (lll)-lattice 
plane. 

(5) The experimental results of i+ is torelably reproduced by its theoret
ical value of i+, which is practically exclusively sustained by (ll1)-lattice plane 
in the region of overvoltage from 0.2 to 0.7 V. At higher overvoltage than 
0.7 V, however, the theoretical values of i+ deviates considerably from the 
observed ones. This difference might be attributed to the galvanostatic method 
employed22

), 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 log i+ '""'1} 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 1} using the values of CC:~(~)/DC 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 1}. The present 
theoretical results indicate that the value 2 of , elementarily deduced in 
the Introduction, reveals itself at extremely low coverage of the hydrogen 
adatoms, i. e. at the very large positive polarization against the reversible 
hydrogen electrode, whereas under the usual experimental conditions where 
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to ------- (10) 
_.- (100) 
-- <111l 

I. ex-1.Z 
2, ex-1.5 
3, ex-Z.S 

1.0 

-1.0 

--- '7 (mVl/59.! 
30 

Fig. 12. Theoretical 7:-11 relation of hydrogen electrode reaction on (110)-, 
(100)- and (11I)-lattice planes of Ni by the combined approxima
tion for a = 1.2, 1.5 and 2.5 at 25'C and I atm pressure of hydrogen. 

r; > 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 r;, finally tending 
to zero at extremely high overvoltage. These behaviours are closely connected 
to those of (j (Fig. 8 a) in such a way as the first or second minimum in r"-'r; 
diagram occurs at the value of overvoltage, where the first or second plateau 
appears in (j'-""r; diagram. At the plateau, where (j increases with r; only slightly, 
the increase of current density or r with r; is very small. As r; increases above 
that of the plateau, (j and hence the current density increases rapidly with fJ, 

resulting in a rise of r. As (j tends to its limiting value of unity, r tends to 
zero. The 7:'-""r; plots for a = 1.5 on the respective planes are compared with 
each other and with experimental values22

) as well as with those obtained by the 
proportional approximation for a=O and 4.4 on (llO)-lattice plane in Fig. 13. 

Noting that the experiments are carried out in the overvoltage region 
higher than ca. 0.2 V, r on (l11)-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 (/ Introduction). 
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(10)11; ~:~5 h a ~ 4.4 (Prop. Approx) 
(100) a-L5 
Oil) a-L5 

o Obs. 095±0.02N NaOH 

--- r; (mV)/5~ 
10 

Fig. 13. Comparison of the experimental .-Yj relation with the theoretical 
ones by the combined approximation for IX = 1.5 on (110)-, (100)
and (l1l)-lattice planes of Ni as well as by the proportional approxi
mation for IX = 0 and 4.4 on the (110)-lattice plane. 

the experimental results similarly to the case of 10gi+'-""1} plot, while ,'s on the 
other planes are there almost reduced to zero, contributing practically none to 
the value of ,. The, for a = 0, i. 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 12), is essential to 
reveal the experimental aspects of ,. On the other hand, , calculated by 
the proportional approximation follows the observed ones fairly well for a = 4.4 
on the basis of (llO)-lattice plane in conformity with log i+'-""1} relation referred 
to in (3), § 5-3. The same explanation as that in (4), § 5-3, applies to the 
curious behaviour of , on (111)-lattice plane of assuming a negative value at 
higher overvoltages as shown in Fig. 13. 

DISCUSSION 

One of the present authors showed7l as mentioned in the Introduction that 
the experimental results on the hydrogen electrode reaction on nickel is theo
retically reproduced as based on the (llO)-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 a of 4.4, suggesting the 
existence of saturation current, ca. 2 >; 102 A cm- 2 at 25°C and 1 atm H 2 • The 
latter current has been recently confirmed experimentally by one of the present 
authors and Y AMAZAKI22

) at the expected value in the concentrated solution of 
NaOH at 22+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. 8 a, 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 O.4V of overvoltage corresponding to 1016 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. 8 a. It follows 
that the increase of current density is effected by that of the (100)- or (111)
lattice plane of higher energy of ada toms 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 ada toms 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 log i+""r; 
or '----r; 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 ll) 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 0= 1, 
while an adatom on the (100)- or (l11)-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 a = 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 l1

), fits in with experi
mental results with due regard to the (100)- and (l11)-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 1: and the corresponding terms of the 
sums of Eqs. (IV. 15). The notation of solid circle or [ ='i=] represents a hydrogen 
adatom or an critical complex and g the weight of a given arrangement 
respectively. 

0(',',(0) 

TABLE 1. DCa,(H)' DCa,(o) and DCa.(o) on (HO)-lattice plane 

GCL:la,(H)"a(o)} 

GCL: la ,(H)"a(H)} 

1-------

GCL: ta, (H)"a(2H)} 

• 
i • 
I : 
I 

• • • • • 
i • 

Arrangement in 

L:, i. c. 

• 

• • 

• 

• 
• • 

• 

• • 
• • 

Values of g, L, U, V, W, S 

and Tin Eq. (IV. 16) 

8 
8 
8 
7 
7 
8 

2 
2 
1 

2 
1 
1 
2 
2 
2 

I-O-C-2:-~-lal-(H-)-'s:(-,~-)}-; = __ : __ : __ = __ : __ =_1 j_~_i __ ~ __ i __ ~_ !l U. 
OCL:la,(H),5<1('H)} -! • • • • • • 5 4 4 3 4 6 16 

OCL: {d ,(o)"a(o)} 

OCL: ta ,(O)"a(H)} 

OCL: la ,(0),sa(2H)} 

-------

OCL: la, (0),5<1(3H)} 

-----_ .. - ---------- --- --------------------'--

I 0 0 

-~ -----T1--- 1 

1 0 

o 

o 
o 

o 

o 
o • 

• • • • • • • • • • 
• • • •• • • •• • • • • • • • •• 
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2 2 
2 2 
2 1 
2 1 
2 2 

o 1 
o 0 
1 0 
o 0 
o 0 

3 
3 
3 
3 
3 
3 

2 1 1 
301 
200 
220 
210 
301 

o o 0 1 

o 
o 

1 3 4 
1 2 1 

o 
o 
o 
1 
o 

2 6 
2 6 
2 5 
2 5 
2 6 

1 3 
o 3 
2 3 
o 3 
1 3 
o 3 

8 
9 
8 
8 
8 
9 

2 
2 
2 
2 
2 

2 
2 
1 
1 
2 
2 
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I

I ~E~"'","~('~H~)J~ __ ~: ._~:_.~:_:_._:_I_!_) ~ ~ g ! H I ~ 
O-CL:ta,(a).'<1(5H)} 1 ••••• i 5 4 2 2 -2--5-14 -1-1-

~----------~----

------,---------------------------,-------------------,---
i 1000000011 

DCL: {d .(a),5<1(H)) 

.••• 32200381 
DCd .(a) I I.. . 3 3 00 1 0 3 9 1 

••• 3202381 

\ 

DCL: {d .(a)"d(3H)} I.. . . 3 2 1 1 1 3 8 2 

DCd,( 

:. ··I~~16i~~ ~ 
_______ ~------~----1----~--

\ 
I 

.... 432~11411 1 

.

••• •• 42 22410 1 
DCL: {d .(a)"d('H)} •• • 4 2 1 2 4 10 1 

I 
.•••• 42212410 1 I. • •• 43112411 1 

,--------~----------~----------~--~--

I DCL:ta.(a),5<1(sH)} ••• •• 1 5 3 3 2 3 5 13 1 1 

TABLE II. OCd,(H)' OCd,(a)' OCd,(a) and OCd,(a) on (lOO)-lattic plane 

Arrangement in 1:, 
/;;:;---Oe'" 

" 
" 

i. e. \°6 0, 0, ~l) 

" 
/ 

'-"'-"::'5 ~./ 

I d 1 d 2 d 3 d. d, d. d, d. 

DCL: (d,(H),7d(a)} 
I • 

I 

• • • • 
DCL: (d, (H) ,7d(H)} • • • • • • _. 

I • • • I • • • H) • • • • • • • • • 
DCL:{d,(H),7<1(2H)} • • • • • • • • • • • • 

\ .. 
• • • • 
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I 

1 

Values of g, M, N, 
U, V and Sin 

Eq. (IV. 20) 

g M N U V S 

0 0 0 0 0 2 

1 0 1 1 0 4 
1 1 0 1 0 4 
1 1 0 0 1 4 
1 0 1 0 0 4 
1 0 0 1 0 4 

2 1 1 2 1 6 
2 1 1 1 1 6 
2 0 2 1 0 6 
2 2 0 2 1 6 
2 1 1 1 0 6 

2 2 0 1 1 6 
2 2 0 2 0 6 
2 1 1 0 2 6 
2 2 0 0 2 6 
2 0 1 2 0 6 
2 102 1 6 

I 

I 
I 

1 

I , 

I 

(J 

1 

1 
2 
2 
1 
1 

2 
2 
1 
2 
2 

2 
1 
2 
1 
2 
4 



Journal of the Research Institute for Catalysis 

• • • • 
I 

3 2 1 3 2 8 2 

• • • • 3 1 2 2 1 8 2 

• • • • I 3 2 1 2 2 8 2 

• • • • 
I 

3 2 1 3 2 8 1 

• • • • 3 1 2 1 2 8 2 

• • • • 3 2 1 1 2 8 1 

• • • • ! 3 2 1 2 2 8 2 

• • • • 3 3 0 2 2 8 2 

nCr;{0',(H),70'(3H)} • • • • 3 3 0 3 1 8 2 

• • • • 3 2 1 1 2 8 2 

• • • • 3 2 1 2 0 8 1 

• • • • 3 2 1 0 4 8 1 

• • • • I 3 1 1 3 2 8 4 

• • • • 3 1 1 3 1 8 4 

• • • • 3 0 2 3 0 8 1 

• • • • 3 2 0 4 2 8 2 

• • • • 3 2 0 3 2 8 2 

• • • • 3 2 0 3 2 8 2 

• • • • • 4 2 2 3 3 10 2 

• • • • • 4 3 1 3 3 10 2 

• • • • • 4 3 1 4 3 10 2 

• • • • • 4 2 2 2 3 10 2 

• • • • • 4 2 2 3 2 10 1 

• • • • • .4 2 2 1 4 10 1 
nCO'l(H) • • • • • 4 3 1 2 4 10 2 

nCr;{0',(H),7O'('H)} .. • • • • 4 3 1 3 2 10 2 

• • • • • 4 4 0 4 2 10 1 

• • • • • I 4 2 1 5 3 10 4 

• • • • • 4 1 2 4 2 10 4 

• • • • • 4 2 1 4 3 10 4 

• • • • • 4 2 1 4 4 10 2 

• • • • • 4 2 1 4 2 10 2 

• • • • • ! 
4 3 0 5 ·3 10 4 

I 
• • • • • • 

I 

5 3 2 3 5 12 2 

• • • • • • 5 3 2 4 4 12 2 
I • • • • • • 5 4 1 5 4 12 1 

• • • • • • I 5 4 1 4 4 12 1 

nCL {O' ,(H), 70'(SH)} • • • • • • 5 2 2 6 4 12 2 

• • • • • • 5 3 1 6 4 12 4 

• • • • • • 5 3 1 6 5 12 4 

• • • • • • 5 2 2 5 4 12 2 

• • • • • • 5 2 2 5 4 12 2 

• • • • • • I 
5 4 0 7 4 12 1 

• • • • • • • 
I 

6 4 2 5 6 14 1 
nCr; {O'l(H),70'(6H)} • • • • • • • 6 3 2 7 6 14 I 4 

I • • • • • • • 6 4 1 8 6 14 I 2 
I 

nCr;{0',(H),70'(7H)} 
I • • • • • • • • 7 4 2 9 8 16 

i--
I 

nCr;{0',(O),70'(O)} 
I I 

0 0 0 0 0 0 
I 

1 

• 1 0 1 0 0 2 1 
nCO'l(O) • 1 1 0 0 0 2 2 

nCr;{0',(O),70'(H)} • 1 1 0 0 0 2 2 

• 1 0 1 0 0 2 1 

• 1 0 0 0 0 2 1 
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• • 2 1 1 0 1 4 2 

• • 2 1 1 0 0 4 2 

• • 2 0 2 0 0 4 1 

• • 2 2 0 1 0 4 2 

• • 2 1 1 0 0 4 2 

• • 2 2 0 0 0 4 2 
OCI: {d ,(O),7d(2H)} • • 2 2 0 0 0 4 1 

• • 2 1 1 0 1 4 2 

• • 2 2 0 0 0 4 1 

• • 2 0 1 0 0 4 1 

• • 2 1 0 0 1 4 2 

• • 2 1 0 1 0 4 2 

• • 2 0 1 1 0 4 1 

• • • 3 2 1 1 1 6 2 

• • • 3 1 2 0 1 6 2 

• • • 3 2 1 0 1 6 2 

• • • 3 2 1 0 2 6 1 

• • • 3 1 2 0 1 6 2 

• • • 3 2 1 0 0 6 
, 1 

• • • 3 2 1 1 1 6 2 

• • • 3 3 0 1 0 6 2 

• • • 3 3 0 1 0 6 2 

• • • 3 2 1 0 1 6 2 
OCI:{d ,(O),7d(3H)} • • • 3 2 1 0 0 6 1 

• • • 3 2 1 0 2 6 1 
" 

• • • 3 1 1 0 2 6 2 

• • • 3 1 1 1 0 6 2 

• • • 3 0 2 1 0 6 1 

• • • 3 2 0 2 1 6 2 
OCd,(O) • • • 3 1 1 1 1 6 2 

• • • 3 2 0 1 1 6 2 

• • • 3 2 0 0 2 6 1 

• • • 3 1 1 2 1 6 2 

• • • 3 2 0 2 0 6 1 

• • • • 
I 

4 2 2 1 2 8 2 

• • • • 4 3 1 1 1 8 2 

• • • • 4 3 1 1 2 8 2 

• • • • 4 2 2 0 2 8 2 

• • • • 4 2 2 0 2 8 1 

• • • • 4 2 2 0 2 8 1 

• • • • 4 3 1 1 2 8 2 

• • • • 4 3 1 1 1 8 2 

• • • • 4 4 0 2 0 8 1 

• • • • 4 2 1 2 2 8 2 

OCI: {d ,(O),7d(4H)} • • • • 4 1 2 1 2 8 2 

• • • • 4 2 1 1 2 8 2 

• • • • 4 2 1 0 4 8 i 1 

• • • • 4 1 2 2 1 8 2 

• • • • 4 2 1 2 0 8 1 

• • • • 4 2 1 3 2 8 2 

• • • • 4 3 0 3 1 8 2 

• • • • 4 3 0 2 2 8 2 

• • • • 4 2 1 2 2 8 2 

• • • • 
I 

4 2 1 1 2 8 1 

• • • • 4 2 1 3 2 8 1 

• • • • • 5 3 2 1 3 10 4 

OCI: {d,(O),7d(sH)} • • • • • 5 4 1 2 2 10 2 

• • • • • 5 2 2 3 3 10 2 

• • • • • 5 3 1 3 2 10 2 
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• • • • • I 5 3 1 2 4 10 2 

• • • • • 5 2 2 2 3 10 2 

• • • • • I 
5 2 2 1 4 10 1 

QCl: {d, (0), 7d('H)} • • • • • 5 2 2 3 2 10 1 

• • • • • 5 3 1 4 3 10 2 

• • • • • 5 3 1 3 3 10 2 

• • • • • 5 4 0 4 2 10 1 
QCd,(O) 

• • • • • • 6 4 2 2 4 12 
1 

1 

• • • • • • , 6 3 2 4 4 12 2 
QCl: {d ,(0) ,M(6H)} • • • • • • 6 3 2 3 5 12 2 

• • • • • • 6 4 1 4 4 12 1 

• • • • • • i 6 4 1 5 4 12 1 

QC'l: {d ,(0),7d(7H)} • • • • • • • 7 4 2 5 6 14 1 

QCl: {d ,(0), 7d(0)} I 0 0 0 0 0 0 1 

I 
• 1 1 0 0 0 2 2 

• 1 1 0 0 0 2 2 
Qel: {d ,(0) ,7d(H)} • I 1 0 1 0 0 2 1 

I 

• 1 0 0 0 0 2 1 

• I 1 0 0 0 0 2 1 

• • I 2 2 0 1 0 4 2 

• • I 2 1 1 0 0 4 2 

• • 2 2 0 0 0 4 2 

• • 2 2 0 0 0 4 1 

• • 2 1 1 0 1 4 2 

• • 2 2 0 0 0 4 1 
Qel: {d ,(0),7d(2H)} • • 2 1 0 1 0 4 2 

• • 2 1 0 0 1 4 2 

, I • • 2 0 1 0 0 4 1 

I 

! • • 2 1 0 0 1 4 2 

• • 2 1 0 1 0 4 2 

• • 2 0 1 1 0 4 1 

I~-- • • 2 0 0 1 0 4 1 
QCd,(O) 

I 

I 
---,-

• • • 3 2 1 1 1 6 2 

• • • 3 3 0 1 0 6 2 

• • • 3 3 0 1 0 6 2 

• • • 3 2 1 0 1 6 2 

• • • 3 2 1 0 0 6 1 

• • • 3 2 1 0 2 6 1 

• • • 3 2 0 2 1 6 2 

• • • 3 1 1 1 0 6 2 

• • • 3 2 0 1 1 6 2 

• • • 3 2 0 2 0 6 1 
Qel: (" ,(0), 7d(3H)} • • • 3 1 1 0 2 6 2 

• • • i 3 2 0 0 2 6 1 

• • • 3 2 0 2 1 6 2 

• • • 3 1 1 1 1 6 2 

• • • 3 2 0 1 1 6 2 

• • • 3 2 0 0 2 6 1 

• • • 3 1 1 2 1 6 2 

• • • 3 2 0 2 0 6 1 

• • • 3 1 0 2 1 6 2 

• • • 3 1 0 2 1 6 2 

• • • 3 0 1 2 0 6 1 
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• • • • 4 3 1 1 2 8 2 

• • • • 4 3 1 1 1 8 2 

• • • • 4 4 0 2 0 8 1 

• • • • 4 2 1 2 2 8 2 

• • • • 4 3 0 2 2 8 2 

• • • • 4 3 0 3 1 8 2 

• • • • 4 2 1 1 2 8 2 

• • • • 4 2 1 2 0 8 1 

• • • • 4 2 1 0 4 8 1 

• • • • 4 2 1 3 2 8 2 
:OCl: «1,(a),7t1('H)} • • • • 4 3 0 3 1 8 2 

• • • • 4 3 0 2 2 8 2 

• • • • 4 2 1 2 2 8 2 

• • • • 4 2 1 1 2 8 1 

• • • • 4 2 1 3 2 8 1 

• • • • 4 2 0 4 2 8 , 2 

• • • • 4 1 1 3 1 8 2 

• • • • 4 2 0 3 2 8 2 

• • • • 4 2 0 3 2 8 1 

• • • • 4 1 1 3 2 8 2 

:OCt1,(a) • • • • 4 2 0 3 2 8 1 

• • • • • 5 4 1 2 2 10 1 

• • • • • 5 3 1 2 4 10 2 

• • • • • 5 3 1 3 2 10 2 

I 

• • • • • 5 4 0 4 2 10 1 

• • • • • 5 3 1 4 3 10 2 
I • • • • • 5 3 1 3 3 10 2 

:OCl: {t1 ,(a),7t1(5H)) • • • • • 5 4 0 4 2 10 I 1 

• • • • • 5 2 1 5 3 10 2 

• • • • • 5 3 0 5 3 10 2 

• • • • • 5 3 0 5 3 10 2 

• • • • • 5 2 1 4 3 10 2 

• • • • • 5 2 1 4 2 10 1 

• • • • • 5 2 1 4 4 10 1 
-----~. 

• • • • • • 6 4 1 4 4 12 1 

• • • • • • 6 3 1 6 5 12 2 

I OCl: «1,(a),7t1(6H)) • • • • • • 6 3 1 6 4 12 2 

• • • • • • 6 4 0 7 4 12 1 

• • • • • • I 
6 4 1 5 4 12 1 

:OCl: (t1,(O),7t1(7H)) • • • • • • • 7 4 1 8 6 14 

, OCl: (t1 ,(a) ,7d(a)} 0 0 0 0 0 0 1 

I CC::'"'""~~ ____ 
• 1 0 1 0 0 2 2 

• 1 1 0 0 0 2 2 

• 1 1 0 0 0 2 1 
1 0 0 0 0 2 2 

• • 2 1 1 0 0 4 2 
OCd,(a) • • 2 0 2 0 0 4 1 

• • 2 1 1 0 1 4 I 1 

• • 2 1 1 0 1 4 2 

:OCl: «1,(a),7d(2H)} • • 2 2 0 0 0 4 1 

• • 2 2 0 0 0 4 1 

i • • 2 1 1 0 0 4 1 

• • 2 2 0 1 0 4 1 

I 
• • 2 0 1 1 0 4 2 

• • 2 1 0 0 1 4 2 
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I 
• • 

I 
2 0 1 0 0 4 2 

• • 2 1 0 1 0 4 2 

GCl; {d ,(0),7d(2H)} • • 
I 

2 1 0 1 0 4 1 

I 
• • 2 1 0 0 1 4 1 

• • 2 0 0 1 0 4 1 

• • • I 3 1 2 0 1 6 3 

• • • 
I 

3 2 1 0 0 6 1 

• • • 3 :2 1 0 1 6 :2 

• • • 3 2 1 0 :2 6 1 

• • • 3 3 0 1 0 6 1 

• • • 3 2 1 1 1 6 2 

• • • 3 1 1 1 1 6 3 

• • • 3 0 2 1 0 6 :2 
GCl; {d ,(0), 7d(3H)) • • • 3 1 1 :2 1 6 3 

• • • 3 1 1 0 2 6 3 

• • • 3 2 0 0 2 6 1 

• • • 3 2 0 1 1 6 2 

• • • 3 1 1 1 0 6 3 

• • • 3 2 0 2 1 6 2 

• • • 3 2 0 2 0 6 1 

• • • 3 0 1 2 0 6 2 

• • • 3 1 0 2 1 6 3 

• • • • 4 2 2 0 2 8 1 

• • • • 4 2 2 0 2 8 1 

• • • • 4 3 1 1 1 8 1 

• • • • 4 2 2 1 2 8 1 

• • • • 4 3 1 1 2 8 1 

• • • • 4 1 2 1 2 8 3 

• • • • 4 2 1 1 2 8 1 

GCd,(O) • • • • 4 2 1 2 2 8 2 

• • • • 4 1 2 2 1 8 3 

• • • • 4 2 1 3 2 8 2 

• • • • 4 2 1 0 4 8 1 
GCl;{d ,(0),7d(4H)) • • • • 4 2 1 1 2 8 2 

• • • • 4 3 0 2 2 8 1 

• • • • 4 2 1 2 2 8 2 

• • • • , 4 2 1 2 0 8 1 

• • • • 4 2 1 3 2 8 1 

• • • • 4 3 0 3 1 8 i 1 

• • • • 4 1 1 3 1 8 3 

• • • • 4 0 2 3 0 8 1 

• • • • 4 1 1 3 2 8 3 

• • • • 4 2 0 3 2 8 1 

• • • • 4 2 0 3 2 8 1 

• • • • 4 2 0 4 2 8 1 

• • • • • 5 3 2 1 3 10 1 

• • • • • 5 2 2 1 4 10 1 

• • • • • 
I 

5 2 2 2 3 10 2 

• • • • • 5 3 1 3 3 10 1 

I • • • • • 5 2 2 3 3 10 2 

• • • • • 5 3 1 2 4 10 1 

• • • • • I 5 2 2 3 2 10 1 
GCl; {d ,(0), 7d('H)) • • • • • 5 3 1 3 2 10 1 

• • • • • 5 3 1 4 3 10 1 

• • • • • 5 1 2 4 2 10 3 

• • • • • 5 2 1 4 2 10 1 

• • • • • 5 2 1 4 3 10 2 

• • • • • 5 2 1 5 3 10 2 

• • • • • 5 2 1 4 4 10 1 

• • • • • 5 3 0 5 3 10 1 
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• • • • • • 
I 

6 3 2 3 5 12 1 

• • • • • • 6 3 2 4 4 12 1 

• • • • • • 6 2 2 5 4 12 1 
OCI: {d ,(0), 7d(6H)} • • • • • • 

I 

6 2 2 5 4 12 1 
OCd,(O) 

I 

• • • • • • 6 3 1 6 4 12 1 

• • • • • • 6 2 2 6 4 12 1 

• • • • • • I 6 3 1 6 5 12 1 I 
OCL;Id,(0),7d(7H)} I • • • • • • • I 

7 3 2 7 6 14 I 1 

TABLE III. OCd,(H)' OCd,(o)' OCd,(O) and OCd,(O) on (llI)-lattice plane 

Arrangement in L:, I 
1 

! Values of g, M, N, U, I 
0, 0, 

i Wand Tin 1 

t. e. 0, 0, 
I Eq. (IV. 25) (/ ! 

,0, 0, 0,/ 

d , d. do d. d s d 6 d 7 d g do °10 I g MN U WT 

lOCI: {d ,(H),9d(0)} I • I 0 0 0 0 0 4 I 1 

• • 
I 

1 0 1 1 0 8 1 

• • 1 0 1 1 0 8 2 

OCI: {d ,(H),9d(H)} • • I 1 1 0 1 0 7 2 

• 
• I 

1 0 1 0 1 8 2 

• • 1 0 1 0 0 8 1 

• • 1 0 0 1 0 8 1 

I 
• • • 2 0 2 3 0 12 2 

• • • 2 1 1 2 1 11 2 

• • • 2 0 2 1 1 12 2 

I 

• • • 2 0 2 1 0 12 1 

• • • 2 1 1 3 0 11 2 

• • • 2 0 2 1 1 12 2 
1 • • • 2 0 2 1 0 12 2 

I • • • 2 0 2 1 1 12 2 

• • • 2 1 1 2 0 11 2 

I OCI: {d ,(H),9d(2H)} • • • 2 0 2 2 1 12 1 
I • • • 2 1 1 2 1 11 2 

I • • • 2 1 1 1 1 11 2 
I • • • 2 1 1 1 1 11 2 

OCd,(H) 

I • • • 2 2 0 2 1 10 1 

I • • • 2 0 2 1 1 12 2 

I • • • 2 0 2 0 3 12 1 

• • • 2 0 1 2 0 12 2 
I • • • 2 0 1 2 1 12 4 

• • • 2 1 0 3 0 11 2 
---------------~-

• • • 3 1 2 5 1 15 2 

• • • 3 0 3 3 1 16 2 

• • • 3 0 3 3 0 16 2 

• • • 3 0 3 3 1 16 2 

• • • 3 1 2 4 1 15 2 
OCI: {d ,(H),Od(3H)} • • • 3 0 3 5 1 16 1 

• • • 3 1 2 3 2 15 2 

• .. • 3 1 2 2 2 15 2 

• • • 3 1 2 2 2 15 2 

• • • 3 2 1 3 3 14 1 

• • • 3 0 3 2 1 16 2 

• • • 3 0 3 1 3 16 1 
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• • • • I 3 1 2 4 1 15 2 

• • • • 3 1 2 3 1 15 2 

• • • • 3 1 2 3 1 15 2 

• • • • 3 2 1 4 1 14 2 

• • • • 3 1 2 4 1 15 2 

• • • • 3 0 3 2 1 16 2 

• • • • 3 0 3 1 3 16 2 

• • • • 3 1 2 2 1 15 2 

• • • • 3 0 3 2 2 16 2 

• • • • 3 0 3 2 1 16 2 

• • • • 3 1 2 2 1 15 2 

• • • • 3 0 3 2 1 16 1 

• • • • 3 1 2 3 1 15 2 

• • • • 3 1 2 3 2 15 2 

GCl: {d ,(H),9d(3H)} • • • • 3 1 2 2 3 15 2 

• • • • 3 2 1 3 2 14 2 

• • • • 3 1 2 2 2 15 2 

• • • • 3 2 1 2 3 14 1 

• • • • 3 0 3 2 3 16 1 

• • • • 
'I 

3 0 2 4 1 16 4 

• • • • 3 1 1 4 1 15 4 

• • • • I 3 0 2 3 1 16 4 

• • • • 3 0 2 3 0 16 1 

• • • • 3 1 1 5 1 15 4 

• • • • 
I 

3 0 2 3 2 16 2 

• • • • 3 0 2 3 2 16 2 

• • • • 3 1 1 4 1 15 4 

I 

• • • • 3 2 0 5 1 14 1 

• • • • 3 0 2 3 3 16 2 

GCd,(H) 

• 

• • • • • 
I 

4 1 3 6 2 19 2 

• • • • • 4 1 3 5 2 19 2 

• • • • • 4 1 3 5 2 19 2 

• • • • • 
I 

4 2 2 6 3 18 2 

I 
• • • • • 4 1 3 7 2 19 2 

• • • • • 4 0 4 4 1 20 2 

• • • • • 
I 

4 0 4 3 3 20 2 

• 

• • • • • 4 1 3 4 2 19 2 

• • • • • 4 0 4 5 2 20 2 

• • • • • 4 0 4 4 1 20 2 

• • • • • 4 1 3 4 2 19 2 

I 

• • • • • 4 0 4 5 1 20 1 

• • • • • 4 1 3 5 2 19 2 

• • • • • 4 1 3 4 3 19 2 

• • • • • I 4 1 3 3 4 19 2 
GCl: {d ,(H),9d(4H)} • • • • • 4 2 2 4 4 18 2 

• • • • • 4 1 3 3 3 19 2 

• • • • • 4 2 2 3 5 18 1 

• • • • • 4 0 4 3 3 20 1 

• • • • 4 1 3 5 2 19 2 

• • • • 4 1 3 4 3 19 2 

• • • • 4 2 2 5 2 18 2 

• • • • 4 1 3 5 2 19 2 

• • • • 4 1 3 4 2 19 2 

• • • • 4 2 2 4 3 18 2 

• • • • 4 1 3 4 2 19 2 

• • • • 4 2 2 5 2 18 2 

• • • • 4 1 3 4 2 19 2 

• • • • 4 2 2 6 2 18 1 

• • • • 4 0 4 3 3 20 2 

• • • • 4 1 3 3 2 19 2 
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I. • • • • • • 
• I 4 

o 4 
1 3 
o 4 
1 3 

3 2 20 
3 3 1 
2 4 2 
4 2 19 

2 
2 
1 
2 

GCL: {<1 ,(H),'<1(4H)} 

" . . . 
I • • • ••• 
• 

I • 

! • • 

• • • • • • 
• • • • • • • • • • • • • • • • • • 

I •• • • • • • • •• • • • • 

• • • 
• • • • • • • • • • • • 

• • • • • • • • • • • • 
• • • • • • • • • • • 

• • • • • • • • • • • 
---~ ---1 r • • • • • • • • • • • • • • • • • • • • 

I : 

• • • 
• • • • 

I : 

• 
GCL:{<1,(H),'<1(5H)} ! • 

• • 
• 

I : 

• • • • • 
• • ••• • • • • • •• ••• • •••• • • • • • 
• • • • • • • • 
• • • • • • • • • • • 
• • • • • 

•• • •• • • •• • •• • • •• • 

• 

• • • •• • • • • • • • • • 
• • • • • • • • • • • • • • 

4 
4 
4 
4 1 3 4 4 19 
4 2 2 4 4 18 
4 2 2 4 4 18 
4 1 2 7 2 19 
4035220 

2 
2 
1 
4 
4 

4 0 3 5 1 
4 0 3 5 2 
4 1 2 6 2 
4 0 3 6 3 

20 , 4 
20 . 4 
19 4 
20 2 

4 1 2 6 2 19 4 
412 
412 
421 
4 0 3 
4 1 2 
412 
421 
4 1 2 
403 
4 1 2 

i 5 1 4 
514 
523 
514 
514 

523 
514 
523 
514 

, 5 2 3 

505 
514 
505 
514 
505 

514 
514 
523 
523 
514 

5 2 19 
5 2 19 
6 3 18 
4 3 20 
7 2 19 

2 
4 
2 
2 
2 

6 2 19 4 
7 2 18 4 
6 3 19 , 4 
4 4 20 4 
5 2 19 2 

7 3 23 
6 4 23 
7 4 22 
8 3 23 
6 3 23 

6 5 22 
7 3 23 
7 4 22 
7 3 23 
9 4 22 

5 3 24 
5 3 23 
6 2 24 
5 4 23 
5 4 24 

6 3 23 
5 5 23 
5 6 22 
5 6 22 
6 4 23 

2 
2 
2 
2 
2 

2 
2 
2 
2 
1 

2 
2 
2 
2 
1 

2 
2 
2 
1 
2 

• • • • • •• I 

523 
514 
523 
514 
523 

6 4 22 
6 3 23 
6 4 22 
5 4 23 
7 3 22 

2 
2 
2 
2 
2 

• • • • • 

• • • •• • • •• • • • •• • 
• ••• • • • • • •• • • • • 

• • • • • • • • • • 
• • • • • • • • • • • • • • • 

I •• • • • • 
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5236422 
5145323 
5236422 
5145423 
5054424 
5236622 
5139323 
5138323 
5138323 
5229422 
5139423 

2 
2 
1 
2 
1 

1 
4 
4 
4 
4 
4 
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• • • • • • 5 0 4 7 2 24 2 

• • • • • • 5 0 4 6 4 24 4 

• • • • • • 5 1 3 7 3 23 4 

• • • • • • 5 0 4 7 4 24 4 

• • • • • • 5 0 4 7 2 24 2 
I • • • • • • 5 1 3 7 3 23 4 
I 

I 

• • • • • • , 5 0 4 7 3 24 2 

• • • • • • 5 1 3 8 3 23 4 

aCL; {d ,(H),9d(5H)} 
I • • • • • • 5 1 3 7 4 23 4 

• • • • • • 5 2 2 8 4 22 4 

• • • • • • 5 2 2 7 5 22 1 

• • • • • • 5 1 3 8 4 23 4 

I 

• • • • • • 5 2 2 9 3 22 2 

• • • • • • 5 2 2 9 3 23 2 

• • • • • • 5 1 3 7 4 23 4 

I 

• • • • • • 5 2 2 9 4 22 2 

• • • • • • 5 0 4 5 6 24 1 

I • • • • • • • I 6 1 5 8 5 27 2 

I 

• • • • • • • 6 2 4 8 6 26 2 

• • • • • • • 6 1 5 9 4 27 2 

• • • • • • • 6 2 4 8 6 26 2 

• • • • • • • 6 1 5 8 5 27 2 
I • • • • • • • 6 2 4 lO 5 26 2 

I 
• • • • • • • 6 2 4 8 6 26 2 

• • • • • • • 6 1 5 8 4 27 2 

• • • • • • • 6 2 4 9 6 26 1 
I • • • • • • • i 6 1 5 7 5 27 2 
I I 

6 6 7 28 
I • • • • • • • 0 4 1 

• • • • • • • 6 2 4 7 8 26 1 

ac,',(H) 
I • • • • • • • 6 2 4 8 6 26 2 

• • • • • • • 6 1 5 7 5 27 2 

• • • • • • • 6 2 4 8 5 26 2 

I • • • • • • • 6 2 4 8 5 26 1 
aCL; {d ,(H),9d(6H)} • • • • • • • 6 1 4 11 4 27 2 

• • • • • • • 6 1 4 lO 5 27 4 

• • • • • • • 6 2 3 11 5 26 4 

• • • • • • • 6 1 4 11 5 27 4 

• • • • • • • 6 1 4 lO 4 27 4 

• • • • • • • 6 2 3 lO 5 26 4 

• • • • • • • 6 1 4 lO 5 27 4 

• • • • • • • 6 2 3 11 5 26 4 

• • • • • • • 6 1 4 lO 5 27 4 

• • • • • • • 6 2 3 12 6 26 2 

• • • • • • • 6 0 5 9 4 28 4 

• • • • • • • 6 1 4 9 4 27 2 

• • • • • • • 6 1 4 9 5 27 4 

• • • • • • • 6 0 5 8 6 28 2 

• • • • • • • 6 2 3 lO 6 26 2 

• • • • • • • 6 2 3 11 5 26 4 

• • • • • • • I 
6 1 4 9 6 27 2 

• • • • • • • • 
I 

7 2 5 lO 8 30 2 

• • • • • • • • 7 1 6 lO 6 31 2 

• • • • • • • • 7 2 5 11 7 30 2 

• • • • • • • • 7 2 5 11 7 30 1 

aCL; {d ,(H),9d(7H)} • • • • • • • • 7 2 5 lO 7 30 1 

• • • • • • • • 7 1 5 13 6 31 4 

• • • • • • • • 7 2 4 13 7 30 4 

• • • • • • • • 7 1 5 12 7 31 4 

• • • • • • • • 7 2 4 14 7 30 4 

• • • • • • • • 7 2 4 13 7 30 2 
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I • • • • • • • • 7 1 5 12 6 31 4 

• • • • • • • • 7 2 4 13 8 30 2 
nCr: 1<1 ,(H),9<1t7H)} 

! 

• • • • • • • • 7 0 6 11 

• • • • • • • • 7 2 4 13 

• • • • • • • • 7 2 4 13 

6 32 1 
7 30 1 
7 30 2 

nC<1,(H) • • • • • • • • • 
I 

8 2 6 13 

nCr: 1<1, (H),M(8H)) • • • • • • • • • 8 2 5 16 

• • • • • • • • • 8 1 6 15 

• • • • • • • • • I 
8 2 5 16 

9 34 i 1 
9 34 4 
8 35 2 
9 34 2 

~--

nCr: 1<1 ,(H),9<1(9H)} 
I • • • • • • • • • • I 9 2 6 19 11 38 1 

~-- -- ... _-------

---~--~------~-----------------~---,------------------

000 000 
-------+---------------~- ---~-

nCr: 1<1 ,to),9<1(2H)} 

nCr: 1<1 ,(O),9<1(3H)} 

• 

• • • • 

• • • 

• 

• 

• 

• • • 
• • • • • • • 

• • 
• 

• • 

• • 
• 
• • 

• 

• • 
• • • • • • 

• 

• • • • • • 
• 

• • 

• 

• 

• 
• • • •• • • • • • • • 

• • • 

• 

• •• • • • • • • 
• • • • • • • • • • • 

101 004 
110003 
100 004 

6 
2 
1 

2021084 
2110174 
2020084 
2020081 
2111074 
2020082 
2020082 
2110074 
2020182 
2200161 
2010081 
201018'2 
2101072 
2011083 , 

3 1 2 2 
3 0 3 1 
3 0 3 1 
3 0 3 1 
3 1 2 1 

lU!4
4 o 12 

o 12 4 
o 12 4 
1114 

3 0 3 2 1 12 
3121111 
3120211 
3120111 
3210310 

2 
4 
2 
4 
2 

3 0 3 0 1 12 2 
3122011,2 
3121011 4 

13211110 4 
13121111 4 

• 
• 

• 
• • • • 

I 

3 0 3 0 1 12 4 

: 3120011 2 

• • 

• • • 
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• 
• • 
• • • • • 

• 

• 

• • 

3 0 2 1 1 12 2 
3111111 2 
3 0 2 1 0 12 2 
3 0 2 1 0 12 1 
3112111 2 

3 0 2 1 1 12 2 
3 0 2 1 1 12 2 
3 0 2 1 1 12 2 
3111111 2 
3 0 2 0 3 12 1 
3113011 2 
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• • • 3 1 1 2 1 11 2 

• • • 3 1 1 2 0 11 2 

OCL: [d,(O), 9t1(3H)} • • • i 
3 2 0 2 1 10 1 

• • • 3 0 2 3 0 12 2 

• • • i 3 0 2 2 1 12 1 

• • • • 4 1 3 3 1 15 4 

• • • • 4 1 3 2 2 15 4 

• • • • 4 1 3 2 1 15 4 

• • • • 4 2 2 2 3 14 4 

• • • • 4 1 3 3 2 15 4 

• • • • 4 0 4 2 0 16 2 

• • • • 4 0 4 1 1 16 4 

• • • • 4 1 3 1 1 15 4 

• • • • 4 0 4 2 1 16 4 

• • • • 4 0 4 2 0 16 2 

• • • • 4 1 3 1 2 15 4 

• • • • 4 0 4 2 1 16 2 

• • • • 4 1 3 2 1 15 4 

• • • • 4 1 3 1 2 15 4 

• • • • 4 2 2 1 3 14 4 

• • • • 4 2 2 0 5 14 1 

• • • • 4 1 3 2 1 15 4 

• • • • 4 2 2 2 1 14 2 

• • • • 4 2 2 2 1 14 2 

• • • • 4 1 3 1 1 15 4 

• • • • 4 2 2 2 2 14 z· 
• • • • 4 0 4 0 2 16 1 

• • • • 4 1 2 3 2 15 2 

OCd,(O) • • • • 4 0 3 2 1 16 2 

• • • • 4 0 3 2 1 16 2 

• • • • 4 0 3 2 1 16 2 
OCL: [d,(0).9d(4H)} • • • • 4 1 2 2 2 15 2 

• • • • 
I 

4 0 3 2 3 16 1 

• • • • 4 1 2 3 1 15 2 

• • • • I 4 1 2 2 2 15 2 
I 

• • • • 4 1 2 2 1 15 2 

• • • • 
I 

4 2 1 2 3 14 1 

• • • • 4 0 3 3 0 16 2 

• • • • 4 0 3 2 1 16 1 

• • • • 4 1 2 4 1 15 2 

• • • • 
I 

4 1 2 3 2 15 2 

• • • • 4 1 2 3 1 15 2 

• • • • 4 2 1 3 2 14 2 

• • • • 4 1 2 2 3 15 2 

• • • • 4 0 3 3 1 16 2 

• • • • 4 0 3 2 2 16 2 

• • • • 4 1 2 2 1 15 2 

• • • • 4 0 3 1 3 16 2 

• • • • 4 0 3 3 1 16 2 

• • • • 4 1 2 2 2 15 2 

• • • • 4 0 3 1 3 16 1 

• • • • 4 1 2 3 1 15 2 

• • • • 4 1 2 5 1 15 2 

• • • • 4 1 2 4 1 15 2 

• • • • 4 2 1 4 1 14 2 

• • • • 4 1 2 4 1 15 2 

• • • • 4 2 1 3 3 14 1 

• • • • I 
4 0 3 5 1 16 1 

-190-



Theoretical investigation of the Hydrogen Electrode Reaction 

• • • • • 5 1 4 4 2 19 2 

• • • • • 5 1 4 3 2 19 4 

• • • • • 5 2 3 3 3 18 4 

• • • • • 5 1 4 4 2 19 4 

• • • • • 5 1 4 3 2 19 4 

• • • • • 5 2 3 2 5 18 4 

• • • • • 5 1 4 3 3 19 4 

• • • • • 5 2 3 3 3 18 4 

• • • • • 5 1 4 3 2 19 4 

• • • • • 5 2 3 4 4 18 2 

• • • • • 5 0 5 3 1 20 4 

• • • • • 5 1 4 2 2 19 2 

• • • • • 5 1 4 2 2 19 4 

• • • • • 5 0 5 2 2 20 2 

• • • • • 5 2 3 2 4 18 2 

• • • • • 5 2 3 3 2 18 4 

• • • • • 5 1 4 2 2 19 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 1 3 4 3 19 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 2 2 4 4 18 2 

• • • • • 5 1 3 4 4 19 2 

• • • • • 5 0 4 4 1 20 2 

• • • • • 5 0 4 3 2 20 2 

• • • • • 5 1 3 3 2 19 2 

• • • • • 5 0 4 3 3 20 2 

• • • • • 5 0 4 4 1 20 2 
GCL: 10 ,(O),9O(5H)} • • • • • 5 1 3 3 3 19 2 

• • • • • 5 0 4 3 3 20 1 

• • • • • 5 1 3 4 2 19 2 
GCO,(O) • • • • • 5 1 3 5 2 19 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 2 2 4 3 18 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 2 2 3 5 18 1 

• • • • • 5 0 4 5 1 20 1 

• • • • • I 5 1 3 6 2 19 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 2 2 5 2 18 2 

• • • • • 5 1 3 4 3 19 2 

• • • • 5 1 3 5 2 19 2 

• • • • 5 2 2 4 4 18 2 

• • • • 5 1 3 3 4 19 2 

• • • • 5 2 2 5 2 18 2 

• • • • 5 1 3 3 3 19 2 

• • • • i 5 2 2 4 4 18 1 

• • • • I 5 0 4 5 2 20 2 

• • • • I 5 1 3 4 2 19 2 

• • • • I 5 0 4 3 3 20 2 

• • • • 5 1 3 4 2 19 2 

• • • • 5 0 4 2 4 20 1 

• • • • 5 1 3 5 2 19 2 

• • • • 5 1 3 7 2 19 2 

• • • • 5 2 2 6 3 18 2 

• • • • 5 2 2 6 2 18 1 

• • • • • • 6 1 5 5 3 23 4 

• • • • • • 6 2 4 4 5 22 2 
GCL: 10 ,(O),9O(6R)} • • • • • • 6 2 4 4 4 22 4 

• • • • • • 6 1 5 4 3 23 4 

• • • • • • 6 2 4 5 4 22 4 
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• • • • • • 6 2 4 4 5 22 2 

• • • • • • 6 1 5 4 3 23 4 

• • • • • • 6 2 4 4 6 22 2 

• • • • • • 6 0 6 4 2 24 1 

• • • • • • 6 2 4 4 3 22 1 

• • • • • • 6 1 4 7 3 23 2 

• • • • • • fi 1 4 6 3 23 2 

• • • • • • 6 2 3 6 4 22 2 

• • • • • • 6 1 4 6 4 23 2 

• • • • • • 6 1 4 6 3 23 2 

• • • • • • 6 2 3 5 6 22 2 

• • • • • • 6 1 4 5 5 23 2 

• • • • • 6 2 3 6 4 22 2 

• • • • • 6 1 4 5 4 23 2 

• • • • • 6 2 3 6 6 22 1 

• • • • • 6 0 5 6 2 24 2 

• • • • • 6 1 4 5 3 23 2 

• • • • • 6 0 5 5 3 24 2 
GCl: {d ,(o),9l1(6H)} • • • • • 6 1 4 5 3 23 2 

• • • • • 6 0 5 4 4 24 1 

• • • • • 6 1 4 6 3 23 2 

• • • • • 6 1 4 7 3 23 2 

• • • • • 6 2 3 6 5 22 2 

• • • • • 6 2 3 6 4 22 1 

• • • • • • 6 1 4 8 3 23 2 

• • • • • • 6 2 3 7 4 22 2 

• • • • • • 6 1 4 6 4 23 2 

• • • • • • 6 2 3 7 3 22 2 

• • • • • • 6 1 4 5 4 23 2 

• • • • • • 6 2 3 6 4 22 2 

GCd,(O) • • • • • • 6 2 3 7 4 22 2 

• • • • • • 6 1 4 5 4 23 2 

I 

I 
• • • • • • 6 2 3 5 6 22 1 

I---~-. 
• • • • • • 6 1 4 7 3 23 2 

• • • • • • 6 0 5 5 4 24 1 

I • • • • • • 6 2 3 9 4 22 1 

I • • • • • • • 7 2 5 6 6 26 4 

I 

• • • • • • • 7 1 6 6 4 27 2 

• • • • • 7 2 5 6 5 26 2 

• • • • • 7 1 5 9 4 27 2 

• • • • • 7 2 4 8 6 26 2 

• • • • • 7 1 5 8 5 27 2 

• • • • • i 7 2 4 8 5 26 2 

• • • • • 7 1 5 7 5 27 2 

• • • • • 7 2 4 8 6 26 2 
GCl: {d ,(O),9d(7H)) • • • • • 7 2 4 8 6 26 2 

• • • • • 7 1 5 7 5 27 2 

• • • • • 7 2 4 7 8 26 I 1 

• • • • • 7 1 5 8 4 27 2 

• • • • • 7 0 6 7 4 28 1 

• • • • • • 7 2 4 9 6 26 1 

• • • • • • • 7 2 4 lO 5 26 2 

• • • • • • • 7 1 5 8 5 27 2 

• • • • • • • 
I 

7 2 4 8 6 26 2 

• • • • • • • 7 2 4 8 5 26 1 

• • • • • • • • 
I 

8 2 6 8 7 30 1 

• • • • • • • • 8 2 5 11 7 30 2 

GCl: {d ,(O),9d(8H)) • • • • • • • • 8 2 5 lO 8 30 2 

• • • • • • • • I 8 1 6 lO 6 31 2 

• • • • • • • • 8 2 5 lO 7 30 1 

• • • • • • • • I 8 2 5 11 7 30 1 
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l-~-~~~-

GCl:I<1,(O),'<1(>H)} : • • • • • • • • • I 9 2 6 13 9 34 1 
, , --------------------- -'--~ ------ ---

--- -~---------------~~-----

GCl: 1<1,(0), '<1(O)} I 0 0 0 0 0 0 1 

I 
• 1 0 1 0 0 4 5 

GCl:I<1,(0),9<1(H)) • 1 1 0 0 0 3 2 

I • 1 0 0 0 0 4 2 

• • 2 1 1 0 1 7 4 

• • 2 0 2 0 0 8 3 

• • 2 0 2 0 0 8 1 

• • 2 0 2 1 0 8 3 

• • 2 1 1 1 0 7 3 

• • 2 1 1 0 0 7 3 

• • 2 2 0 0 1 6 1 
GCl: (<1 ,(0) ,'<1(2H)} • • 2 0 2 0 1 8 1 

• • 2 0 2 0 0 8 1 

• • 2 0 2 0 0 8 1 

• • 2 0 1 1 0 8 5 

• • 2 1 0 1 0 7 4 

• • 2 0 1 0 1 8 3 

• • 2 0 1 0 0 8 2 

• • 2 0 0 1 0 8 1 

• • • 3 1 2 1 1 11 3 

• • • 3 1 2 0 2 11 2 

• • • 3 1 2 0 1 11 3 

• • • 3 2 1 0 3 10 2 

• • • 3 1 2 1 1 11 3 

• • • 3 0 3 1 0 12 3 

• • • 3 0 3 0 1 12 1 

GC<1,(O) • • • 3 0 3 1 0 12 2 

• • • 3 0 3 1 0 12 2 

• • • 3 1 2 2 1 11 3 

• • • 3 1 2 1 1 11 2 

• • • 3 2 1 1 1 10 3 

• • • 3 1 2 1 0 11 2 

• • • 3 1 2 0 0 11 1 

• • • 3 0 3 2 1 12 1 

• • • 3 0 3 0 1 12 1 

• • • 3 1 2 2 0 11 1 

GCl:{<1,(O),9<1(3H)} • • • 3 1 1 2 1 11 4 

• • • 3 0 2 1 1 12 3 

• • • 3 0 2 1 0 12 2 

I 
• • • 3 0 2 3 0 12 3 

• • • 3 1 1 2 1 11 3 

• • 3 1 1 1 1 11 4 

• • 3 1 1 1 1 11 3 

• • 3 2 0 2 1 10' 2 

• • 3 1 1 2 0 11 i 3 

• • 3 0 2 1 1 12 3 

• • 3 0 2 0 3 12 1 

• • 3 0 2 1 1 12 2 

• • 3 0 2 1 0 12 3 

• • 3 0 2 1 1 12 2 

• • 3 1 1 3 0 11 3 

• • 3 0 1 2 0 12 2 

• • 3 1 0 3 0 11 2 

• • 3 0 1 2 1 12 3 

• • • i 
3 0 2 2 1 12 1 
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----- --~ .. -

• • • • 4 1 3 2 2 15 3 

• • • 4 1 3 1 2 15 2 

• • • 4 2 2 1 3 14 3 

• • • 4 1 3 2 1 15 2 

• • • 4 1 3 1 2 15 3 

• • • 4 2 2 0 5 14 1 

• • • 4 1 3 1 1 15 2 

• • • 4 2 2 2 3 14 3 

• • • 4 0 4 2 1 16 1 

• • • 4 0 4 2 0 16 1 

• • • 4 0 4 1 1 16 1 

• • • 4 1 3 2 1 15 2 

• • • , 4 1 3 3 1 15 2 

• • • • 4 1 3 3 2 15 2 

• • • • 4 2 2 2 2 14 1 

• • • • 4 1 3 1 1 15 1 

• • • • 4 2 2 2 1 14 1 

• • • • 4 2 2 2 1 14 1 

• • • • 4 0 4 2 1 16 1 

• • • • 4 1 3 2 1 15 1 

• • • • 4 0 4 2 0 16 1 

• • • • 4 1 2 3 2 15 3 

• • • • 4 1 2 2 2 15 4 

• • • • 4 1 2 2 2 15 3 

• • • • 4 2 1 3 3 14 2 

• • • • 4 1 2 4 1 15 3 

• • • • 4 0 3 2 1 16 3 

• • • • 4 0 3 1 3 16 1 

• • • • 4 0 3 3 1 16 2 

DCa,(o) DCl; [a,(o),ga('H)) • • • • 4 0 3 3 0 16 3 

• • • • 4 0 3 3 1 16 2 

• • • • I 4 1 2 5 1 15 3 

• • • • 4 1 2 3 2 15 3 

• • • • , 4 1 2 2 3 15 2 

• • • • 4 2 1 3 2 14 3 

• • • • 4 1 2 3 1 15 2 

• • • • 4 1 2 2 2 15 3 

• • • • 4 2 1 2 3 14 2 

• • • • 4 1 2 2 1 15 3 

• • • • 4 1 2 2 1 15 2 

• • • • 4 2 1 4 1 14 3 

• • • • ; 4 0 3 2 3 16 1 

• • • • I 4 0 3 2 1 16 2 

• • • • 4 0 3 1 3 16 1 

• • • • 4 1 2 3 1 15 2 

• • • • 4 0 3 2 1 16 2 

• • • • 4 1 2 3 1 15 3 

• • • • 4 1 2 4 1 15 2 

• • • • 4 1 1 4 1 15 4 

• • • • 4 0 2 3 1 16 3 

• • • • 4 0 2 3 0 16 1 

• • • • 4 0 2 4 1 16 3 

• • • • 4 1 1 5 1 15 3 

• • • • 4 1 1 4 1 15 3 

• • • • 4 2 0 5 1 14 1 

• • • • 4 0 2 3 3 16 1 

• • • • 4 0 2 3 2 16 1 

• • • • 4 0 2 3 2 16 1 

• • • • 4 0 3 5 1 16 1 

• • • • I 4 1 2 4 1 15 2 
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• • • • I 
4 0 3 2 2 16 1 

• • • • I, 4 0 3 2 1 16 1 
-- ---, 

• • • • • 5 1 4 3 3 19 2 

• • • • • 5 2 3 2 5 18 3 

• • • • • 5 1 4 3 2 19 2 

• • • • • 5 2 3 2 4 18 1 

• • • • • 5 1 4 2 2 19 1 

• • • • • 5 2 3 3 3 18 2 

• • • • • 5 1 4 2 2 19 1 

• • • • • 5 2 3 3 3 18 2 

• • • • • 5 0 5 3 1 20 1 

• • • • • 5 1 4 3 2 19 1 

• • • • • 5 1 4 4 2 19 1 

• • • • • 5 2 3 4 4 18 1 

• • • • • 5 1 4 3 2 19 1 

• • • • • 5 2 3 3 2 18 1 

• • • • • 5 1 4 4 2 19 1 

• • • • • 5 1 3 4 3 19 3 

• • • • • 5 1 3 3 4 19 2 

• • • • • 5 2 2 4 4 18 3 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 1 3 3 3 19 3 

• • • • • 5 2 2 3 5 18 2 

I 
• • • • • 5 1 3 4 2 19 3 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 2 2 6 3 18 3 

• • • • • 5 0 4 3 3 20 1 

• • • • • 5 0 4 4 1 20 2 

• • • • • 5 0 4 3 3 20 1 

GC<1,(O) • • • • • 5 1 3 5 2 19 2 

• • • • • 5 0 4 4 1 20 2 
GCI; [<1,(O),9<1(sH)} • • • • • 5 1 3 5 2 19 3 

• • • • • 5 1 3 6 2 19 2 

• • • • • 5 1 3 4 4 19 2 

• • • • • 5 2 2 4 4 18 3 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 2 2 4 4 18 1 

• • • • • 5 1 3 3 3 19 1 

• • • • • 5 2 2 5 2 18 , 2 

• • • • • 5 1 3 3 2 19 2 

• • • • • 5 2 2 4 3 18 3 

• • • • • 5 2 2 5 2 18 2 

• • • • • 5 0 4 3 3 20 1 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 1 3 4 3 19 1 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 1 2 6 2 19 3 

• • • • • 5 1 2 5 2 19 2 

• • • • • 5 1 2 5 2 19 3 

• • • • • 5 2 1 6 3 18 2 

• • • • • 5 1 2 6 2 19 3 

• • • • • 5 0 3 5 1 20 3 

• • • • • 5 0 3 4 3 20 1 

• • • • • 5 0 3 5 2 20 2 

• • • • • 5 0 3 5 2 20 2 

• • • • • 5 1 2 7 2 19 3 

• • • • • 5 1 2 6 3 19 2 

• • • • • 
I 

5 2 1 7 2 18 3 

• • • • • 5 1 2 6 2 19 2 

• • • • • 5 1 2 5 2 19 1 
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• • • • • 5 0 3 6 3 20 1 

• • • • • 5 0 3 4 4 20 1 

• • • • • 5 1 2 7 2 19 1 

• • • • • 5 1 3 7 2 19 2 

• • • • • 5 2 2 6 2 18 1 

OCr: {l1,(O),9l1(5H)) • • • • • 5 1 3 4 2 19 1 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 0 4 5 2 20 I 1 

• • • • • 5 0 4 5 1 20 1 

• • • • • I 5 1 3 5 2 19 1 

• • • • • I 
5 0 4 3 2 20 1 

• • • • • • 
I 

6 2 4 4 6 22 1 

• • • • • • 6 1 5 4 3 23 1 

• • • • • • 6 2 4 4 5 22 1 

• • • • • • ! 
6 2 4 4 4 22 1 

• • • • • • i 6 2 4 4 5 22 1 

• • • • • • I 6 1 5 5 3 23 1 

• • • • • • 
I 

6 2 4 5 4 22 1 

• • • • • • 6 1 4 5 5 23 2 

• • • • • • ! 6 2 3 5 6 22 3 

• • • • • • 
I 

6 1 4 6 3 23 2 

• • • • • • 6 2 3 5 6 22 1 

• • • • • • 6 1 4 5 4 23 1 

• • • • • • 6 2 3 7 4 22 2 

• • • • • • 6 1 4 5 3 23 2 

• • • • • • 6 2 3 6 5 22 3 

• • • • • • 6 2 3 7 4 22 2 

I 
• • • • • • 6 0 5 5 3 24 1 

• • • • • • 6 1 4 6 3 23 2 

OCl1,!O) • • • • • • 6 1 4 6 4 23 1 

• • • • • • 6 1 4 7 3 23 2 

• • • • • • 6 2 3 6 6 22 1 

• • • • • • 6 1 4 5 4 23 1 

• • • • • • 6 2 3 6 4 22 2 

• • • • • • 6 2 3 6 4 22 1 
OCr: {d ,(O),9l1(6H)) • • • • • • 6 2 3 6 4 22 2 

• • • • • • 6 1 4 6 4 23 1 

• • • • • • 6 1 3 8 3 23 3 

• • • • • • 6 1 3 7 4 23 2 

• • • • • • 6 2 2 8 4 22 3 

• • • • • • 6 1 3 8 3 23 2 

• • • • • • 6 1 3 7 3 23 3 

• • • • • • 6 2 2 7 5 22 1 

• • • • • • 6 1 3 7 3 23 2 

• • • • • • 6 2 2 9 4 22 3 

• • • • • • 6 0 4 7 3 24 1 

• • • • • • 6 0 4 7 2 24 1 

• • • • • • 6 0 4 6 4 24 1 

• • • • • • 6 1 3 8 3 23 2 

• • • • • • 6 0 4 7 2 24 1 

• • • • • • 6 1 3 9 3 23 2 

• • • • • • 6 1 3 9 4 23 2 

• • • • • • 6 2 2 9 4 22 1 

• • • • • • 6 1 3 7 4 23 1 

• • • • • • 6 2 2 9 3 22 1 

• • • • • • 6 2 2 9 3 22 1 

• • • • • • 6 0 4 7 4 24 1 

• • • • • • 6 1 3 8 4 23 1 

• • • • • • 6 1 4 7 3 23 2 

• • • • • • 6 2 3 6 4 22 1 

-196-



Theoretical Investigation of the Hydrogen Electrode ReactIOn 

• • • • • • 6 1 4 5 3 23 1 

• • • • • • 6 0 5 6 2 24 1 

• • • • • • 6 1 4 6 3 23 1 
GCL: {0',(0),90'(6H)} • • • • • • 6 2 3 9 4 22 1 

• • • • • • 6 1 4 7 3 23 1 

• • • • • • 6 2 3 7 3 24 1 

• • • • • • 6 1 4 8 3 23 1 

• • • • • • • 7 2 5 6 6 26 

I 

1 

• • • • • • • 7 2 4 7 8 26 1 

• • • • • • • 7 1 5 7 5 27 1 

• • • • • • • 7 2 4 8 6 26 2 

• • • • • • • 7 2 4 8 6 26 1 

• • • • • • • 7 1 5 8 5 27 1 

• • • • • • • 7 2 4 8 6 26 1 

• • • • • • • 7 2 4 8 6 26 2 

• • • • • • • 7 1 4 10 5 27 2 

• • • • • • • 7 2 3 10 6 26 3 

I 

• • • • • • • 7 1 4 10 4 27 ! 2 

• • • • • • • 7 2 3 10 6 26 1 

• • • • • • • 7 1 4 9 5 27 1 

GCL: {0',(O),gO'(7H)} • • • • • • • 7 2 3 11 5 26 2 

• • • • • • • I 
7 1 4 9 4 27 1 

GCO',(S) • • • • • • • I 
7 2 3 11 5 26 2 

• • • • • • • I 7 0 5 9 4 28 1 

• • • • • • • 7 1 4 10 5 27 1 

• • • • • • • 7 1 4 11 4 27 1 

• • • • • • • I 7 2 3 12 6 26 1 

• • • • • • • I 7 1 4 10 5 27 1 

• • • • • • • I 
7 2 3 11 5 26 1 

• • • • • • • 7 1 4 11 5 27 1 

• • • • • • • 7 2 4 9 6 26 1 
I • • • • • • • 7 1 5 8 4 27 1 

I 

• • • • • • • 7 2 4 8 5 26 1 

• • • • • • • 7 1 5 9 4 27 1 

• • • • • • • I 7 2 4 10 5 26 1 
I 

I • • • • • • • • 8 2 5 10 8 30 1 

• • • • • • • • 8 2 5 11 7 30 1 

• • • • • • • • 8 2 4 13 8 30 1 

• • • • • • • • 8 1 5 12 6 31 1 
GCL: {O' ,(0) ,90'(SH)} • • • • • .. -. • • 8 2 4 13 7 30 1 

• • • • • • • • 8 2 4 13 7 30 1 

• • • • • • • • 8 2 4 13 7 30 1 

• • • • • • • • 8 1 5 13 6 31 1 

• • • • • • • • 8 2 4 14 7 30 1 

I 
I 

i GCL: {O',(O),gO'(OR)} • • • • • • • • • I 9 2 5 16 9 34 1 

GCL: {O' ,(O),gO'(O)} 

, 

I I I 0 0 0 0 0 0 1 

I 
• 1 0 1 0 0 4 2 

GCL: {0',(0),90'(H)} • 1 0 1 0 0 4 4 

• 1 1 0 0 0 3 1 
[ . 1 0 0 0 0 4 2 

GCO',(O) • • 2 0 2 1 0 8 4 

• • 2 0 2 0 0 8 4 

GCL: {O' ,(O),9O'(2H)} • • 2 0 2 0 0 8 1 

• • 2 1 1 0 1 7 2 

• • 2 0 2 0 0 8 2 

• • 2 0 2 0 0 8 2 

• • 2 1 1 0 0 7 2 
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• 
• 

• • • • 
• 

• • • • • 

• 
OC1:{0",(O),90"(3H») • 

OC1: {O" ,(O),90"(4H)) 

• 
I : 

I : 
• • • 
• • • 

I • • 
I : : 

• • • 
i • 

• 
• • • • • • • • • •• • • • 

• • • • • • • •• • • • • 
• • • • • • • •• • • • • • • • • • 

• 

• 

• • • • 
• • • • • • 
• • • • • • • • 

• 
• • 

• •• • • • • •• • • • • • • • 
• • •• • • • • •• •• • • • • •• • 

• • • • •• • • • • • • • • • • • 
• • • • • • •• • • • • •• 
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• 

• 

• • 

• • 

• 

2 0 2 0 
2 1 1 1 
2 0 1 1 
2 0 
2 0 
2 1 
2 0 

1 0 
1 0 
o 1 
o 1 

1 8 
o 7 
o 8 
1 8 
o 8 
o 7 
o 8 

3 0 3 1 0 12 
3 0 3 1 0 12 
3 0 3 1 0 12 
3121111 
3 0 3 2 1 12 
3 0 3 0 1 12 
3120111 
3120211 
3121111 
3122111 
3 0 3 0 1 12 
3120011 
3121011 
3121111 
3 1 2 2 0 11 
3 0 2 3 0 12 

2 
2 
6 
4 
2 
2 
1 

4 
4 
4 
2 
2 
2 
2 
1 
2 
2 
4 
1 
2 
2 
1 

3 0 2 1 1 12 
3 0 2 1 0 12 
3112111 

• I 33 0 2 1 1 12 o 2 1 0 12 
3 0 2 1 1 12 

4 
4 
2 
2 
4 
4 
4 
2 
2 
4 
2 
2 

!3112011 

• • 
3 0 2 2 1 12 
3 0 2 1 1 12 
3 0 2 0 3 12 

.!,331111111 
1 1 1 11 

3112111 
3113011 
3 0 1 2 0 12 
3 0 1 2 1 12 
3103011 

2 
2 
2 
2 
4 
1 

• 
: I 

• 
• 
• • 
• • 

I 

404201(; 2 
4 0 4 1 1 16 4 
4 1 3 1 1 15 2 
4 0 4 2 1 16 4 
4 0 4 2 0 16 2 
4 1 3 1 2 15 2 
4 0 4 2 1 16 2 
4 1 3 2 1 15 2 
4 1 3 3 2 15 2 
4 1 3 1 2 15 2 
4 1 3 2 1 15 2 
4 1 3 2 2 15 2 
4 1 3 3 1 15 2 
4 1 3 1 1 15 2 
4 0 4 0 2 16 1 
4 1 3 2 1 15 2 
4 0 3 3 1 16 4 
4 0 3 3 0 16 i 4 
4 0 3 3 1 16 4 
4 1 2 4 1 15 2 
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• • • • 4 0 3 5 1 16 2 

• • • • 4 0 3 2 1 16 4 

• • • • 4 0 3 1 3 16 2 

• • • • 4 1 2 2 2 15 2 

• • • • 4 1 2 2 2 15 2 

• • • • 4 1 2 3 2 15 2 

• • • • 4 1 2 5 1 15 2 

• • • • 4 0 3 2 1 16 4 

• • • • 
I 

4 0 3 1 3 16 4 

• • • • 4 1 2 2 1 15 2 

• • • • 4 0 3 2 2 16 4 

• • • • 4 0 3 2 1 16 4 

• • • • 4 1 2 2 1 15 2 

• • • • 4 0 3 2 1 16 2 

• • • • 4 1 2 3 1 15 2 

nc~ {",(O),9"(4H)) • • • • 4 1 2 4 1 15 2 

• • • • 4 0 3 2 3 16 2 

• • • • 4 1 2 2 2 15 2 

• • • • 4 1 2 2 3 15 2 

• • • • 4 1 2 3 1 15 2 

• • • • 4 1 2 3 2 15 2 

• • • • 4 1 2 3 1 15 2 

• • • • 4 1 2 4 1 15 2 

• • • • 4 0 2 4 1 16 4 

• • • • 4 0 2 3 1 16 4 

• • • • 4 0 2 3 0 16 1 

• • • • 4 1 1 4 1 15 2 

• • • • 4 0 2 3 2 16 2 

• • • • 4 0 2 3 2 16 2 

• • • • 4 1 1 4 1 15 2 

nc",(O) • • • • 4 0 2 3 3 16 )2 

i- • • • • 4 1 1 5 1 15 2 

I 
• • • • • 5 0 5 3 1 20 4 

• • • • • 5 1 4 2 2 19 1 

• • • • • 5 1 4 2 2 19 2 

• • • • • 5 0 5 2 2 20 2 

• • • • • 5 1 4 3 2 19 2 

• • • • • 5 1 4 3 2 19 2 

• • • • • 5 1 4 3 3 19 2 

• • • • • 5 1 4 4 2 19 2 

• • • • • 5 1 4 3 2 19 2 

• • • • • 5 1 4 4 2 19 1 
• • • • • 5 1 4 2 2 19 1 

• • • • • 5 0 4 4 1 20 4 

• • • • • 5 0 4 3 3 20 4 

• • • • • 5 1 3 4 2 19 2 
nc~ {",(O),9<1(sH)) • • • • • 5 0 4 5 2 20 4 

• • • • • 5 0 4 4 1 20 4 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 0 4 5 1 20 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • I 5 1 3 7 2 19 2 

• • • • • I 5 0 4 3 3 20 2 I 

• • • • • 5 1 3 3 3 19 2 

• • • • • 
I 

5 1 3 3 4 19 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • I 5 1 3 4 3 19 2 

• • • • • ! 5 1 3 5 2 19 2 

• • • • • 5 1 3 6 2 19 2 

• • • • • I 
5 0 4 3 3 20 4 

• • • • ( • 5 1 3 3 2 19 2 
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• • • • • 5 0 4 3 2 20 4 

• • • • • 5 1 3 3 3 19 2 

• • • • • 5 0 4 2 4 20 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 1 3 4 4 19 2 

• • • • • 5 1 3 4 2 19 2 

• • • • • 5 1 3 4 3 19 2 

• • • • • 5 1 3 5 2 19 2 

• • • • • 5 0 3 5 2 20 4 

OCr: {C1 ,(O),9C1(5H)} • • • • • 5 0 3 5 1 20 4 

• • • • • 
I 

5 0 3 5 2 20 4 

• • • • • 5 1 2 6 2 19 2 

• • • • • i 5 0 3 6 3 20 2 

• • • • • 
I 

5 0 3 4 3 20 2 

• • • • • 5 1 2 5 2 19 2 

• • • • • 5 1 2 5 2 19 1 

• • • • • 
I 

5 1 2 6 2 19 2 

• • • • • 5 1 2 7 2 19 2 

• • • • • 5 0 3 4 4 20 4 

• • • • • 5 1 2 5 2 19 1 

• • • • • 
I 

5 1 2 6 2 19 2 

• • • • • 5 1 2 6 3 19 2 

• • • • • 5 1 2 7 2 19 1 

• • • • • • 
I 

6 1 5 4 3 23 2 

• • • • • • 6 0 6 4 2 24 1 

• • • • • • 6 1 5 4 3 23 2 

GCC1,(O) • • • • • • I 6 1 5 5 3 23 2 

• • • • • • 
I 

6 0 5 5 3 24 4 

• • • • • • 6 1 4 5 3 23 2 

• • • • • • 6 0 5 6 2 24 4 

• • • • • • 
I 

6 1 4 5 4 23 2 

• • • • • • 6 0 5 5 4 24 2 

• • • • • • 6 1 4 7 3 23 2 

• • • • • • 
I 

6 1 4 6 3 23 2 

• • • • • • 6 1 4 7 3 23 2 

• • • • • • i 
6 1 4 8 3 23 2 

• • • • • • I 
6 1 4 5 5 23 2 

• • • • • • 
I 

6 1 4 6 3 23 2 

• • • • • • 6 1 4 6 4 23 2 

• • • • • • 6 1 4 7 3 23 2 
OCr: {C1 ,(O),9C1(6H)} • • • • • • 6 1 4 5 4 23 2 

• • • • • • 6 0 5 4 4 24 2 

• • • • • • 6 1 4 5 3 23 2 

• • • • • • 6 1 4 5 4 23 2 

• • • • • • 6 1 4 6 3 23 2 

• • • • • • 6 1 4 6 4 23 2 

• • • • • • 6 0 4 7 2 24 2 

• • • • • • 
I 

6 0 4 6 4 24 4 

• • • • • • 6 1 3 7 3 23 2 

• • • • • • 6 0 4 7 4 24 4 

• • • • • • 6 0 4 7 2 24 2 

• • • • • • 6 1 3 7 3 23 2 

• • • • • • 6 0 4 7 3 24 2 

• • • • • • 6 1 3 8 3 23 2 

• • • • • • 6 1 3 9 4 23 2 

• • • • • • 6 1 3 7 4 23 2 

• • • • • • 6 1 3 8 3 23 2 

• • • • • • 6 1 3 8 3 23 2 
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• • • • • • 6 1 3 7 4 23 2 

GCL; (a,(a),ga(6R)} • • • • • • 6 0 4 5 6 24 1 

• • • • • • 6 1 3 8 4 23 2 

• • • • • • 6 1 3 9 3 23 2 

• • • • • • • 7 1 6 6 4 27 1 

• • • • • • • 7 1 5 7 5 27 2 

• • • • • • • 7 0 6 7 4 28 2 

• • • • • • • 7 1 5 8 4 27 2 

• • • • • • • 7 1 5 8 5 27 2 

• • • • • • • 7 1 5 9 4 27 2 

• • • • • • • 7 1 5 8 5 27 2 

• • • • • • • 7 1 5 7 5 27 2 

• • • • • • • 7 0 5 9 4 28 4 
GCL; {a ,(a),M(7H)} • • • • • • • 7 1 4 9 4 27 1 

GCa,(a) • • • • • • • 7 1 4 9 5 27 2 

• • • • • • • 7 0 5 8 6 28 2 

• • • • • • • 7 1 4 10 5 27 2 

• • • • • • • 7 1 4 10 4 27 2 

• • • • • • • 7 1 4 10 5 27 2 

• • • • • • • 7 1 4 11 5 27 2 

• • • • • • • 
I 

7 1 4 10 5 27 2 

I 

• • • • • • • 7 1 4 11 4 27 1 

• • • • • • • 7 1 4 9 6 27 1 

• • • • • • • • 
I 

8 1 6 10 6 31 2 

I • • • • • • • • 8 1 5 12 6 31 2 
GCL; (a,(a),M(8R)} 

I 

• • • • • • • • 8 0 6 11 6 32 1 

• • • • • • • • 8 1 5 12 7 31 2 

• • • • • • • • I 8 1 5 13 6 31 2 

GCL; (a ,(a) ,M(9R)} • • • • • • • • • I 9 1 6 15 8 35 1 

TABLE IV, OC~",(",/s on (1l0)-, (100)- and (lll)-lattice planes 

Arrangement in L;, 
:0.----01----651 Values of (I, L, V, S, T 

i, e, 
: i 

and U' in Eq, (V. 3) (J 

~~---~----~ 

a 1 a. a, a, as a 6 (I L V S T U' 

[ole] 0 0 0 0 0 0 1 
[ole] • 1 1 0 1 3 1 4 

GC~"(",) 
[ole] • • 2 2 0 2 6 2 4 
[ole] • • 2 2 1 2 6 2 2 
[ole] • • • 3 3 1 3 9 3 4 
[ole] • • • • 4 4 2 4 12 4 1 

Arrangement in L;, 
//°1 ~i" Values of (I, M, N, U, V, / 

i. e. \~, 0, 

" 
0, ~) S, U' and V' in Eq. (V. 3) (J 

"~~ ___ s·/ 
a 1 a. a, a, as a 6 a, d s (I MN U V S U' V' 

GCL; {a"'("'),6a(a)j I [ole] I 0 0 0 0 0 0 0 0 I 1 

GC;",(",) 

I 
[ole] • I 1 0 1 0 0 2 1 0 

I 
2 

GCL; (a"'("'),6a(R)} [ole] • I 1 1 0 0 0 2 0 1 4 
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[ole] • • 
I 

2 1 1 0 1 4 1 1 4 
[ole] • • 2 1 1 0 0 4 1 1 4 

GCL; {0"(,,),60(2H)} 
[ole] • • 2 0 2 0 0 4 2 0 1 
[ole] • • 2 2 0 1 0 4 0 2 2 
[ole] • • 2 2 0 0 0 4 0 2 2 
[ole] • • 2 2 0 0 0 4 0 2 2 

[ole] • • • 3 2 1 1 1 6 1 2 4 
[~,] • • • 3 1 2 0 1 6 2 1 4 

" I GC~[0,,(,,),60(3H)} 
[ole] • • • 3 2 1 0 1 6 1 2 4 
[ole] • • • 3 2 1 0 2 6 1 2 2 
[ole] • • • 3 2 1 0 0 6 1 2 I 2 

GCO"(") I [ole] • • • 3 3 0 1 0 6 0 3 I 4 

[ole] • • • • 4 2 2 1 2 8 2 2 I 2 
I [ole] • • • • 4 3 1 1 1 8 1 3 I 4 

GCL; {0"(,,),60(4H)} 
[ole] • • • • 4 3 1 1 2 8 1 3 

I 

4 
[ole] • • • • 4 2 2 0 2 8 2 2 2 
[ole] • • • • 4 2 2 0 2 8 2 2 2 
[ole] • • • • 4 4 0 2 () 8 0 4 1 

GCL; [0"(,,),60(5H)) 

I 
[ole] • • • • • 

I 
5 3 2 1 3 10 2 3 

I 
4 

[ole] • • • • • 5 4 1 2 2 10 1 4 2 

GCL; {0"(,,),60(6H)} I [ole] • • • • • • 1 
6 4 2 2 4 12 2 4 

i 
1 

, 

I 

Arrangement in L:, II I f M N I (J ~_________ Va ues 0 g, , , U, W, 
. /1 D. °9 O~\ T, U', V' and W' in Eq. 

1 e \ °1 °1 02 OJ\ 

. . '\.o, ____ o, ____ oy/ (V. 3) I 

1-0-,-0-2-0 3-0-, -0-
5
-0

6
-0-

7 
-0-'-0-'-010r-g-M--N-U-W--T-UI V' W'r 

GCL;{O"(")"O(O)} 1 [ole] I 0 0 0 0 0 0 0 0 0 I 1 

I 

[ole] • 
I 

1 0 1 0 0 4 1 0 0 i 2 
GCL; {O"(,,),'O(H)) [ole] • 1 0 1 0 0 4 0 1 0 l~ [ole] • 1 1 0 0 0 3 0 0 1 

[ole] • • 2 0 2 1 0 8 1 1 0 14 
[ole] • • 2 1 1 0 1 7 1 0 1 ·4 
[ole] • • 2 0 2 0 0 8 1 1 0 4 
[ole] • • 2 0 2 0 0 8 2 0 0 1 

GCL; {0"(,,),80(2H)) 
[ole] • • 2 1 1 1 0 7 0 1 1 4 
[ole] • • 2 0 2 0 0 8 0 2 0 2 
[ole] • • 2 0 2 0 0 8 0 2 0 2 

G 

[ole] • • 2 1 1 0 0 7 0 1 1 I~ 
C;,,(,,) 

[ole] • • 2 0 2 0 1 8 0 2 0 
[ole] • • 2 2 0 0 1 6 0 0 2 1 

------ _. ----_. 

[ole] • • • 3 1 2 2 1 11 1 1 1 4 
[ole] • • • 3 0 3 1 0 12 1 2 0 4 
[ole] • • • 3 0 3 1 0 12 2 1 0 4 

'\ [ole] • • • 3 0 3 1 0 12 1 2 0 4 
[ole] • • • 3 1 2 1 1 11 1 1 1 4 

GCL; {0"(,,),80(3H)) 
[ole] • • • 3 0 3 2 1 12 1 2 0 2 
[ole] • • 

• I 

3 1 2 1 1 11 1 1 1 4 
[ole] • • • 3 1 2 0 2 11 2 0 1 2 
[ole] • • • 

I 

3 1 2 0 1 11 1 1 1 4 
[ole] • • • 3 2 1 0 3 10 1 0 2 2 
[ole] • • • 3 0 3 0 1 12 1 2 0 2 
[ole] • • 

• ! 

3 1 2 2 0 11 0 2 1 2 
[ole] • • • ! 3 1 2 1 0 11 0 2 1 4 
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I [ole] • • • .1 
3 2 1 1 1 10 0 1 2 14 

1 

GCL; {d=C(=C).8d(3H)) 'I 

[ole] • • • 3 1 2 1 1 11 0 2 1 Ii [ole] • • 3 0 3 0 1 12 0 3 0 
[ole] • • · ' 3 1 2 0 0 11 0 2 1 

[ole] • • ·1 4 1 3 3 1 15 1 2 1 14 
[ole] • • • 4 1 3 2 2 15 2 1 1 4 
[ole] • • • 4 1 3 2 1 15 1 2 1 4 
[ole] • • • 4 2 2 2 3 14 1 1 2 4 
[ole] • • • 4 1 3 3 2 15 1 2 1 4 

[ole] • • • 4 0 4 2 0 16 2 2 0 2 
[ole] • • • 4 0 4 1 1 16 1 3 0 4 
[ole] • • • 4 1 3 1 1 15 1 2 1 4 
[ole] • • • 4 0 4 2 1 16 1 3 0 4 
[ole] • • • 4 0 4 2 0 16 2 2 0 2 

GCL; {d=C(=c),8d(4H)) 
[ole] • • • 4 1 3 1 2 15 2 1 1 4 
[ole] • • • 4 0 4 2 1 16 2 2 0 1 2 
[ole] • • • 4 1 3 2 1 15 1 2 1 1 4 
[ole] • • • • 4 1 3 1 2 15 1 2 1 1 4 
[ole] • • • • 4 2 2 1 3 14 1 1 2 4 
[ole] • • • • 4 2 2 0 5 14 2 0 2 1 

[ole] • • • • 4 1 3 2 1 15 0 3 1 4 
[ole] • • • • 4 2 2 2 1 14 0 2 2 2 
[ole] • • • • 4 2 2 2 1 14 0 2 2 2 
[ole] • • • • I 4 1 3 1 1 15 0 3 1 Ii [ole] • • • • ·1 

4 2 2 2 2 14 0 2 2 
[ole] • • • 4 0 4 0 2 16 0 4 0 

[ole] • • • • .' 5 1 4 4 2 19 2 2 1 

I 

2 
[ole] • • • • • 1 5 1 4 3 2 19 1 3 1 4 
[ole] • • • • • 1 5 2 3 3 3 18 1 2 2 4 

GC;=c(=c) [ole] • • • • .' 5 1 4 4 2 19 1 3 1 4 
[ole) • • • • • 5 1 4 3 2 19 2 2 1 4 

[ole] • • • • • i 5 2 3 2 5 18 2 1 2 4 
[ole] • • • • • 5 1 4 3 3 19 2 2 1 4 
[ole] • • • • • 5 2 3 3 3 18 1 2 2 4 

GCL: {d =c (=c) ,8d (5H)) [ole] • • • • • 5 1 4 3 2 19 1 3 1 4 
[ole] • • • • • 5 2 3 4 4 18 1 2 2 2 
[ole] •• • • • 5 0 5 3 1 20 2 3 0 4 

[ole] • • • • • 5 1 4 2 2 19 2 2 1 2 
[ole] • • • • • 5 1 4 2 2 19 1 3 1 4 
[ole] • • • • • 5 0 5 2 2 20 1 4 0 2 
[ole] • • • • • 5 2 3 2 4 18 1 2 2 2 
[ole] • • • • · : 5 2 3 3 2 18 0 3 2 4 

I [ole] • • • • • 5 1 4 2 2 19 0 4 1 2 
1 

I 
I 

! 
[ole] • • • • • :1 

6 1 5 5 3 23 2 3 1 4 
[ole] • • • • • 6 2 4 4 5 22 2 2 2 I 2 
[ole] • • • • • 6 2 4 4 4 22 1 3 2 I 4 
[ole] • • • • • • 6 1 5 4 3 23 1 4 1 4 

GCL: {d=C(=c ),8d(6H)) 
lole] • • • • • • 6 2 4 5 4 22 1 3 2 4 

[ole] • • • • • • 6 2 4 4 5 22 2 2 2 2 
[ole] • • • • • • 6 1 5 4 3 23 2 3 1 4 
[ole] • • • • • • 6 2 4 4 6 22 2 2 2 2 
[ole] • • • • • • 6 0 6 4 2 24 2 4 0 1 
[ole] • • • • • • 6 2 4 4 3 22 0 4 2 1 

GCL:Id=C(=c),8d(7H)) I 

[ole] • • • • • • • 7 2 5 6 6 26 2 3 2 4 
[ole] • • • • • • • 7 1 6 6 4 27 2 4 1 2 
[ole] • • • • • • • 7 2 5 6 5 26 1 4 2 2 

GCL:{d=C(=c) 8d(SH) ole] • • • • • • • • 8 2 6 8 7 30 2 4 2 1 
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TABLE V. 

GCI:(O) 

GCI:{6d{H)} 

GCI: {6d (2H)} 

GCI:{6d(3H)I 

GCI: {6d(4H)} 

GCI:{6d(5H)} 

GCI: {6dl6H)} 

OC's on (1l0)-, (100)- and (lll)-lattice planes 

Arrangement in L;, 
fa.----OI----6tl Values of (I, L, U, V, W, 

i. e. 
: : 

Sand T in Eq. (V. 6) , ' 
: i 
~!.---~---~ 

d 1 d 2 d 3 d. d 5 d 6 (I L U V W S T 

0 0 0 0 0 0 0 

• 1 0 0 0 U 1 2 

• 1 0 0 0 0 1 3 

• • 2 0 0 1 0 2 4 

• • 2 1 0 0 1 2 5 
• • 2 2 0 0 0 2 6 

• • 2 1 0 0 1 2 5 

• • 2 2 0 1 0 2 6 

• • • 321 1 138 

• • • 3 3 0 1 0 3 9 

• • • 3 2 1 0 1 3 8 

• • • 3 1 1 1 1 3 7 
• • • 3 2 0 0 2 3 8 

• • • 3 2 2 0 0 3 8 

• • • • 4 3 2 1 1 4 11 

• • • • 4 2 2 1 2 4 10 

• • • • 4 3 1 1 2 4 11 
• • • • 4 2 2 2 2 4 10 

• • • • 4 4 0 2 0 4 12 

• • • • • 5 4 2 2 2 5 14 

• • • • • 5 3 3 2 3 5 13 

• • • • • • 6 4 4 3 4 6 16 

Arrangement in L;, 

___ t._e_._'_~:_/_":=-=-Q"__:_"_'~ ___ II V"l:~ ~ ~':': ~.~. V 

I " '. '. '. " '. " '. , ' M N U V S 

! 

I 

I 

(f 

1 

2 
4 

1 
4 
4 
4 
2 

4 
4 
4 
4 
2 
2 

4 
4 
4 
2 
1 

2 
4 

1 

(f 

i 100000011 

I. .. 1~~ggg~l~ 
------------ic-------------~---.--___;_-----------'__-

GCI: (Bd(2H)} 

• • • • • • 

• 

• 

• 
• 

• • • • • 

• 

• • • 
• 
• • 
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o 

1 
1 
2 
o 
o 
o 
1 
o 
o 
1 
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o 
o 
o 
1 
o 
o 
1 
1 
o 
o 
1 

1 
o 
o 
o 
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o 
o 
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• • • 3 2 1 1 1 6 4 

• • • 3 1 2 0 1 6 4 

• • • 3 2 1 0 1 6 4 

• • • 3 2 1 0 2 6 2 

• • • 3 2 1 0 0 6 2 

• • • 3 3 0 1 0 6 4 

• • • 3 1 1 2 1 6 4 

• • • 3 1 1 1 1 6 4 
OCr; ('''(3H)) • • • 3 0 2 1 0 6 2 

• • • 3 2 0 2 1 6 4 

• • • 3 1 1 1 0 6 4 

• • • 3 2 0 1 1 6 4 

• • • 3 2 0 2 0 6 2 

• • • 3 1 1 0 2 6 4 

• • • 3 2 0 0 2 6 2 

• • • 3 0 1 2 0 6 2 

• • • 3 1 0 2 1 6 4 

• • • • 4 2 2 1 2 8 2 

• • • • 4 3 1 1 1 8 4 

• • • • 4 3 1 1 2 8 4 

• • • • 4 2 2 0 2 8 2 

• • • • 4 2 2 0 2 8 2 

• • • • 4 4 0 2 0 8 1 

• • • • 4 2 1 3 2 8 4 

• • • • 4 1 2 2 1 8 4 

• • • • 4 2 1 2 2 8 4 

• • • • 4 2 1 3 2 8 2 

• • • • 4 1 2 1 2 8 4 

OC OCr; (S"(4H)) • • • 4 2 1 1 2 8 2 

• • • 4 2 1 2 2 8 4 

• • • 4 3 0 2 2 8 4 

• • • 4 3 0 3 1 8 4 

• • • 4 2 1 1 2 8 4 

• • • 4 2 1 2 0 8 2 

• • • 4 2 1 0 4 8 2 

• • • 4 1 1 3 2 8 4 

• • • 4 1 1 3 1 8 4 

• • • 4 0 2 3 0 8 1 

• • • 4 2 0 4 2 8 2 

• • • 4 2 0 3 2 8 2 

• • • 4 2 0 3 2 8 2 

• • • • • 5 3 2 1 3 lO 4 

• • • • • 5 4 1 2 2 10 2 

• • • • • 5 2 2 3 3 lO 4 

• • • • • 5 3 1 3 3 lO 4 

• • • • • 5 3 1 4 3 lO 4 

• • • • • 5 2 2 2 3 lO 4 

• • • • • 5 2 2 3 2 lO 2 

• • • • • 5 2 2 1 4 lO 2 
OCI: (M(.H)) • • • • • 5 3 1 2 4 lO 4 

• • • • • 5 3 1 3 2 lO 4 

• • • • • 5 4 0 4 2 lO 2 

• • • • • 5 2 1 5 3 lO 4 

• • • • • 5 1 2 4 2 lO 4 

• • • • • 5 2 1 4 3 lO 4 

• • • • • 5 2 1 4 4 lO 2 

• • • • • 5 2 1 4 2 lO 2 

• • • • • 5 3 0 5 3 lO 4 
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• • • • • • 6 4 2 2 4 12 1 

• • • • • • 6 3 2 3 5 12 4 

• • • • • • 6 3 2 4 4 12 4 

• • • • • • 6 4 1 5 4 12 2 

• • • • • • 6 4 ·1 4 4 12 2 
OCr; (8<1(6H)) • • • • • • 6 2 2 6 4 12 2 

• • • • • • 6 3 1 6 4 12 4 

OC • • • • • • 6 3 1 6 5 12 4 

• • • • • • 6 2 2 5 4 12 2 

• • • • • • 6 2 2 5 4 12 2 

• • • • • • 6 4 0 7 4 12 1 
i 

• • • • • • • 7 4 2 5 6 14 2 
OCr; (sa (7H)) • • • • • • • 7 3 2 7 6 14 4 

• • • • • • • 7 4 1 8 6 14 2 

OCr; (8<1(8H)} • • • • • • • • 8 4 2 9 8 16 1 

Arrangement in 2:, 
Values of g, M, N, 0, c, 

U, Wand Tin 
i. e. c, c, c, 

Eq. (V. 6) fJ 
• '" 0, 0 •• 

a l a. a, a. d s d s a, cl 3 d g 0'10 I gMN U WT 

OCr; (0) I 0 0 0 0 0 0 1 

• I 1 0 1 0 0 4 6 
OCr; (loa(H)} • 

I 

1 1 0 0 0 3 2 

• 1 0 0 0 0 4 2 

• • 2 0 2 1 0 8 4 

• • 2 1 1 0 1 7 4 

• • 2 0 2 0 0 8 4 

• • 2 0 2 0 0 8 1 

• • I 
2 1 1 1 0 7 4 

• • i 2 0 2 0 0 8 2 

• • , 2 0 2 0 0 8 2 

OCr; {loa (2H)} • • 2 1 1 0 0 7 4 

• • 2 0 2 0 1 8 2 

• • 2 2 0 0 1 6 1 

• • 2 0 1 1 0 8 2 

• • 2 0 1 1 0 8 4 
OC • • 2 1 0 1 0 7 4 

• • 2 0 1 0 1 8 4 

• • 2 0 1 0 0 8 2 

• • 2 0 0 1 0 8 1 

• • • 3 1 2 2 1 11 4 

• • • 3 0 3 1 0 12 4 

• • • 3 0 3 1 0 12 4 

• • • 3 0 3 1 0 12 4 

• • • 3 1 2 1 1 11 4 

• • • 3 0 3 2 1 12 2 

OCr; (loa(3H)} • • • 3 1 2 1 1 11 4 

• • • 3 1 2 0 2 11 2 

• • • 3 1 2 0 1 11 4 

• • • 3 2 1 0 3 10 2 

• • • 3 0 3 0 1 12 2 

• • • 3 1 2 2 0 11 2 

• • • 3 1 2 1 0 11 4 

• • • 3 2 1 1 1 10 4 
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• • • 3 1 2 1 1 11 4 

• • • 3 0 3 0 1 12 4 

• • • 3 1 2 0 0 11 2 

• • • 3 0 2 3 0 12 4 

• • • 3 1 1 2 1 11 4 

• • • 3 0 2 1 1 12 4 

• • • 3 0 2 1 0 12 2 

• • • 3 1 1 3 0 11 4 

• • • 3 0 2 1 1 12 4 

• • • 3 0 2 1 0 12 4 

nCL {100"(3RI) • • • 3 0 2 1 1 12 4 

• • • 3 1 1 2 0 11 4 

• • • 3 0 2 2 1 12 2 

• • • 3 1 1 2 1 11 4 

• • • 3 1 1 1 1 11 4 

• • • 3 1 1 1 1 11 4 

• • • 3 2 0 2 1 10 2 

• • • 3 0 2 1 1 12 4 

• • • 3 0 2 0 3 12 2 

• • • 3 0 1 2 0 12 2 

• • • 3 0 1 2 1 12 4 

• • • 3 1 0 3 0 11 2 

• • • • 4 1 3 3 1 15 4 

• • • • 4 1 3 2 2 15 4 

• • • • 4 1 3 2 1 15 4 

• • • • 4 2 2 2 3 14 4 

• • • • 4 1 3 3 2 15 4 

• • • • 4 0 4 2 0 16 2 

• • • • 4 0 4 1 1 16 4 

• • • • 4 1 3 1 1 15 4 
nc • • • • 4 0 4 2 1 16 4 

• • • • 4 0 4 2 0 16 2 

• • • • 4 1 3 1 2 15 4 

• • • • 4 0 4 2 1 16 2 

• • • • 4 1 3 2 1 15 4 

• • • • 4 1 3 1 2 15 4 

• • • • 4 2 2 1 3 14 4 

• • • • 4 2 2 0 5 14 1 

• • • • 4 1 3 2 1 15 4 

• • • • 4 2 2 2 1 14 2 

nCL {lOOURI) • • • • 4 2 2 2 1 14 2 

• • • • , 4 1 3 1 1 15 4 

• • • • 4 2 2 2 2 14 2 

• • • • 4 0 4 0 2 16 1 

• • • • 4 1 2 5 1 15 4 

• • • • 4 0 3 3 1 16 4 

• • • • 4 0 3 3 0 16 4 

• • • 4 0 3 3 1 16 4 

• • • 4 1 2 4 1 15 4 

• • • 4 0 3 5 1 16 2 

• • • 4 1 2 3 2 15 4 

• • • 4 1 2 2 2 15 4 

• • • 4 1 2 2 2 15 4 

• • • 4 2 1 3 3 14 2 

• • • 4 0 3 2 1 16 4 

• • • 4 0 3 1 3 16 2 

• • • 4 1 2 4 1 15 4 

• • • 4 1 2 3 1 15 4 

• • • 4 1 2 3 1 15 4 

• • • 4 2 1 4 1 14 4 
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• • • • 4 1 2 4 1 15 4 

• • • • 4 0 3 2 1 16 4 

• • • • 4 0 3 1 3 16 4 

• • • • 4 1 2 2 1 15 4 

• • • • 4 0 3 2 2 16 4 
I • • • • 4 0 3 2 1 16 4 

• • • • 4 1 2 2 1 15 4 

• • • • 4 0 3 2 1 16 2 

• • • • 4 1 2 3 1 15 4 

• • • • 4 1 2 3 2 15 4 

• • • • 4 1 2 2 3 15 4 

• • • • 4 2 1 3 2 14 4 
OCI; (l0l1(4H)) • • • • 4 1 2 2 2 15 4 

• • • • 4 2 1 2 3 14 2 

• • • • 4 0 3 2 3 16 2 

• • • • 4 0 2 4 1 16 4 

• • • • 4 1 1 4 1 15 4 

• • • • 4 0 2 3 1 16 4 

• • • • 4 0 2 3 0 16 1 

• • • • 4 1 1 5 1 15 4 

• • • • 4 0 2 3 2 16 2 

• • • • 4 0 2 3 2 16 2 

• • • • 4 1 1 4 1 15 4 

• • • • 4 0 2 3 3 16 2 

-I

l • • • • 4 2 0 5 1 14 1 

• • • • • 5 1 4 4 2 19 2 

• • • • • 5 1 4 3 2 19 4 

• • • • • 5 2 3 3 3 18 4 

• - • • • 5 1 4 4 2 19 4 

OC • • • • 5 1 4 3 2 19 4 

• • • • 5 2 3 2 5 18 4 

• • • • 5 1 4 3 3 19 4 

• • • • 5 2 3 3 3 18 4 

• • • • 5 1 4 3 2 19 4 

• • • • 5 2 3 4 4 18 2 

• • • • 5 0 5 3 1 20 4 

• • • • 5 1 4 2 2 19 2 

• • • • 5 1 4 2 2 19 4 

• • • • 5 0 5 2 2 20 2 

• • • • 5 2 3 2 4 18 2 

• • • • 5 2 3 3 2 18 4 

• • • • 5 1 4 2 2 19 2 
OCI;{l0l1(5H)1 • • • • 5 1 3 6 2 19 4 

• • • • 5 1 3 5 2 19 4 

• • • • 5 1 3 5 2 19 4 

• • • 5 2 2 6 3 18 4 

• • • 5 1 3 7 2 19 4 

• • • 5 0 4 4 1 20 4 

• • • 5 0 4 3 3 20 4 

• • • 5 1 3 4 2 19 4 
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• • • 5 1 3 5 2 19 4 

• • • • 5 1 3 4 3 19 4 

• • • • 5 1 3 3 4 19 4 

• • • • 5 2 2 4 4 18 4 

• • • • 5 1 3 3 3 19 4 

• • • • 5 2 2 3 5 18 2 
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5043320 
5 1 3 5 2 19 
5 1 3 4 3 19 
5 2 2 5 2 18 
5 1 3 5 2 19 
5 1 3 4 2 19 
5 2 2 4 3 18 
5 1 3 4 2 19 
5 2 2 5 2 18 
5 1 3 4 2 19 
5 2 2 6 2 18 
5043320 
5 1 3 3 2 19 
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5 1 3 3 3 19 
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5 1 3 4 2 19 
5 1 3 4 4 19 
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5 2 2 4 4 18 
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5 1 2 6 2 19 
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• • • • • • 6 1 4 5 4 23 4 

• • • • • • 6 0 5 5 4 24 2 

• • • • • • 6 1 4 6 3 23 4 

• • • • • • 6 1 4 5 5 23 4 

• • • • • • 6 2 3 5 6 22 4 

• • • • • • 6 2 3 5 6 22 2 

• • • • • • 6 1 4 6 4 23 4 

• • • • • • 6 2 3 6 4 22 4 

• • • • • • 6 1 4 6 3 23 4 

• • • • • • 6 2 3 6 4 22 4 

• • • • • • 6 1 4 5 4 23 4 

• • • • • • 6 2 3 7 3 22 4 

• • • • • • 6 2 3 6 4 22 4 

• • • • • • 6 1 4 5 3 23 4 

• • • • • • 6 2 3 6 4 22 2 

• • • • • • 6 1 4 5 4 23 4 

I 

• • • • • • , 6 0 5 4 4 24 2 

• • • • • • 6 2 3 6 6 22 2 

• • • • • • 6 1 3 9 3 23 4 

• • • • • • 6 1 3 8 3 23 4 
OCr; (lOt1(6H)} • • • • • • 6 1 3 8 3 23 4 

• • • • • • 6 2 2 9 4 22 4 

• • • • • • 6 1 3 9 4 23 4 

• • • • • • 6 0 4 7 2 24 2 

• • • • • • 6 0 4 6 4 24 4 

• • • • • • 6 1 3 7 3 23 4 

• • • • • • 6 0 4 7 4 24 4 

• • • • • • 6 0 4 7 2 24 2 

• • • • • • 6 1 3 7 3 23 4 

• • • • • • 6 0 4 7 3 24 2 

OC • • • • • • 6 1 3 8 3 23 4 

• • • • • • 6 1 3 7 4 23 4 

• • • • • • 6 2 2 8 4 22 4 

• • • • • • 6 2 2 7 5 22 1 

• • • • • • 6 1 3 8 4 23 4 

• • • • • • 6 2 2 9 3 22 2 

• • • • • • 6 2 2 9 3 22 ' 2 

• • • • • • 6 1 3 7 4 23 4 

• • • • • • 6 2 2 9 4 22 2 

• • • • • • 6 0 4 5 6 24 1 

• • • • • • • 7 2 5 6 6 26 4 

• • • • • • • 7 1 6 6 4 27 2 

• • • • • • • 7 2 5 6 5 26 2 

• • • • • • • 7 1 5 8 5 27 4 

• • • • • • • 
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7 2 4 8 6 26 4 

i • • • • • • • 7 1 5 9 4 27 4 
i • • • • • • • 7 2 4 8 6 26 4 

• • • • • • • I 7 1 5 8 5 27 4 

• • • • • • • 7 2 4 10 5 26 4 

OC;S:{1Ot1(7H)) • • • • • • • 7 2 4 8 6 26 4 

• • • • • • • 7 1 5 8 4 27 4 

• • • • • • • 7 2 4 9 6 26 2 

• • • • • • • 7 1 5 7 5 27 4 

• • • • • • • 7 0 6 7 4 28 2 

• • • • • • • 7 2 4 7 8 26 2 

• • • • • • • 7 2 4 8 6 26 4 

• • • • • • • 7 1 5 7 5 27 4 

• • • • • • • 7 2 4 8 5 26 4 

• • • • • • • 7 2 4 8 5 26 2 

• • • • • • • 7 1 4 11 4 27 2 
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• • • • • • • 7 1 4 10 5 27 4 

• • • • • • • 7 2 3 11 5 26 4 '. • • • • • • 7 1 4 11 5 27 4 

• • • • • • • 7 1 4 10 4 27 4 

• • • • • • • 7 2 3 10 6 26 4 

• • • • • • • 7 1 4 10 5 27 4 

• • • • • • • 7 1 4 10 5 27 4 

GCz: (lOd(7H)} • • • • • • • 7 2 3 12 6 26 2 
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• • • • • • • 7 1 4 9 4 27 2 

• • • • • • • 7 1 4 9 5 27 4 

• • • • • • • 7 0 5 8 6 28 2 
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• • • • • • • 7 2 3 11 5 26 4 
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• • • • • • • 
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7 2 3 11 5 26 4 

• • • • • • • 7 1 4 9 6 27 2 
I • • .' . • • I 8 2 6 8 7 30 1 

• • • • • I 
8 2 5 10 8 30 4 

GC • • • • • 8 1 6 10 6 31 4 

• • • • • 8 2 5 11 7 30 4 

• • • • • 8 2 5 11 7 30 2 

• • • • • 8 2 5 10 7 30 2 
I • • • • • 8 1 5 13 6 31 4 

GCz: {lOd(8H)} 

I 
• • • • • 8 2 4 13 7 30 2 

• • • • • 8 2 4 13 7 30 4 

• • • • • 8 1 5 12 7 31 4 
I • • • • • 8 2 4 14 7 30 4 

I • • • • • 8 2 4 13 7 30 2 

• • • • • 8 1 5 12 6 31 4 

I 

• • • • • 8 2 4 13 8 30 2 

• • • • • • 8 0 6 11 6 32 1 

• • • • • • 8 2 4 13 7 30 1 

I 
• • • • • • • • 9 2 6 13 9 34 2 

GCz: {lOd(9H)) • • • • • • • • 9 2 5 16 9 34 4 

• • • • • • • • 9 1 6 15 8 35 2 

I • • • • • • • • 9 2 5 16 9 34 2 

GCL: {lOd(lOH)} 

I • 
• • • • • • • • • I 10 2 6 19 11 38 I 1 
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