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Summary 

The catalytic mechanism of hydrogen electrode reaction led, in terms of classical kinetics, 

to the value 2 of TAFEL constant t=(RT/F)o In i/or; instead of ca. 0.5 as observed, where i is 

the cathodic current density, r; the overvoltage and F the Faraday. OKAMOTO, HORIUTI and 

HIROTA') deduced z; near 0.5 from the same mechanism with special reference to hydrogen 

electrode of nickel by means of the generalized statistical mechanical theory,,5) of reaction rate, 

taking into account the quantum-mechanical exchange repulsions between hydrogen atoms, either 

adsorbed or implied in the critical complex of the rate-determining step of the catalytic 

mechanism, i.e. the recombination of hydrogen adatoms on the electrode formed by neutrali­

zation of hydrogen ions. The i thus obtained included, as one of its factors, the probability 

e."(O) that the seat 0* of the critical complex consisting of adjacent pair of sites of adatoms 

was left free to accommodate the critical complex. The latter authors') identified 8.0(0) with 

the square of the probability that a single site of adatom was unoccupied, which was only 

approximate, insofar as adatoms on the adjacent, constituent sites of 0* exerted repulsion upon 

each other. The present author') has previously formulated e."(O), taking the latter repulsion 

into account, hence deduced z;-value and the appropriate range of r; in much closer agreement 

with experiment on the one hand and predicted the magnitude of saturation value of i at 

higher r; and its temperature coefficient on the other hand. 

In the present article the approximation in the formulation of eq«O) is improved. It is 

thus shown that the appropriate value of t keeps remarkably constant over a range of r; in 

accordance with experiment as compared with by the previous approximation'), whereas the 

saturation value of i and its temperature coefficient, predicted in the preceding work'), remain 

valid as they stand. 

Introduction 

The TAFEL law!) 

'" = RT a In i == 0.5 
F aT) • 

( 1 ) 

is an important feature of hydrogen electrode reaction, where i is the cathodic 
current density, T) the overvoltage*l, F the Faraday, and RT is of usual 

*) The r; is here the cathodic polarization or the negative of the potential of the test electrode 
referred to a reversible hydrogen electrode in the same environment. 
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meanmg. TAFEL 1
) himself tried to account for his law on the basis of the 

catalytic mechanism of hydrogen electrode reaction, hence admitting that the 
rate was governed by the recombination of hydrogen atoms H (a) on the 
electrode, i. e. 

2H (a) --> H2 . (2 ) 

He resorted, in his time, of course, to the classical kinetics in deriving !" from 
the catalytic mechanism, which led to its value 2 instead of the observed one 
ca. 0.5. This result appears to have ever since been taken as a decisive ground 
to exclude the catalytic mechanism'), notwithstanding the striking evidence for 
it as advanced by BONHOEFFER in 19243

). 

OKAMOTO, HORIUTI and HIROTA 4,5) have generalized the statistical mech· 
anical theory of reaction rate formulated by EYRING and EVANS and POLANYI6

) 

in order to deal with the rate of the heterogenous reaction precisely; the gener­
alized theory enabled them to formulate i by taking into account the inter­
actions between hydrogen adatoms H (aJ's and between the latter and the critical 
complex of the rate-determining step (2). The allowance for the interaction has 
been required by the following model, on which they have based their the­

oretical treatment; each metal atom on a lattice plane on the electrode surface 
provides one of physically identical sites of hydrogen adatorrts and an adjacent 
pair of these sites constitutes a seat a* of the critical complex of (2). They 
have thus calculated i assigning adjacent pairs of sites of different distances on 
different lattice planes to a* and concluded that the predominant contribution 
to i is made, at least at not very heavy coverage, by such a*'s as consisting 
each of second nearest pair of a's, i. e. those 3.52 A apart from each other on 
(llO)-lattice plane of f.c.c. nickel crystal. They thus deduced from the catalytic 
mechanism that !" remained tolerably a constant proper fraction for a certain 
range of r; in accordance with experiments. It may be noted that evidences 
have ever since been accumulated for the above model of the sites of adsorption 
and the existence of considerable repulsive interactions7

,s,*). 

*) TOYA has deduced from first principles of quantum-mechanics that there exist two sorts 
of hydrogen adatoms, i. e. the r- and s-adatoms'); the r-adatom is the adatom of usual 
sense, while the s-adatom is a sort of hydrogen atom dissolved in the metal, which is 
situated inside the electronic surface close to it. According to TOYA r-adatoms repulse 
each other stronger') than estimated by OKAMOTO, HORIUTI and HIROTA as quantum­
mechanical exchange repulsion between unbonded hydrogen atoms'). The r-adatoms may 
hence play the part of what we have simply called adatoms in the rate-determining step 
(2), but its alternative occurrence with s-adatoms might be excluded, inasmuch as the 
appropriate critical complex imbedded in electron cloud of metal appears to be associated 
with inhibitively high an activation energy. Adatoms in the text thus are to be under­
stood as r-adatoms. 
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Their expression') of i thus derived includes as one of its factors the 
probability 8 a,(0) that, a* is altogether unoccupied, They identified, however, the 
8"(0) with (1-8)2, where (j is the probability of a site a being occupied by an 
adatom, hence 1-8 that of the site being unoccupied, This is only approximate, 
since the probability of a a being unoccupied should depend on whether the 
adjacent one is occupied or not, insofar as adatoms repulse each other, 

The present author has later deduced 8"(0) 9) by taking the repulson 
between adjacent adatoms in a* into account as 

8"(0) = (1-8') (1-8) = (1-8)2SO(8) , (3. a) 

where 

(3. b) 

8' is the probability that one of the constituent a's of the a*, denoted by a" 
is occupied, while the other, a2 , is kept vacant, and U 1 is the repulsive potential 
between the two adatoms occupying a1 and a2 • On the basis of the above 
equations the TAFEL law has been derived') in much closer agreement with 
experimental result than in the previous work'\ and the magnitudes of the 
saturation current density and of its temperature coefficient have been predicted9

). 

The factor (1-8) in the second member of (3. a) is now the probability 
that the a2 is unoccupied whether the a 1 is occupied or not, which has been 
calculated by assuming that the repulsive potential of the ada tom on a2 due to 
that on a 1 is proportional to 8 or by smearing the latter adatom together with 
other adatoms around the former. The factor (1-8') has been deduced on the 
other hand for the definite vacance of a2 • The repulsion exerted by an adatom 
on a1 upon that on a2 is thus taken into account by an approximation different 
from the repulsion reciprocally exerted by an adatom on a, upon that on a1 • 

It is desirable to deal consistently equally with them. 
The present article is concerned with the formulation of 8"(0) improved 

in this regard and with the revision of the relevant numerical results and 
arguments in the previous paper'). 

§ 1. Formulation of 0"(0) 

The formulation of 8"(0) is revised as mentioned in the introduction on 
the basis of the same models of adsorbent and the rate-determining step (2), 
and of the same law of repulsion as those underlying the previous work9

). 

The 8"(0) is expressed in general as 

(4 ) 
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in tenus of partition functions DC.(o) and DC respectively of CO'(a) and C, 
where Ca,(O) is the whole assembly in question with the specification that a definite 
a* on the electrode is unoccupied with certainty and C is the same assembly but 
without any such specification. The all possible states of C are, with special 
reference to the a*, C(I), C(Il) and C(III), where the a* is occupied by none, 
by only one adatom and by two ones respectively. The partition function 
DC(I) of C(I) is DCq.(o) itself, t. e. 

(5. I) 

The C(Il) is derived from Cq.(O) by extracting an adatom from outside the 0* 

and putting the extracted one on either of the constituent a's of the a*. The 
free energy of the assembly decreases by the extraction from -kTln DCq.(o) by 
the chemical potential fJ-H = - kT In pH assigned to a single atom, where k is 
the BOLTzMANN constant and pH is the appropriate factor of multiplication of 
the partition function. By putting the extracted adatom in a definite con­
stituent site of the unoccupied 0*, the free energy increases by the work -kT 
In qH required to transfer an adatom from its standard state to the site. The 
latter work is expressed as -kTln qH= -kTln q~+ (u-u1)O, where -kTln q~ 
is the particular value of - k Tin qH in the absence of environing adatoms and 
(u-u1)O is the additional work due to the repulsion exerted by the latter, which 
is approximated by the appropriate potential assumed to be proportional to 0 

with the constant of proportion U-U1, i. e. the repulsive potential U at full 
occupation of the environing sites less that U 1 due to an adatom on the other 
constituent site of the a*, which is vacant with certainty in this case. The 
free energy of the resultant assembly is now -kTln DCa.(o) plus the above in­
crements, i. e. -kTln CCq.(O) +kTlnpH-kTln q~ + (u-uJO, its BOLTzMANK 
factor being the appropriate partition function, i. e. CCq'(O)q~ exp { - (u- ur)OlkT} 
IpH. The partition function DC(II) of C(II) is the sum of the two identical 
partition functions respectively appropriate to one of the two physicallys identical 
constituent sites of the a* to be occupied, i. e. 

(5. II) 

The C(III) is derived from C(I), i. e. Ca.(O) by extracting two adatoms from 
outside the a* and putting them in it. The free energy -kTlnDC.(o) of C(I) 
decreases by the extraction twice as much as that in case of a single adatom 
extracted, i. e. by 2fJ-H = - 2kT In pH and increases by putting them in the a* by 
-2kTlnq~+2(u-ul)O+ur, where -2kTlnq~+2(u-ul)O is twice the above 
formulated work required to transfer an adatom from its standard state to a 
definide site in the 0* and the last term U 1 is the additional work required 
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to overcome the mutual repulsion between the two adatoms transferred. The 
free energy -kTln GC(III) of the resultant assembly is --kTln DCd,(o) plus the 
increment, i.e. -kTlnGCo.(0)+2kTlnpR-2kTlnq~+2(u-ul)O+ul' hence its 
BOL TZMANN factor DC(III), i. e. 

DC(III) = DCo' Co) [q~exp {-(u-uJO/kT} /puT exp( -ul/kT). 

(5. III) 

The CC is now the sum of DC(I), DC(II) and DC(III) given by the above 
equations, i. e. 

(6. a) 

where 

(6. b) 

and 

~ = exp (-uJRT); (6. c) 

u and U I are respectively referred to one mol adatom m (6) m line with (3) 
given in the previous work'). 

We have now from (4) and (6.a) 

8 0'(0) = (1+2p+~p2tl. (7. a) 

The <prO) is defined in line with (3), as 

<prO) = (1-0t2(1 +2p+~p2)~I. (7. b) 

§ 2. Formulation of () 

Our application of (7) requires yet the formulation of 0 in terms of p and 
~ . We see from the above derivation that the partition function DCG(R) of the 

assembly C,(R)' where a definite one, say aI, of the two constituent sites of the 
a* is occupied, is expressed by the sum of DC(II)/2 and DC(III), which cor­
respond respectively to the two possible states of Co(R) , i. e. those associated 
with vacancy and occupancy of a2. We have hence from (5.Il) and (5. Ill) 
with reference to (6. b) and (6. c) 

CCo(R) = DC,.(o)(p+~p2). 

The 0 is now the ratio of DCo(R) to DC, hence according to the above equation 
and (6.a) 

0= p(l +~(3)/(1 + 2p +~p2), (8. a) 

from which it follows immediately that 

1-0 = (1 + p)/(l +2p+~p2) (8. b) 
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and 

8/(1-8) = (3(1+t;(3)/(1+(3). (8. c) 

The e.,(O) and 8 are thus formulated consistently by dealing equally with the 
two constituent sites of a* as (7. a) and (8). 

In the previous paper fJl in (3. a) has been derived taking the absence of the neighbouring 

adatom in the same ,,* discretely into account in accordance with the present approximation, 

but the fJ there has not, as mentioned in the introduction. Eq. (8) gives now the fJ in accord· 

ance with the present approximation. It is hence shown as below that 1-fJ' in the previous 

paper') and 1- fJ of (8) give (7. a) consistently according to (3. a). The fJ' is given by the 

two equations derived toward the end of § 9 of the previous paper'), i. e. 

pH = 1 ~/fJl qH', qH' = q~ exp ( _ ~; ) , 

where u l is according to Eq. (3.3) in the previous paper') 

u l = U-Ul, 

and pH, q~l, U and Ul are respectively of the same meanings as those in the present paper. 

Eliminating qH' and u' from the above three equations, we have 

H _ 1-fJ' H {_ (u-uJ) fJ } 
P - fJl qo exp RT 

or referring to (6. b), 

1-fJ' = 1/(1+/3), 

which reproduces (7. a) as combined with (8. b) accordings to (3. a). 

§ 3. r(O) -== a In q; (0) /ao 

The present revIsIon of e.,(O) makes difference III T, if at all, through 
r(8)-==a In ip(8)/a8 in the equation 

T = 2u-u*+2RT/8+RTr(8) , (9) 
u+RT/8(1-8) 

which has been derived in the previous work') and holds formally as well 
for the present approximation, where u* is the repulsive potential of the critical 
complex at 8=1. The r(O) is derived from (7.b) as*) 

* ) We have from (7. b) 

r (fJ) == a In if (o)/afJ = 2'1' (0)(1-0) {1+2iH~/32-I1-fJ) (1+/3~) a/3/afJ} , 

where a/3/afJ is obtained by differentiation of (8. c) as 

~ = j3(1+t3)(lHt3)._ 
afJ fJ (1-fJ)(1+2~/3+~/32) . 

On substitution, we have 

r(fJ) = 2'1'(0)(1-fJ) {1+ 2/3HfP 
j3(l+i1)(lHt3)2 } 
fJ(1+2~/1Hi12) . 

Eq. (10) is arrived at by replacing 1+2i1+~i12 for the factor i1(l+~i1)/fJ in the second term 
in the parentheses { } according to (8. a) and substituting 'I' (fJ) from (7. b). 
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r({)) = _~ ... 2P(I-~)_ 
(1- 0) (1 + 2~(3 + ~(2) 

(10) 

Eq. (10) shows that I'({)) is essentially negative, since p, ~ and 1-{) are all 
positive and ~ is less than unity according to (6.c) because of the positive 
repulsive potential U t , 1. e. 

I' ({)) < 0 . (11) 

§ 4. Numerical Results 

It follows from (8. c), noting both p and ~ are positive by definition, that 
(3 = 0 or p-o. 00 according as () = 0 or {)-o.1 and in consequence from (7. b)*) 

$0(0)= 1, $O(I)=~, (12. a), (12. b) 

which are in coincidence with those derived from (3. b). 
We have on the other hand from (10)**) 

1'(0) = 0, 1'(1) = 2(;-1), (13. a), (13. b) 

which contrast with those obtained from (3. b), 1. e. 

1'(0) =0, 

TABLE 1. Revised Values of lfJ(fJ), 1(11) and 2u-u'" and 
the Lower Bound -2(1/rI+u t /RT) to 7(1J)::'**) 

u=25 Kcal, U t =1.38 Kcal, ,=0.52, 25°C. 

o 
'~~'-I-'--'~~C~~~~~=T~=~!==--

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

'P(O) ! 0.989 0.947 0.854 0.690 0.476 0.303 0.205 

i 0.241 0.674 1.477 2.895 4.409 4.343 3.445 

124.66 14.66 11.32 9.66 I 8.66 7.99 7.51 

4.72 9.40 11.39 113.04 14.47 14.88 14.82 

-r(o) 

( 
1 U,) 

2 0+ RT 

2u-u* Kcal 
I 

*) We have from (S.c) lim (3(l-O) = limO,l.±fl.... = ~1, hence from (7. b) 
'8 .. t 8~t 1+${3 

\1'(1) = lim{(1-0)2+2(1-0)2i3H(1-O)2i32}-t = ( 
8 .. , 

**) The r (1) is evaluated by writing (10) in the form 

r(o) = 2(~-1){(1-0)liH 2W-O)+W-O)i3}-'t 

and noting that lim (3(l-O)=~-t as shown in the above footnote *). 
8 ~t 

0.151 

2.694 

7.16 

0.9 

0.119 

2.171 

6.88 

***) This contrasts with the Table on p. 68 in the previous paper'>' which contains 
the values of \1'(0), r(o) and 2u-u* as based on (3. b). The minus sign of r(O) is 
missing in the latter Table by misprint. 
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The Table 1 shows the revised values of !p(O) and r(O) at 25°C calculated 
respectively by (7. b) and (10) with reference to (8) and (6. c) at different values 
of 0, as well as the values of 2u-u* reversely calculated by (9) on the base 
of the revised equation of r (0) from the same fundamental values, i. e. u = 25 Kcal, 
u, = 1.38 Kcal and ,= 0.52. The present revision makes some difference in the 
numerical results as seen in the Table in comparison with the previous one'). 
It may be noted that the values of 2u - u* reversely calculated from the con­
stant value of " keeps appreciably constant for 0>0.5 as compared with in 
the previous case'), which means that , remains more precisely constant for 
ca. 0.4 volt range*) of "1). 

The saturation current density and its temperature coefficient evaluated in 
the previous work9) hold good just as they stand even on the basis of the 

present approximation, because !p(O) is the only factor in i which is liable to 
alteration along with the revision, but not at 0= 1 particularly as seen in (12. b), 
where the current density attains its saturation value according to the catalytic 
mechanism. 

§ 5. Positive Proper Fraction of 't' 

Arguments were advanced in the previous paper') verifying that, remained 
a positive proper fraction for 0> 0.5 according to the theory of catalytic mecha­
nism**). It is now shown below that the similar arguments apply with some 
alteration on the basis of the present approximation. 

We have, as shown in the previous paper'), 

u<u*<2u·2u" (14) 

which holds good irrespective of the approximation. It follows from the above 
inequatities by subtracting 2u from all the members and inverting their signs, 
that 

*) The range of r; over which z: stays nearly constant i;; calculated as follows. The chemical 
potential IlH of adatom assigned to one mol is expressed as ~ RT In pH as stated in § 1 
on the one hand and as IlH = Ilt1 + Fr; according to Eq s. (4. l. H) and (4.2) in Ref. (9) on the 
other hand, where Ilf is the value of Illi at r; = 0 and the sign of r; is reversed from that 
in the previous paper'). kf footnote *) on p. 164]. It follows that Fr;= RT In (qr)pll) + 
constant, inasmuch as q"[l is a constant at constant temperature [cf § 1]. Eqs. (6. b) and 
(S) determine now the value of q~! /pH as a function of fJ. The range of r; is calculated 
by the equation, Fr;=RTlnqll/pll+constant, from the values of q~jpll at fJ=ca. 0.5 and 
ca.O.S. 

**) The arguments have been presented for fJ>0.6 in the previous paper'), but found later 
to hold good as they are for fJ> 0.5. 
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u>2u-u*>O, (15) 

inasmuch as U 1 is positive. The term 2RT/1J in (9) is now positive and smaller 
than RT / {O(1-0)} for 0>0.5. It follows that, by crossing out the term RTr(O) 
in (9), its right-hand side becomes a positive proper fraction as well as an upper 
bound to 7: according to (11) and (15), i. e. 

7: < 2u-u*+2RT/O . 
u+RT/{1J(1-0)} 

We see on the other hand in Table 1 

r(o» -2/0-2u1/RT. 

(16. a) 

Substituting the right-hand side of the above inequality for r(O) in (9), we have 

2u-u*-2u 
7: > 1 

U + RT/{O(l-lJ)} 
(16. b) 

The numerator of the right-hand side of (16. b) is posItIve according to the 
second inequality of (14), but less than u by the first inequality of (15). Since 
RT/O (1--0) in the denominator of (16. b) is positive, the right-hand side of 
(16. b) is a positive proper fraction. It follows that 7: is a positive proper 
fraction for IJ>O.5, where 7: lies between the two positive proper fractions 
according to (16). 

§ 6. Conclusion 

The approximation of \0 (0) has been improved from (3. b) used in the pre­
vious paper') to (7. b) in the present one and the numerical results obtained and 
the auguments advanced in the previous paper') have been revised on the base 
of (7. b). The theoretical value of 7: has been found more closely kept constant 
for IJ>O.5 according to the revised \0(0). 
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