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" ON THE LAW OF LAIDLER, GLASSTONE
AND EYRING

I. Derivation from the Catalytic Mechanism of

Hydrogen Electrode Reaction
By

Juro Horiutt and Hideaki Kita
(Received January 29, 1964)

Summary

The law of LAIDLER, GLASSTONE and EYRING? states that
logyo B=logigip+ Td logyote/dT

has approximately a common value 3+2 for different hydrogen electrodes, where 7, is the
exchange current density. The log;, B is derived in the present paper with reference to the
catalytic mechanism of the reaction on nickel, in which the rate of hydrogen electrode reaction
is governed by the recombination of hydrogen adatoms on the electrode surface formed by
neutralization of hydrogen ion. The law was similarly theoretically dealt with in a previous
paper® but the theoretical value deduced® was exact only for a sparse coverage of electrode
surface with hydrogen adatom, whereas no experimental data to be compared directly with it
were presented?.

The 7, in the above equation is experimentally determined by extrapolation of cathodic
current density to zero overvoltage by means of the TAFEL law®, which holds, as revealed
by recent investigation®, at fairly large covered fraction @ greater than 0.5.

In the present paper, logiy B determined as above from the extrapolation of i for >05
at 7=0 is theoretically deduced from the catalytic mechanism on nickel on the one hand and
the corresponding experimental values are derived from the results of BOCKRIS and POTTER!®
on the other hand.

The theoretical values thus obtained are found to be slightly greater than the highest of
the widely fluctuating experimental values derived from the results of BOCKRIS and POTTER!®
and fairly larger than the above common value 3=2 which is plausibly attributed to the
deficiency of the proportional approximation resorted to in the present theoretical calculation

for the repulsive interactions between unbonded hydrogen atoms.

Introduction
LAIDLER, GLAsSTONE and EvriNG® found that
log,, B = log,i, + Td log,, i,/dT (1)
has approximately a common value 3+2 for different hydrogen electrodes in
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aqueous solution, where 7, is the so-called exchange current density. These
authors” attributed the common value of log,,B to the commonly existent
substance, i.e. water, as involved in the reaction and proposed an appropriate
mechanism.

Horiuri, Ken, ENYo and Fukupa” have later shown that approximately
the same common value of log,, B is obtained from hydrogen electrode reaction
in nonaqueous electrolyte and even from H,-ND, exchange and parahydrogen
conversion on nickel, expressing their rates formally by current densities as-
sociating two elementary charges with every hydrogen molecule involved in
the heterogeneous reactions. They have calculated” theoretically on the other
hand the values of B, which are in tolerable agreement with experimental
results. In case of hydrogen electrode reaction, the theoretical values of B
have been deduced both from the catalytic as well as the electrochemical me-
chanism®*®. The experimental results and their theoretical interpretation® in-
dicated that the law of LAIDLER et al.” is rather the characteristic of such
reactions as the initial or final system of the rate-determining step consists of
hydrogen molecule or molecules alone. Their theoretical calculations in case
of the catalytic mechanism are on the other hand exact only when the electrode
surface is sparsely covered, whereas recent investigation™* has shown that the
covered fraction amounts to around 0.7, over the range of overvoltage, where
the TAFEL law® is closely obeyed but not at extremely high or low coverage.
The TareL law® is, as well-known, a linear relation observed at constant
temperature between the logarithm of the cathodic current density ¢ and the
overvoltage 5 or the cathodic polarization, i.e.

. F
logii = —=~7 _ +const t, 2
0ol 530 RT constan (2)

where r is the TAFEL constant independent of temperature and overvoltage, F
the Faraday and R the gas constant. The 7, in (1) is now ¢ extrapolated
according to (2) at =0, i.e.
logs 4, = logi i — 7 (ngi’l—) (3)
oy 7

from the range of 7, where the TAFEL law holds.

We will treat 7, in the present work as a physical quantity defined by (3)
rather than as an idealistic exchange current density and deduce B-value theoret-
ically from i, as defined by (3). The log,, B is thus according to (1) and (3)

*) The rate is governed by the recombination of hydrogen adatom formed by neutralization
of hydrogen ion in case of the catalytic mechanism and by neutralization of adsorbed
hydrogen molecule-ion in case of the electrochemical mechanism ; ¢f. Refs. 6) and 7).
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logn B = logi + T(_—6 logwl) —p(—*-——a logwl) ot iy,
oT |, o7 r 0T oy
We see immediately that the last two terms of the above equation cancel each
other, provided that (2) holds exactly, leaving an expression of log,B con-
sisting of the first two terms which has been used in the previous work?. The
log,, B expressed by (4) is now theoretically evaluated according to the catalytic
mechanism over the range of 7, where the TAFEL law has been found to be
obeyed most closely®”, resorting to a recent consistent method of proportional

approximation®.

§ 1. Rate Equation of the Catalytic Mechanism
The rate of hydrogen electrode reaction
2H" +2 =H, (5.a)
is governed, in case of the catalytic mechanism®”, by the recombination
2H (a) —H, (5. b)

of hydrogen adatoms H(a) on the electrode surface, which are formed by the
neutralization of hydrogen ion H by metal electron e.

The present theoretical derivation of B is based on the assumptions that
the seat o* of the critical complex of rate-determining step (5.b) consists of
adjacent two of physically identical sites of hydrogen adatom on each lattice
plane and that the additional potential of H(a) or of constituent hydrogen atom
of the critical complex of (5.b) due to repulsion of surrounding Hfa)s is
proportional to the covered fraction # of electrode surface with H(a) i.e the
proportional approximation.

The 7 in (4) is theoretically formulated as follows. Since every forward
or backward act of the rate-determining step conveys two elementary charges
into the electrode or reversely at the steady state respectively, the observed
current density ¢ is the excess of the forward unidirectional current density i,
over the backward unidirectional one ¢_, respectively associated with the for-
ward and the backward unidirectional rates v, and v_ of (5.a) per unit area, 7.e.

i, =2ev. , i_=2¢v_,

where ¢ is the elementary charge. The forward and the backward rates of an
elementary reaction are given by the generalized theory of reaction rate®™*’ as
v, =(kT[h)exp {{p! —¢*)/RT} and v.=(kT/h)exp {{¢F —*)/RT}, hence

*) Cf. Egs. (8. 12), (24.1%) and (26.1%) of Ref. 8).
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T % F__ %
i, = Ze%exp (\—FL—”—), i_= Zs%exp(%),

A}

(6.a), (6.b)

assuming the transmission coefficient unity, where p*, p' and p" are the
chemical potentials respectively of the critical complex, initial system and final
system of the rate-determining step (5.b), 4 the BOLTZMANN constant and A
the PLANCK constant.

The ratio i_/i_ is now according to (6)

. . #I_‘uF

i./i. =exp <—~——RT )
or since™

p—pt =2Fy, (7)
we have

. 2Fy

i./i. exp( Y ),

and in consequence 7./i.>100 for »>59mV. at 25°C. It follows that the
directly observed current density /=i, —i  equals practically ¢ at the higher
overvoltage, hence that the TAFEL law states practically the linear relation
between log,,i. and » at higher overvoltage. The i, determined by (3) equals
in consequence physically the exchange current density, provided that the linear
relation between log,,7. and 7 holds down to =0, which is not however assured.

The log,, B is now formulated over the range of 5, where the TarEL law
is most closely obeyed and 7 practically equals 7, as follows. The x* in (6.a)
is expressed according to the generalized theory of reaction rate®** as

/U* = _RTln G*@a*(o)q* 5 ( 8 )

where G* is the number of sites ¢* for the critical complex per unit area,
6,., the probability of ¢* being free to admit a critical complex and g* the

*) Every forward act of the overall reaction (5.a) is completed by twice the neutralization
H++e——H(a) and once the rate-determining step (5.b). The overall reaction being
dammed up by the latter, according to the catalytic mechanism, the free energy decrease
—4F=2p"" 4-2pe— yH, per mol occurrence of the overall reaction (5.a) equals practically
#L—pF of the rate-determining step, where uH"' etc. are chemical potentials of H* etc.
respectively. The —4F is zero in equilibrium, where 2u8% +2u8,=uH., 48, being the
appropriate particular value of pe. It follows from the last two equations — 4F=2(u° — us,),
hence (7) in the text, since —A4F equals practically ul—uF of the rate-determining step
as mentioned above, while p¢—uly is F7 by definition.

%) Cf. §24 and Eq. (8.12) of Ref. 8).
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BoLTzMANN factor of the reversible work required to bring up the constituents
of the critical complex from their respective standard states into a definite o*
kept preliminarily free to admit them with certainty to construct the critical
complex there.

The ¢* in (8) for the catalytic mechanism is expressed in accordance with
the proportional approximation as

g* = q* exp(—u*9/RT), (9)

where @ is the covered fraction of the electrode surface by hydrogen adatoms,
g* the value of ¢* at =0 and «* is the additional potential per mol of the
critical complex due to the repulsion of surrounding adatoms at #=1. The ¢*
is expressed allowing for the five normal modes of vibration of the critical

complex as”*

q*:exp<— E‘T)ﬁh—exp(——ﬁi)r1 (10)

’ RT)i=:| KT )

where E* is the ground state energy per mol of the critical complex and ¥
the frequency of its i-th normal mode of vibration.

The p' in (6.a) is expressed by (7), noting that F=H, in accordance with
(5.b), as

p= e+ 2Fy, ‘ (11)
where p": is the chemical potential of hydrogen around the electrode, hence

0p')oT), = dp™/dT = —S™: (12. a)
and

o p'foTan=0, i (12.b)

where S™: is the partial molar entropy or the entropy of 1 mol pure hydrogen

gas at its partial pressure and temperature in the assembly** in question.
Substituting p* and g respectively from (8) and (11) into (6.a) identifying

7, with 7, we have according to (4) with reference to (9) and (12)
/ *
logue B = logu By + <8Tlogm B0\ ( a0 )
oT , 230R\aT/,
* 2 2
L ¥ 0% ) T log ., O, ’ (13. a)
2.30R onoT onoT

*) The ¢* here is identical with ¢§? given by Eq. (23) of Ref. 7), E¥ here being equal to
sHZ-I—%Zhvi there 7 multiplied by the AVOGADRO number.

**) The assembly means here a macroscopic system in which the hydrogen electrode reac-
tion in question is going on.
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where

1 dTlog, q* SHe
0y _ 13.b
230 T~ 4T ssog oD

is the value of log,,B at #=0, in which case all the other terms on the right
of (13.a) vanish; the first three terms or the last two terms on the right of
(13.a) arise respectively from the first two or the last two terms on the right
of (4).

The first term on the right of (13.b) is calculated at 9.73 for G* =
10®cm™ at 25°C. The third term in (13.b) is evaluated according to (10) on
the base of calculated wave numbers” 936, 687, 1704, 368 and 626 cm™* of
the five normal vibrations of the critical complex, as

dT Ing q;r
dT

The last term of (13.b) is determined from the S™:value?,

SH: = 31.211 cal/deg, 25°C, 760 mmHg,

log,, B, = log,, 2¢ }% G* +

=0.425, 25°C.

admitting that the hydrogen electrode in question is surrounded by hydrogen
of 760 mmHg partial pressure. The numerical value of log,, B, at 25°C is now

log,, B, = 3.33, 25°C. (14)

Other terms in (13.a) are developed and evaluated at a few prescribed
values of @ over its range, where the TAFEL law holds good, in subsequent
sections.

7] " %
§2. 3T 1og. 0, and u ( 30
aT , 230R \aT),

In a previous work” the 6,.,, was equated to (1 —#@)}, which is not exact,
insofar as the repulsive interaction between H{a)’s is taken into account”, in-
asmuch as the probabilities of the two sites constituting ¢* being respectively
occupied or unoccupied are not then independent of each other. In a later
work®, the interaction in question has been taken into account in calculating
6,:0), but the probability of the one, ¢, of the two constituent sites of ¢* being
unoccupied has then been calculated assuming that the repulsive potential due
to an adatom on the other constituent site g, is u,#, where u, is the repulsive
potential between the two adatoms respectively on the two constituent sites,
whereas the unoccupied probability of ¢, with ¢, unoccupied was calculated
for the definite vacancy of ¢,. The two physically identical sites have now
been consistently equally treated in formulating 6,.,, in a later paper®, although
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based on the proportional approximation as yet. The 6,.,, is thus expressed
by the latter approximation®, as

Oy = (1+28+&5)71, (15)
where ,

B =7 exp {—(u—wu)0/RT}, (16. )

T=qp", (16.b)

& =-exp(—uw,/RT), (16. ¢)

u is the additional potential of an adatom due to the repulsion of surrounding
adatoms at §=1, hence («—u,)# the additional potential per mol of H{a) inside
o* due to the repulsion of adatoms outside ¢* in accordance with the pro-
portional approximation, ¢ is the BoLTzmaNN factor of the reversible work
required to bring up a hydrogen atom from its standard state to a definite,
preliminarily evacuated site of adsorption in the absence of surrounding hy-
drogen adatoms and p" the BoLTzMANN factor of the chemical potential of
hydrogen adatom, hence 7 is according to (16.b) that of the reversible work
required to bring up a hydrogen adatom onto a definite, preliminarily evacuated
site from anywhere else in the assembly in the absence of interaction with
surrounding adatoms. The « and u, have been evaluated as®*

u = 25 Kcal/mol, u,=1.38 Kcal/mol. (17.a), (17.b)
The g is derived according to the above definition similarly as (10), as™'"*
i exp— Lo\ 1 {1 _huj>]_l 18
PRI RNEE s

where E& is the ground state energy of hydrogen adatom as referred to the
ground state energy of hydrogen molecule, and v,’s are the frequencies of
normal vibration of the adatom, the appropriate wave numbers #; being”

p; =417, 479 and 1900 cm™. (18.b)
The above definition of p* leads on the other hand readily to the equation
p'=—2RTInp", (19)

inasmuch as the initial system I of the rate-determining step (5.b) consists of
two statistically independent hydrogen adatoms.
The term (07 10g,0,+0/0T), in (13.a) is now developed according to

(15) as

*) Cf. footnote *) on p. 63 of Ref. 10) or § 2 of Ref. 11).
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(0T 10g10 B,40)/3T ), = 10810 O n(s)
— T6,ur) {28(1+E8)(0 logw BT, +£f°d logit /d T} . (20. a)
The Td log,,&/dT in (20.a) is readily determined by (16.c) as
Tdlog, &/dT = u,{2.30 RT . (20. b)

The 8 and its temperature derivative in (20.a) are now determined from
the adsorption isotherm®

0 _ ,1+p5¢ )
PR -
which is derived” dealing equally with two constituent sites of ¢* consistently
as mentioned above. Eq. (21) determines 8 for any prescribed value of 4 with
reference to (16.¢) and (17.b). Differential coefhicients (9 In /67, in (20.a) and
(88/0T), in (13.a) are determined as roots of equations obtained by differentiating
{21) and (16.4a), i.e.

(86/3T), _ (alnﬂ) LB (22. a)
6(1—0) oT |,” 1+&8 RT*
and
[dlngy _ (dTIn7\ _ u—wu (30 29 b
Ing 7 (255 | =% ) % 57, (22 bl
where
~_1 <8 22,
P s 1re (22.¢)
as
1 ;_1i@+(aT1nr) | &8 u, u—u,
dlng) _o1—ol T ToT |,J 1+&38 RT* RT
( oT >,, 1 + Uu—u, ©
6(1—8) RT
(23. a)
and
[_ln‘8+<aTlnT)] R u,
(ao) _ U7 "\t S 1485 RT 25.b)
o7/, 1 u—u, ’
o(1—6)  RT °

The (07 In7/oT), in (23) is evaluated as follows. The 7 is expressed by

— 8§ —
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eliminating ', ¢ and p" from (11), (16.b), (18.a) and (19) as

T=exp<ﬁk;7£‘i)ex (ZRT):Il{ ( %)}

The chemical potential p": of gaseous hydrogen molecule is statistical mechan-
ically developed as™

3/2 2

4= —RTIn (an}ieaT) 4r Isz /N

with good approximation, identifying its vibrational partition function with
unity, where 7 or I is the mass or the moment.of inertia respectively of
hydrogen molecule and N the number of hydrogen molecule per cm’. The N
is given in terms of hydrogen pressure P in mmHg as

N=1.360x980.5 P/kT.
We have from the last three equations

1360 %9805 P o, (Fv EH>

kT RT
7= , , 24.
\/ 2emkTy? 4z IkT fljl—exp _hun (249
ht h? =l ET) S
hence
(0T In7/oT) :iln 1.360 < 980,5-P-h* 7

2 (2emkT V"4 I(kT} 4

3 hy. k 3 hlJ /kT
—Snl1— LIRS B L
jZ M e"p( kT )J i explhy,/kT)—

Numerically we have for m=2.016/6.025 x 10® and I=4.664 x 10" gmcm?® ®
Fp—E¥
RT

(24. b)

7 = 2.909 x 10~ exp ( ) 95°C, P=760 mmHg  (25.a)

and
dTInr)/dT = —7.00, 25°C, (25.b)

irrespective of 7 and Ef.
The 8 is now calculated by (21), (16.c) and (17.b) for the three values
0.6, 0.7 and 0.8 of #, where the TareL law is most precisely reproduced by

*) The BOLTZMANN factor pH: of chemical potential #H: of hydrogen molecule is expressed
as pH:=QH:/N, where QH. is the partition function of a single hydrogen molecule per
unit volume; ¢f. e. g. Eq. (5.5) of Ref. 8).

— 9 —
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the present approximation®* ™), hence 7 by (16.a) and (17), » by (25.a) for
Ef = —12.3 Kcal"®,

(60/0T), by (23.b), (22.¢), (17) and (25.b), and (3 In B/3T), by (23.a) respectively
at 25°C as shown in Table 1. The values of («*/2.30 R)(06/0T), given in the
same Table are computed for the value of u*

u* = 35 Kcal/mol (26)

as deduced from the result of the above mentioned work® *.

§3. 9°6/933T and % 3°Tlog,0,.,/333T

The last two terms of (13.a) are evaluated first by determining 8°0/6707T
as follows. We have by differentiating (23. b) with respect to 7

[ o+ L _
T anaT [ Tap 1+5§ J/ f)
L g8 w, )| 1-—20 u—t

\“*T T4 RT ) 0(1—0) " RT
+(u—u1)u1 ép ( @ _¢):|(alnﬁ) /I 1 LU 2

JVea—e  RT

(RT)P 1+&8\1+¢8 oy
(27)

where

a=—Inp+@T In7/8T), (28. a)
and

__ &8 B 28.

YTy e 28.¢)
noting that

*TIn7 -0 (29)

arjaT

according to (24.a). The ¢,a and ¢ in (27) are evaluated by (22.c), (28) and
(25.b), whereas (0 In 5/dp), in the same equation is determined as follows. We

*) The value of 2u—u* is deduced in Ref. 4) conversely from a constant value 0.52 of
t=(RT/F)(31n#/am)r according to (2) by (6.a), (8), (9), (10), (11), (15), (16), (21) and (24. a)
and found almost stationary at 15Kcal/mol over the range 0.6-0.8 of ¢. This means
conversely that the TAFEL law is most precisely obeyed over the latter range of 8. The
value of «* in the text follows from the above stationary value of 2u—u* and (17. a).



On the Law of Laidler, Glasstone and Eyring I

have from (16.a) and (24.a)

(81n/3> _F  u—u (ﬂ)
oy |r RT RT \ap/,

and from (21) with reference to (22.c)

@06/on), _ (alnﬁ) ,

0(1—6)¢ o
hence from the above two equations
80) _F Iy 1 w—u,)
A 4 30.
(377 r RT/l 0(1—0)¢  RT | (%0-2)
and
amﬁ) - F [ [w—u)0(1-0)¢p)
= 1+ . 30.b
( oy Jr RT/[ RT J ( )

The values of (3Ing/dn), are calculated by (30.b) and (22.c) as shown in
Table 1. Substituting (3 In 8/dp), from (30.b) into (27), we have

0 [fogon o &R\ [y
FoyaT R (1+$ﬁ)2J/ 601 =)

& w, | 1-20  u—wu, .,
1+¢8 RT) 0(1-6 7 "RT *
0(1—0)p)°

(u—ul)ul Sﬁ © 211 __ A\ 2[ (u—u,)
g _1+55(_—1+sﬁ ¢)]a(1 oy [RT:{1+ L=l =0}

+ {ago-l—

(31)

The 8°6/373T is now calculated by (31) referring to (22.c), (28), (16.c) and (17),
hence the value of the second last term in (13.a) by (26) as shown in Table 1.
The last term of (13.a) is evaluated by differentiating (20.a) written in

the form

_ﬁ%ﬁm — —In B, + O {26(1+86)9 In 8o In T+2p%u,[RT}

with respect to 7 as

_0TInO0 _ gpge [IT<3_1”5) 1428840
T o\ T\ Tp ) 2P #)

+$ﬁ(1+ﬁ)%}(%?)T—(Héﬁ);@;ﬁa—i;{%}- (32)

Table 1 shows the values of the last term of (13.a) calculated by (32) using (15),
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TABLE 1. Calculated Values at 25°C and 760mmHg Hydrogen
Partial Pressure Around the Electrode

!
0 0.600 ‘ 0.700 0.800
B 7.256 15.26 32,08
7 0.2817 04032 - 0.5247
(58/5T), 505 10+ | —542 10-¢ —577 102
(31n8/a7T), —0.998 10-2 ~1.1010 2 —12110-2
(3 1n 8/a7)7 6.36 5.97 6.46,
(Llogm> —0.0162 —0.163 —~0.326
aT \
u* a0
~ 53R (aT)v 3.82 415 4412
u*y 220
230K suoT —0.555 —0.985 —0.942
2 £
— g P T 10210000) 0.215 0.593 0510
T
logs B calc. ‘ 6.84 i 6.92 | 6.98

(16.c), (17), the values of 3°4/05dT calculated above and those of (9 1n5/07),,
B and (@ In 5/0n), given in the same Table.

§4. Comparison with Experiment

Bockris and PoTTER'™ have observed the TAFEL lines on nickel electrode
in HClag as well as in NaOHaq at different concentrations and deduced from
their experimental results 7, and dH¥=RT*d Ini,/dT. The log,B calculated
from their data of 7, and 4H} fluctuates between 6.5 and —3.0. The deter-
mination of 4H{ and in consequence of B would probably be associated with
a considerable error in case of this sort of electrode, where the observation
of TAFEL line is not very reproducible. It may be mentioned in this con-
nection, that the experimental value of log, B lies between 2.9 and 5.2” in
case of hydrogen electrode of mercury, where the electrode surface is readily
kept clean and the observation of TAFEL line may be fairly reproducible.
Accurate observation on clean surface of nickel is desirable for a reasonable
check of the theoretical values.

We see from Table 1 that just a little is contributed to log, B by the
last two terms of (13.a), hence by those of (4), which allow for the effect of
deviation from the TAreL law on B-value. We see on the other hand a con-
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siderable positive contribution to the theoretical value of log,, B is made by
the third term —(«*/2.30R)(06/0T), of (13.a), which has been left out in the
previous paper® rendering the calculated value of B even slightly larger than
the highest of the fluctuating experimental values and fairly larger than
the common value 3+2. It has been shown in a previous paper'® that
the proportional approximation resorted to in the present calculation gives
adsorption isotherms appreciably deviating from those of higher approximations,
which are nearly coincident with each other.

The calculation of B by higher approximations is in progress in this
laboratory.
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