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TAFEL’S CONSTANT AND HYDROGEN ION
CONCENTRATION DEPENDENCE OF OVERVOLTAGE
IN HYDROGEN EVOLUTION REACTION

Part I: Slow Discharge and Electrochemical Mechanisms
By

Akiya Marsupa and Juro Horwn *
(Received December 27, 1958}

Both the TArEeL’s constant and the dependence of overvoltage on
hydrogen ion concentration at constant current density are important
characteristics of hydrogen evolution reaction, which may be taken as
criteria for the underlying mechanim,

Experimentally the Tarrr’s constant has been observed with much
stress. Although the classical kinetics leads to a linear relation between
the logarithm of the current density In7¢ and overvoltage 7 with in-
clinations in terms of the TareL’s constant =(RT/F) (5 In%/37) of values
1/2, 2 and 3/2 respectively for the slow discharge, catalytic and electro-
chemical mechanisms, such simple values of - are not always observed
but there occurs a break on the logi,» -curve, i.e, a jump of  from
a value to another or even an utter deviation from the linear relation.*”
Hogrurt and collaborators have deduced in some special cases allowing
for the interaction between adsorptives by statistical mechanical
method® that the TareL’s constant of the catalytic mechanism is kept
constant near 0.5 over an appreciable range of 7 as observed,”?
while that of the electrochemical mechanism switches from a constant
value 1.5 at lower cathodic polarization to another constant value 0.5
at higher cathodic polarization'® in acecordance with experiments.” It
seems usual however to conclude from the value of the TareL’s constant
near 0.5 exclusively the slow discharge mechanism just in accordance
with the classical kinetics taking no notice of the possible forthcoming
of the same value from other mechanisms.

Frumgin ef al.™® have extensively studied the dependence of over-
voltage on hydrogen ion concentration experimentally, which is an
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important complementarity to the TarrL’s constant as the criterion.
Theoretically the effect has been formulated by Frumxin', Parsoxs'®
and Bockris™ without however taking the specific adsorption of hydro-
gen on the electrode surface explicitly into account in the formula.

One of the present authors'™ has recently developed a systematic
theory of specific adsorption of charged and uncharged hydrogen inter-
mediates, ¢. e., hydrogen ion H* (a), a hydrogen atom H(a) and hydrogen
molecule ion H;(a) which are hitherto severally assumed to exist in
accounting for the experimental results of hydrogen evolution reaction.
It is the purpose of the present paper theoretically to establish these
characteristics of hydrogen evolution reaction as the criteria of the
underlying mechanisms in extension of the above work.”

§1. Model of Hydrogen Electrode

Hydrogen electrode going to be treated in the present paper is
modelled as follows.” There exists, parallel to the electrode surface
C, an adsorption plane P, which holds on it the centers of adsorbed
hydrogen intermediates as well as the critical complex of the rate-
determining step of hydrogen evolution reaction each situated in one
of physically identical sites of adsorption but inside which no ion is
admitted. The electrostatical potential £ and the charge density vary
one-dimensionally along x-axis taken normal to P towards the interior
of the solution with its origin at the electrode
surface C, as shown in Fig. 1; the electrostatic
potential Ep at P is thus determined by the
potential of the electrode £, the charge density
s on P-plane given by the coverage of charged
hydrogen intermediates, and the charge density
P, satisfying the condition that ¢ =0 according
as £ =0, of the electrolyte at outside P-plane
according to one-dimensional Poisson equation.
Besides the electrostatical potential, there exists
the potential of interaction exerted additionally
among hydrogen intermediates each with one
electron, i.e.,, H(a) and H; (a,) which is propor-
tional to the sum of coverages of H(a) and H; (a)
with the common proportionality constant wRT.
The slow discharge (SDM) and the electrochemical mechanisms

Fig. 1.

Model of electrode-
solution boundary.
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(ECM) are dealt with on the base of the model described above in the
present paper. The rate-determining step of the respective mechanisms
and the appropriate equilibrium relations are expressed as:

H*(a)+e — H(a), 2H(a)== H,, H*(a) ~— H*
(1.S.a), 1.8.b), (1.S.¢)
or
H; (a)+e — H,, H(a) = 2H"(a)+e, H*(a) = H*
(1.E.a), 1.E.b), (1.E.¢)

for SDM or ECM™® respectively, where e is an electron in the electrode
metal and (a) shwos the adsorbed state and —> or == the rate-deter-
mining step or the equilibrium relation respectively. Similar general
treatment of catalytic mechanism is left to later papers, which has
been treated by Homium® taking the repulsive potential among H(a)'s
into account in a special case when H*(a) is absent.

§2. General Formulation of TAFEL’s Constant and
Dependence of Overvoltage on Hydrogen
Ion Concentration

The steady current density ¢ of the respective mechanisms is

generally formulated below, from which the Tarrr’s constant r= —
(RT/F) (3 1ni/37) and the dependence 7= —(3F%/3;™"), of 7 on the hydrogen
jon concentration or on the appropriate chemical potential ™  are

deduced.
The steady current density at cathodic polarization is generally

expressed by the rate 7, of the rate-determining step and its sto-
ichiometric number v, as®:

. *
i = 2F v, ZF ] _kzi 71’)*77 , (2. 1)

TV; v, N, v, h p

where © is the transmission coefficient, k or &k the Praxck or Borrzywany

*) The initial complex of the rate-determining step of ECM was originally suggested
(Ref. 18) as consisting of a neutral hydrogen atom and a proton respectively linked to
surface metal atom and to a water molecule. It has been later shown (Ref. 10} that
both its electronic and the nuclear configuration worked out quantum-mechanically
was adequately covered by the word “hydrogen-molecule-ion adsorbed on the electrode’.
The following inference on ECM holds invariably to its original form in so far as the
initial complex I in the latter consists of H+*(a) and H(a) situated in a single +% in
which case the fundamental relation (2.6) reasonablly follows.
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constant, 7' the absolute temperature and F or N, the Farapay’s con-
stant or the Avocapro’s number respectively. The »* or p' is the
Borrzvwann factor of the chemical potential of the critical complex :%

or the initial complex I, ¢.e.,

p*=—RT Inp*, ;= —RTInp". (2.2%), (2.2.1)
The p* is expressed in the case of a heterogeneous step expediently
as®

p* = GOt ,q* , 2. 3)
where G is the number of adsorption sites ¢*'s of the critical complex
per unit area of the electrode surface, #,.,, the probability that ¢* is
free to admit the critical complex, ¢* the Bovrzmann factor of the
reversible work &* required to bring up a critical complex to a definite
preliminarily evacuated o* from standard states of its constituents, ¢.e.,

e* = —RT Ing* 2. 4)
We have the current equation from (2.1), (2.2), (2.8) and (2.4)

. 2F « kT
=S = G9oo exp {—(e*—p")/RT}

or
RTInt =—¢*+,"+RTInOsupn+C, (2.5)
where C=2F/N,-t/v,-kT/h-G is a constant at a constant temperature.
The increment se¢* of &* is expressed, on the other hand, by that
del of e! according to Horrurr and Poranxyr® and Horiuri and Oxayoro™
as

oe* —aqget, (2.6)
80 that the current equation (2.5) is given in the difterential form
RTsIni = —ade'+ 5+ RTS8 In B4, 2.7

where a is a proper fraction and se! is the increment of the reversible
work €' required to bring up I from the standard state of its con-
stituents onto a definite, unoccupied o* to form there a specified state,
which consists of an electron in electrode metal and H* or H; situated
in % respectively in the case of SDM and ECM; denoting the rever-
sible work for H* or H; in ¢* in particular by "' or ¢®', we have

el=e"" 4o (SDM), e'=¢e" 4+, (ECM), (2.8.8.¢),(2.8.E.¢)
and for ,' in accordance with (1.8) and (1. E)

— 9234 —
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fr= 42 (SDM), = p® +p° (ECM).  (2.8.8.4), (2.8.E.p)

Substituting ¢! and ' from (2.8) into (2.7) and identifying ¢* with
the physically identical sites of adsorption in accordance with §1 and
hence 6,., with 6,, we have

RTsIni = —a (@™ +op)+3l+RT51n6, (SDM),  (2.9.8)

RTs i = —a(@e™ +5p9+ 200+ RT51n6, (ECM), (2.9.E)
where

N 2.9.0

The ¢¥* or €™ in the above equation, represented by &7, is ex-
pressed in terms of A, and the occupied fraction 6, of the sites accord-
ing to the relation™

0, =80,exp(—o’/RET) , (2.10.a)
where

20,46, =1 (2.10.b)
and

W =el—p, (2.10.¢)

so that we have eliminating ¢’ and «’ from (2.9) and (2.10)

RT6Ini=(1—a)ol+aRT5n % +RT51né, (SDM), (2.11.S)

[]

RT31ni = 2(1—a)sl+aRT5In % +RTsIn6, (ECM),(2.11.E)

[

where ¢ in (2.11.S) or (2.11.E) denotes the covered fraction of H*(a) or
H.)(a) respectively.

The ¢ and 6, in (2.11) are, as shown in the next section, functions
of Il and A, i.e.,

b= (2.12.3)

at constant temperature, while

L (2.12.b)

= —
2

according to (2.9.0) and to the definition of overpotential Fv:%,ﬁz-
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2 —po. It follows from (2.11) that ¢ is a function of [ and h and
hence

RT /5Ini 3lne
T= - S — RT(.
F \ 977 )h \ Bl >/,
Ins 3lni af . ~alni af
— RT (2 +RT N +RT o),
< al >,,,Hu ( af ),,h< al >,L < ad, )Z,(,(al)h
(2.13. )
and
- aFy al alnd / 5lni
T = — (L V= _"_ _ (" el
( a,uH+> <ah>i < oh >l < al )h
as deduced from the equation
. ralni alnzy .
RT3Ini=RT (2 A+RT(22"Y sh =0,
o ( al ),L * < ah >ZO
or according to (2.13.7)
RT (/3lniy\ /a0 slniy  /80,\
y L AN 4 Py 1 (2.18.7
T l< £l >1,50< ah), < a0, ),,,,<ah>ll ( )
el afl al /3l .
The [—=—) , 8, (= d (== to be deter d f
) (al )h <al >h (ah >l an (ah >l are yet to be determined for
evaluating - and 7 in the respective cases of mechanism.
§3. Functions 0/s and 0, of 7 and I
The €’ in (2.10) is given as™
s/ = ej+z,F'E, , (3.1

where €/ is a constant at constant temperature, z; the number of charge
of j-th intermediate; F'E} has beed worked out as a function of ! and
h,7* f. e, as

o (FFEy) = a,0h—a,dl, (3.2
where
\Bfﬁ + F{ _%%
a,= - A% \OhJum (3.3.h)

D. D, » <3El)a~< 3s _>H ’

drxe, 4m oF,

*) See Appendix.
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()
o = 4rxe al /aepn
! De Dy 5 3K\ _/ as )
Ay, Arx aE’P< ax) < aE‘P> -

The 7 is on the other hand given as a function of I and h by
(2.9.0) and (2.12.a) according to the appropriate equilibrium relations,
so that ¢, and 6, are functions of ! and % according to (2.10) at constant
temperature. Differential coeflicients (a0/al),, (30,/30)., (36/ah), and (6,/3h),
required for evaluating - and 7 depend of course on the sort of I and
the coexisting intermediates. These will be developed in subsequent
sections for the slow discharge and the electrochemical mechanism
severally.

3.3.D)

§4. The Slow Discharge Mechanism

It is assumed in this case that H(a) and H*(a) are only intermediates
existent in the sites on the P-plane™, although H, (a) is not altogether
excluded from being a predominant intermediate inspite of the rate-
determining step of (1.8.a).®> We have by (2.10) for the intermediate
H(a)

o — e, juf— — RT3 1n ZH , (4.1.3), (4.1.b)
since 44" =0 according to the equilibrium relation (1.S.b). The incre-
ment Je™ of adsorption energy due to the interaction potential exerted
by surrounding adsorptives is given according to §1 as

e = uw RT o6y 4. 2)

and hence we have from (4.1) and (4.2)

RT51n Zi Y uRT 0y = 0 . 4. 3)

a

For the intermediate H*(a) we have according to (2.10), (3.1), (2.12.a)
and (1.8.¢)
qH+

B = 5™ —op™T® = 5elT + 5(FEp)—oh | (4. 4.a)

5" = —RT31n -0 (4.4.b)

4

*) According to the conclusion of the previous work'” H+(a) and Hj(a) appear rather
alternatively coexisting only in a narrow range of 7 or [, whereas H(a) exists in the
case of SDM constantly in equilibrium with gaseous hydrogen.



Journal of the Research Institute for Catalysis

Ignoring 8" in accordance with §1, we have for H*(a)

Sh—3(FEy) ~ RT51n z (4.5)

[

or according to (3.2) as

(A—aoh+adl = RT8In6—RT51n b, 4. 6)
It follows from (4.3), (4.6) and the relation

ﬁ+0}{+0o:1 (4.7)
that

RT a0\ _ RT (a86\ _ 6(1—6+ubxf) 4.8

al < al )h 1'_ah<ah/ )l 1+u01{(1—0H) ’ ( : .a)

RT 186, _ RT /a,\ _ _  06,(1+uby) 4.8 b

a, <al‘>,. 1——a,,< ah >, 1+uby(1—6g) “8.5)

The r and 7 for the slow discharge are now given substituting
(36/3D), etc. from (4.8) into (2.18) refering to (2.11) as

—0 4 ubly {(1—0)a—6}
=(1—a)+ 2 H i 4.9.
= e Truby (=6 4.9
’ z 1+ ubfa(1—05) (A=) (4.9.7
or in the absence of H(a) in particular, simply as
r={1—a)+(@a—0a,, (4.10.7)
r=—Y @0 1—ay) . (4.9.7)
T

The 4, and a; in the above equations are developed for SDM as
follows. Differential coefficients (3s/3h), z,, (3s/3l),, 5, and (3s/3E,),, in
(3.3) are given by (4.3), (4.5) and (4.7), expressing the charge density
s on P-plane by the surface coverage of H'(a) as

55 = if 36 (4.11)

A

in the form

P = (2 _ GF 00—6rubd) (4 3y
(ah>1,E,, (aE’P>,‘,, NART 1+WH(1—‘0H) ( 1 h'EP)
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F{% =0. 4.12.1
( al >n,Ep ( )
We have thus substituting (3s/ah),, 5, etc. from (4.12) into (3.3)

Dy , GF* 0(Q—0+ufuf,)
drwe  N,RT 1+uln(l—0n) (4.13.h)

“= D, __in@g) ~ _GF* §(1—0 +ububy) ’
drnry 4dr 3K\ NET 1+ufy(1—0x)
_DP_
a4 = 42y | (4.13.0)

Dy Dy 3 <£> 4 _GF?* 6(1—0+ubnfy)
drnx, dr aEp\3x/, NLRET 1+ufu(l—0y)

or when (Ha) is absent in particular

Dy | GF _s0q_¢
4z  N,RT (4. 14. )

“= D, Dy 5 (aE’> ; GF 0 g
47Tx1> 477.' aEP . % a NART
Dy
a, = dray . (4.14.1)

De D 3 (ﬁ) + G pa—g)
4y 47 s Ep\ 3z N RT

It can be seen from (4.18) that ¢, and a, are positive proper fractions
D, 2 ( EY;
471' aEP or

0<a,«<1, O<a,<1. (4.15.h), (4.15.1)
The ¢ is expressed identically by transforming (4.9.7) as

r=1-Sa(layt IAEW) Vg oy1—g) 410+ Wn(1—0—0g)
| 1+uby(1—6y) J 1 +uby (1 —6y)
The second member of the above equation shows that r never exceed
1 since the second term of the member is positive according to (4.15.0),
while the third member that r is positive inasmuch as 1—f—60g as

well as 1-—6 is positive acecording to (4.7), i.e.,

since

) is negative,® i.e.,

a;.

0<r<l1, (4. 16)

Particularly when there is no specific adsorption on the electrode sur-

*) See Appendix.
—_ 239 J—



Journal of the Research Institute for Catalysis

face and E.-potential is kept constant, ¢.e. a,=a,=0, r and 7 are simply
given by (4.10) as

r=1—a, 7=—-%_, (4.17.2), (4.17.7)
1—a

as has been previously derived by Fruwxin'® for the particular case.

§5. The Electrochemical Mechanism

As shown in (1.E) intermediates H*(a) and H,(a) are involved in
the hydrogen electrode reaction of the electrochemical mechanism,
although H (a) is not altogether excluded similarly as HJ(a) in the case
of SDM. The isotherm of H; (a)is written according to (2.10) and (3.1) as

Swls = 3eMd — 3™ = 3ell +3(FE,)—ou™ @ (5. 1.2)

swfs — —RTomm 2, (5.1.b)
where

O @ = 25,7 4 5p° (5.2)

by (L.E.b) and (1.E.c) and

oels — wRT 50 (5.3)

according to §1.
We have thus from (5.1), (5.2), (5.3), (2.9.0) and (2.12.a)

oh+ol—3(FEs) = RT3In % +u RT3 5. 4)

0

We have on the other hand from (4.5) for H' (a)

oh—3(FEy) = RT3 In ‘L;L : (5. 5)

0

rewriting f# there into 6y+. Eq. (6.4) and (5.5) are written in accoor-
dance with (3.2) as

(1—a,) h+(1+a)sl = RT ln% +uRTo0 , 5.6. Hy)

0

(1—ay)oh+adl — RT3 1n fn* | (5. 6. H*)

]

— 240 —
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from which we have (86/3l), ete. remembering 69+ §0u+ +66,=0 as

rr(20\ —0d—0+0m) 5.7.

< al )h & 1+uf(l—6) o1

RT< ao,,> 00+ —0,+ w0 i} (5.7.b)
ol o 1+uf (1—0) ’

Rr(2) = Whl—a) (6.7.¢)
oh )\ m  1+ub(1—6)

RT( 2% ) =- Oo{1—bo+ Uiy} (1—as) (5.7.d)

oh /im, 1+uf(1-0)

The r and 7 are now expressed by (2.18) and (5.7) in the form

c=o(l—a)t 90 atO—1+@—1ublu:
1-+ub (1—0) 1+ub (1—6)
(5.8.7)
_ 1 a+6,—1+(@@a—1)u¥bg+
T=—-—= 1—' , 5. S.T
: lrupi—g) 1T (5.8.7)
or particularly in the absence of H*(a) simply
—0
== 2 1—— + __a—__,_ 1 + , 5. 9'
P2l 1Twi—g (5.9.7)
1 a—0
TE =g () 5.9.7
- Trwa—g T (5.9.7)

Differential coefficients (3s/3h),, , efc. in the expressions of «, and

a, are given according to (5.4) and (5.5) by expressing the charge
density s on P-plane as

GF

¥4

3s = (60 +89+) , (5. 10)

and noting the relation 89+ 06g- +66,=0 as

P8 - (38 - GF 6(—bt+uffa) g p
(ah ),E <aEP>,,,, N.RT ~ 1+ub(1—6) ( Ex)

oy - GFF 66, 5.11.1
(al >EP N.RT 1+ud(1—6) ( )

Substituting (5.11) into (3.3) we have
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Dy, GF* 6,(1—0,+uby)
dewe  NLBT ~ 1+uf (1—6) .12, by
y 612

= p _Dr 8 (LE> 4+ GF* 0,(1—0,+ufly-
47Txp 4r aEp o NART 1+uf (1_0)
D m.
al — 471'311: NART 1 +u0 (1 _0) ) , (5. 12' l)

D, Dy 3 (3E‘_)+ GF* 6,(1—0,+uf0y+

dzwy dn oEx\ oz /., N,RT 1+uf(1—6)

or in the particular case when H¥(a) is absent as
D. ., GF* 6,10,
4, = 4y N,RT 1+ub(1—6) , (5.13. %)

D, D, o <£)+ GF* 0,(1—0)
ot /o N.RT 1+uf (1—6)

471(1}1: 4Tf aEP
Dy  GF 06,
B dnxy NLRT 1+uf(1-—6) . (5.13.1)

“T D ~De o By, GF 000
471'1;? 471' aEP ox NART 1+uﬁ(1_‘0)

It can be seen from (5.12) that a, is a positive proper fraction, while

a, is a positive or negative proper fraction since D, » <£> is
47 dE» \ 3z /,

a negative, <. e.,
0<a,<1l, —1l<a <1, (5,14.h), (6.14.0)

The equation (5.8) shows that if E.-potential is kept constant, <.e.
a,=a,;=0, v takes a value between 2—a and 1—a depending on the
surface coverage of H}(a), Particularly when there is no specific
adsorption on the electrode surface and FE.-potential is kept constant
r and 7 are simply given as

t=2—a, 7T=—--2%_, (5.15.7), (6.15.7)

§6. Discussion of 7 and 7

The =, 7, a, and a, derived in the preceding section will be dis-
cussed here for the special case of SDM and ECM when the electrolyte
is uni-uni-valent and of concentration n=0.1N, D=40, D =10, z,=1A

*) See Appendix.
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and G=10%, assuming a=1/2. The expressions of z, 7, a, and a; in this
case are given in table I.

TaBLE I. The r, 7, a, and a, in SDM and ECM

a—6 +ufu {{1—6n) « — 6}

= (1—a)+
’ = (l=a) 1 +ufu (1 —0n) a
o L @ — 0 + ufr {(1—0n) a — 6} (1 anl
- 1 + wls (1—6m) "
Ly 14301~ 0+umdy
SDM . 1+ ufr (1—6m)
h =
FE» 1430 (1 — 6 + ufnby)
+
J 1+02 cosh - o + = pm (1 — o)
{ a _ 1'—"—_‘_ e
L =
FEy 1430 (1 — 0 + ufubo)
’ 1+02 cosh o 1+ ufu (1 — 68)
a—0  atf—1+(a—1)ubfu-+
A T T 1+ud (i-0) e
_ 1 a+60,—1+ (a—1)udbm+
r=-— 1+ud (1—6) (1—an)
1+ 14360 (1 — 6o + ufbu+)
ECM an = = 1+uo (1?0) )
) Ev 14360 (1 — 6o + ubfu+
. +
1+02 cosh o 1+u8 (1—6)
14306,
. 1+ub(1—0)
L =
FE» 1430, (1— 6, + u60m+)
+0.
1+0.2 eosh 5pr 1+ub(l— 6)

We see from table I with respect to a, and a, that:
i) O<a,<l, O0<a, <1 for SDM, 6.1.95)
0<a,<l, —l<a, <1 for ECM. 6.1.E)

ii) a, and a, tend to zero in either mechanism with increase of
|Es| irrespective of the state of specific adsorption, ¢.e.

a,=a,~0 at |Ep| > 400 mv, 6.2

iii) when the surface is bare or fully covered with H*(a) in SDM
or with H;(a) in ECM,
a,=a; =1 at |Ey| =0. (6.3)

In SDM in particular we see from (6.2), (6.3) and Table I that:
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i) with inerease of |F:|, r tends to 0.5 irrespective of the state
of specific adsorption, while ¥ to a definite value dependent
on the state of specific adsorption.

ii) when the surface is bare, we have
r=1—a+tan, 7=—2(1—a,),
thus according to (6.2) and (6.3)
t=05, 7T=—1 at |&:] > 400mv
or
’Z:]., T:O at ’p:().
iii) when the surface is fully covered with H*(a),
c=l-al-a), T=1(1-ad-a)
T
and thus
t=05, 7=1 at |Ep|>400 mv
r=0, 71=1 at E.—0.

iv)  never exceeds 1 thrughout the whole range of ¢ and E,.
V) 7 changes sign at a certain state of specific adsorption. Ex-
treme cases ii) and iii) are summarized in Table II.

TasrE II. The 7 and 7 for SDM.

T T
~. ) U ' B
0\@’ ) | Er| > 400 \(,\fj ¥ \[ 0 | [ Ep| > 400
\\ y ——— e “,, —
0 1 0.5 0 ‘ o -1
% \
1 0 05 : ‘1 i 1 ; 1

Table II indicates the change of r and 7 along with the variation of
E-potential and 6, or the break down of the appropriate linear relation.

In the electrochemical mechanism we see from (6.2), (6.3) and
Table I that:

i) v tends with increase of |E}p| to a definite value 2(1—a)+
ﬂo;(;(lﬁjﬁj which lies between 1.5 and 0.5 depending on the
“magnitude of 6, and 7 to a limiting value
1 a+6,—1+(@—1)ublfy.

T 1+ uf(1—6)
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ii) when the surface is bare r=2—a+aa, 7= % (1- a,), thus

according to (6.2) and (6.3)

r=15, T=- é at |E.| > 400 mv,
=2, r=10 at E,=0.
iii) when the surface is fully covered with H;j (a)
c=(1-a)(l—a), 7="1(1-a)l-a,)
and thus
r=05, T=1 at |E%| > 400 mv
=0, r=1 at Ery =90.

iv) r never exceeds 2 throughout the whole range of # and E}.
V) 7 changes sign at a certain state of specific adsorption.
Extreme cases ii) and iii) are summarized in Table III.

TasrLe III. The ¢ and 7 for ECM

T 7
PG | Ev] > 400 p Ep 0 | Ev| > 400
,,,,,, | - e e RN S
o 2 15 o 0 ~ -3
1 b0 0.5 1 1 1

Table III indicates the change of r and 7 along with the variation
of Ep-potential and 6, or the break down of the appropriate linear
relation as in the case of SDM.

The most striking difference between the slow discharge and the
electrochemical mechanism is that:

the TarEen’s constant is fixed at 0.5 irrespective of the state of
specific adsorption in large |E:| in the slow discharge mecha-
nism, while in the electrochemical mechanism the TarEeL’s
constant varies from 15 to 0.5 depending on the state of
specific adsorption, in spite of a being fixed constant at 0.5.

Detailled discussions of r and 7 with reference to experimental

results will be given in later papers.
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Summary

The TarEer’s constant r and the coeflicient v of dependence of over-
voltage on hydrogen ion concentration in the hydrogen evolution reaction
were derived for the slow discharge mechanism (SDM) and the eleciro-
chemical mechanism (ECM) from the steady current equation on ths
base of the theory of hydrogen intermediates (Ref. 17) assuming the
rule de* ==ade! (Ref. 19), where s&* is the increment of the energy &*
of the eritical complex of the rate-determining stap, 3¢' the increment
of the energy &' of the initial complex [ situated in the same site as
that of the critical complex, and a a constant near 0.5.

The r and 7 were shown strongly dependent on the state of specifie
adsorption (SSA) on the electrode surface and electrostatic potentiai
FE. at the adsorption layer, i.e.

i) for SDM in the neighbourhood of F,.=0, + lies between 0 and
1 depending on SSA and 7 is practically zero irrespective of
SSA, while with increase of |E5|, « tends to 0.5 irrespective of
SSA and 7 to a value between --1 and 1 depending on SSA.

ii) for ECM in the neighbourhood of E\,=0, r lies between 2 and
0 depending on SSA and 7 is practically zero irrespective of
SSA, while with increase of |K,|, r tends to a definite value
between 1.5 and 0.5, whereas 7 to a value hetween —1/3 and
1 both depending on SSA.

It was emphasized as the conclusion that - of SDM can neither
exceed 1 throughout whole region of polarization nor deviate from 1--a
at large |Ey|,

The deviation of the TarerL’s constant from classical kinetic values,
t.e., 05 (SDM) and 1.5 (ECM), or the deviation from the Tarer’s linear
relation, or the appearance of a break on log 7, y-curve and miscellaneous
dependency observed of overvoltage on the hydrogen ion concentration
were shown to be explained on account of the change of SSA and E,.

Appendix

Derivation of @, and &,

The derivation of a, and a, in the original work™ is summarized
in what follows so far as connected with the inference of the present
paper.
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According to our mode] illustrated in Fig. 1 the electric displace-
ment # and the charge density © should satisfy the one-dimensional
Poisson equation

& —p, i
T (1)

where ¢ = —D/Ar-dE/dz, D is dielectric constant and the electrostatic

potential £ is taken zero at x=oc,
The charge density s on P-plane is obtained by integrating (i) as

. frp it .o
Sty = hmJ Pz =5, (11)
z; hed

£50

where z, is the distance between C and P, suffix a or i denotes just
outside or inside P respectively,

AR W sﬂ&é "

plus or minus sign being respectively relevant to negative or positive
FE or E,,

'?942: —

D}’ aE DP
oL £ —F
47 < ) 47 & ) )

E, and E, being electrostatic potential of P and C respectively, and
D, is the dielectric constant between C and P inclusive of just outside
P. We have from (ii), (iii) and (v)
ok
).

=8. (vi)

D
e (g Ey—Dr
4:7Tx]>( F C) 471' <

The £, is expressed in terms of I/, h and the work function i of the
electrode as™®

Eo = -;; (h—1)— A (vii)
and hence (vi) is expressed as
{EP w~(h 1)+z}~xp(2f>u:%%s . (viii)

*) The #° is expressed as #°=—F1—FEc or we have in the text according to (2.9.7).
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Assuming now i constant for a definite electrode, £, is given by

(viii) as a function of ! and h, because (aE‘

\ 3%
(iv), while s is given by the surface coverages of charged hydrogen
intermediates on P-plane which are given in accordance with (2.10),
(8.1) and (4.11) or (5.10) as functions of I, & and FE,. Taking total

differentials of (viii)

> is a function of E, by

l< aﬂlv)zah +< al1> hal F (O g s )(, l(~ 3h]> lah
9By g\ _drxe[/ 35\ [/ BE N o (3EL
+< %l])h” J DPP[(QEP, h,,l( ah >,nh+< all),,”ZJ
38 N 8 i
() (), 4 )

we have

DP * F<Mis—>l I

_  A3FE - 47, ok
= shl)>li ﬂg;ﬁ,_gz’li ’_Ei —(22) >
drx, 4m 3E1»< ax >,L <3E1" iyt
D, <fi>
o= (P 4"““ oL L (xi)

D. D, >3 <3E‘> _<’ s

4drx, 4w 2EL\ 21/, sk’ ,

As seen from (iv) (3K/ax), decreases with increase of E), irrespective
of its sign, i.e.

) sE ..
—(-=) < 0.
aE}.< T ),l (xiD)
Particularly for the uni-uni-valent electrolyte (iv) is integrated as
Dy /3E\ _ /nDRT { e S i
47 < 3 ),, ‘/ 9. ° Tty (xii)
D, a (3E ‘/ nD N .
4z aE’P< 3 )a =—F 82 RT <e e > (xiv)

— 5 Ep
where D :j DpdE/j odE .
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