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(Received October 23, 1975) 

Abstrrct 

The polarization curves of the electron transfer step of the hydrogen evolution reac

tion on nickel in aqueous Ba(OHlz and Ba(CI04)2 were obtained separately by a galvano

static transient method. 

It was concluded that the electron transfer step was composed of the discharge of 

Batt ion and its rate was expressed by the Tafel equation with the transfer coefficient in 

the cathodic or anodic direction a =0.68 or p=1.37 in terms of the overvoltage component 

caused by charging up of the electric double layer. The exchange rate of the electron 

transfer step was about 750 times larger than that of the overall reaction. 

It has been developed in a series of worksl
-

5
) that the overvoltage 

component 1)1 which is imposed upon the electron transfer step of the 
hydrogen evolution reaction under the stationary polarization may be deter
mined from the polarization resistance of the electron transfer step r1 by 
the equation: 

1)1 = - J: rl di . ( 1 ) 

The polarization resistance r1 can be obtained experimentally by a galvano
static transient method on the basis of the following equations: 

In ( - ,Ji/i;) = t/'rl + In CD , ( 2 ) 

(3 ) 

where Ai is the instantaneous change of the polarization current 1, 7J the 
rate of corresponding change of the overvoltage (taken negative in the 
cathodic direction), 'rl the time constant of the electron transfer step, and 
CD the differential capacity of the electric double layer at the metal solution 

*) Research Institute for Catalysis, Hokkaido University, Sapporo, 060, Japan. 
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interface. YJl thus determined is attributed to the charging up of the electric 
double layer. 

It was previously concluded on the basis of the galvanostatic transient 
studies that in neutral and alkaline solutions with monovalent cations, for 
instance, Na+, Cs+ and Li+, the electron transfer step was the discharge 
of these alkali metal ions, and its rate was expressed by the Tafel equation 
with the transfer coefficient 0.5 in terms of the overvoltage caused by 
charging up of the electric double layer, independent of the change of the 
surface potential caused by the intermediate species on the electrode sur
face. 2-4.6. 7) 

The present work is concerned with the polarization curves of the 
electron transfer step on a nickel hydrogen electrode in aqueous Ba(OH)2 
and Ba(CI04)2 with special attention to the kinetic behavior of the divalent 
cation. 

The preparation of the reagents and the experimental procedure are 
the same as described previously.B) 

The log ( - L1i/i;) VS. t curves obtained from the TJ VS. t curves starting 
from various steady states in O.IN and O.01N Ba(OH)2 at room temperature 
are shown respectively in Figs. 1 and 2. 

From the initial linear part of these curves, CD and '1 are determined 
on the basis of Eq. 2, and r1 is calculated by Eq. 3. The values of CD and 
'1 are plotted against 7J respectively in Figs. 3 and 4. 

As seen from Fig. 3, CD VS. 7J curves have a minimum at TJ-::::; - 250 m V, 

,...-..... 

'~I'~ Is 
~ 

~ 

4.50~----~5~o------~m~o~-----,~~~-----Z~~~ 

t (ps) 

Fig. 1. log (- .diN) vs. t relation obtained from the 1J vs. t curves 
in O.lN Ba(OHlz, pH 12.6 on an evaporated Ni film. The starting 
over voltage in m V, (0) 0, (.) 130, (0) 225, (.) 264, ("7) 306. 
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in contrast to the case of aqueous NaOH 
throughout the electrode potential observed.2

) 

in CD VS. 7] curves may probably be ascribed 
state of the electrode. 

where CD remains constant 
The presence of a minimum 

to the change of the surface 

From the comparison of the 7"1 VS. 7] curves in O.lN and O.OlN solutions 
in Fig. 4, it can be seen that 7"1 in 0.1 N solution remains constant in the 
potential region 0,...... -100 m V and then it begins to d.ecrease with decrease 
of 7], whereas in O.01N solution it shows a gradual decrease with the 
decrease of 7] from the begining of the polarization. 

...--.. 
~I'I':-
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'----' 

~ -.. 
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--.,;-
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t (p.s) 

Fig. 2. log ( - Ji/17) us. t relation obtained from the 7J vs. t curves 
in O.OlN Ba(OHb, pH 11.5 on an evaporated Ni film. The start
ing overvoltage in mY, (0) 0, (e) 116, (0) 246, (.) 272, ("7) 295. 
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°O~---_-,~'O'O------~nL'O----~------L-
I, -£V' -3'0'0 -40'0 
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Fig. 3. Differential capacitance of the double layer, (0) O.lN Ba(OHh, 
pH 12.6; ("7) O.01N Ba(OHh, pH 11.5. 
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--.......... 7J (mV) 

Fig. 4. Time constant of the electron transfer step, (0) O.lN Ba(OH)z, 
pH 12.6; ('7) O.OlN Ba(OHlz, pH 11.5. 

~~----~----~2~----~3------4L---

--_. i (x/O-2Ajcm2) 

Fig. 5. Polarization resistance of the electron transfer step as 
a function of the polarizing current in O.lN Ba(OHlz. 

In the potential region where '<I is kept constant, the electron transfer 
step can be regarded as in equilibrium, since the polarization resistance rl 
is maintained at its equilibrium value in this region. This fact suggests 
that the charging up of the double layer makes a negligible contribution 
to the setting up of the overvoltage in this region. 

The polarization resistance rl in O.IN Ba(OH)2 calculated from CD and 
'<I in Figs. 3 and 4 is shown in Fig. 5 as a function of i which corresponds 
to the overvoltage 1J under the stationary polarization in Fig. 4. From the 
graphical integration of the rl-i curve, the overvoltage of the electron 
transfer step 1)1 can be obtained on the basis of Eq. 1. The relation be
tween log i and 1JI thus obtained in O.IN, O.OIN Ba(OH)z and O.IN Ba(Cl04)z 
is shown in Fig. 6. 
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... 

1 

o -100 

----.,--- 7J 1 em V) 

Fig. 6. Polarization curves of the electron 
transfer step, (0) O.IN Ba(OHl:!, pH 12.6; 
(.) O.OIN Ba(OHh, pH 11.5; (T) O.IN 
Ba(ClO.l:!, pH 10.0. 

Fig. 7. log i vs. 17 relations, 
(o)O.IN Ba(OHb pH 12.6; 
(.) O.OIN Ba(OHh, pH 11.5. 

As seen from Fig. 6, the log i vs. '1)1 curves in O.IN Ba(OH)2 and O.IN 
Ba(Cl04)2 of different pH, respectively 12.6 and 10.0, practically coincide 
with each other within the experimental error, and the polarization curve 
in O.OIN Ba(OH)2 lies below that in O.IN Ba(OHh. It follows from these 
facts that the rate of the electron transfer step depends on the concentra
tion of Batt ion, but not on the pH of the solution. It may hence be 
concluded that the electron transfer step is composed of the discharge of 
Batt ion, similar to the case of discharge of Na + ion in aqueous NaOH.1.2) 

From the linear part of the log i vs. '1)1 curves in Fig. 6, the transfer 
coefficient is found to be 0.68. The exchange rate ilO obtained by the 
extraporation of the log i vs. '1)1 curve coincides in each solution with that 
calculated by the equation ilO=RT/F·rh with the value of rl at the reversible 
potential. Accordingly, the unidirectional current of the electron transfer 
step in the cathodic direction II may be expressed by the equation, 

11= ilO exp (-aF'1)I/RT), 

with a=0.68. 

(4 ) 

It may be possible to deduce the unidirectional rate in the anodic 
direction tl under the cathodic polarization from the polarization curves in 
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Fig. 6 based on Eq. 4 and the relation, 

( 5 ) 

The polarization curves III the reverse direction log i vs. Tjl thus obtained 
are shown in Fig. 7. 

The transfer coefficient {3 in the anodic direction is found to be 1.37. 
Thus the rate of the electron transfer step is now expressed by the equation 

( 6 ) 

with a = 0.68 and {3 = 1.37. It seems to be unnecessary to introduce the 
Frumkin correction to the change of (Pt-potential due to dilution of solution 
as is discussed in the case of the electrodes of low activity, since in the 
present case most of the potential change may be caused by the surface 
potential, but not by the potential drop across the double layer. 

The transfer coefficients in the right and reverse directions satisfy the 
relation 

o 

-400 

--_.. Overvoltoge (mV) . 

Fig. 8. Polarization curves of the electron transfer step (dotted lines) 
and those of the overall reaction (solid lines), (0) O.IN Ba(OHk, 
pH 12.6: (.) O.01N Ba(OHk, pH 11.5; (7) O.OOIN Ba(OH)z, pH 10.3. 
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(\'+;9=2, 

which suggests that the discharge step proceeds with the transfer of two 
metal electrons to Ba* ion at one step. 

In Fig. 8 the polarization curves of the electron transfer step are shown 
together with those of the overall reaction for the comparison of 1)1 with 
1) at a constant polarizing current density. 

As seen from Fig. 8, 1)1 is much less than 1) and too small to be detected 
at current densities lower than ilO in spite of the appearence of the total 
overvoltage of about - 200 m V at 10-3 amp/cm2. The exchange current of 
the electron transfer step in O.IN Ba(OH)2 il0=6.7 x 10-3 amp/cm2 exceeds 
that of the overall reaction io= 9.0 x 10-6 amp/cm2 by about 750 times in 
0.1N Ba(OH)2. The electron transfer step cannot be rate-determining in 
the hydrogen evolution reaction at the current densities lower than i lO • 

The polarization curves of the overall reaction show very little pH depend
ence at potentials near the reversible potential. This fact may be explained 
by assuming the rate-determining step in this region to be the recombi
nation of atomic hydrogen which is produced by the decomposition of water 

molecule by the intermediate Ba atom. At current densities higher than 
ilO the overvoltage of the electron transfer step cannot be neglected and 
the discontinuity of the polarization curves of the overall reaction appears 
at the current density approximately equal to i lO, as seen from Fig. 8. 

Experimental proof of the presence of the intermediate Ba atom on 
the electrode surface will be discussed later on the basis of spectroscopic 

data. 
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