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Electrodeposited Ni -Zn  and Ni-S on a mild steel substrate have shown very good performance as 
cathode materials for the H E R  in alkaline media. The materials were studied previously with surface 
techniques and evaluated through current-potential  curves and long term operation. This paper 
describes a detailed mechanistic study of  the H E R  on Ni -Zn  and Ni-S carried out with impedance 
techniques. In both cases the reaction proceeds through a Volmer-Heyrovsky mechanism. As predicted 
by kinetic theory, the temperature study shows that the energy of  activation of  the rate determining 
step is the same as the energy of  activation of  the overall reaction. 

1. Introduction 

In recent years much attention has been given to 
nickel alloys as suitable electrode materials for the 
hydrogen evolution reaction (HER) in alkaline media 
as improved alternatives to traditional materials like 
mild steel, used in unipolar electrolysers or electro- 
deposited nickel employed in bipolar electrolysers 
[1-4]. Most studies were carried out by recording 
current-potential curves and then analysing the corre- 
sponding Tafel parameters and the dependence of the 
current and overpotential with pH. The parameters 
obtained were then compared with those predicted by 
classical electrochemical theories. From a mechanistic 
point of view, this approach is very limited but led to 
the conclusion that the improved performance of the 
material can be attributed to a true electrocatalytic 
effect, to a substantial increase in effective electro- 
chemical area or both. Unless a detailed mechanistic 
study of the reaction is carried out it is not always 
obvious which is the most important effect on a given 
material. Thus, it is important to use more powerful 
methods to study the HER and gather fundamental 
data that may lead to the design of new materials with 
improved performance. As shown by Conway et al., 
potential decay [5] and impedance spectroscopy [6-8] 
proved to be powerful tools to determine the kinetics 
and mechanism of the hydrogen evolution reaction 
and have helped substantially to the present know- 
ledge of this process. 

Several electrodeposited nickel-based alloys have 
been developed in this laboratory that present a much 
better performance than either mild steel or electro- 
deposited nickel, the traditional materials used as 
cathodes in unipolar and bipolar electrolysers, respect- 
ively [9]. With the idea of obtaining a high area 
material electrodeposits of Ni-Zn were produced on 
mild steel. After leaching part of the zinc with KOH 

solution a high area material was obtained (roughness 
factor ~ 1130). The performance of this material was 
studied through current-potential curves and con- 
tinuous operation and the surface characterized with 
SEM, X-ray and cyclic voltammetric techniques [10]. 
Chen and Lasia [11] recently reported a mechanistic 
study of the HER on Ni-Zn. Their study considered 
different alloy compositions but did not include tem- 
perature effects. On the other hand, electrodeposits of 
Ni-S were also prepared and studied with the same 
techniques because of the low cost of preparation and 
the good long term performance [9, 12]. This material 
gives sufficiently low overpotentials although its 
roughness factor is relatively low (~ 130) [9]. Because 
of the differences in composition and surface structure 
and morphology a detailed mechanistic study on these 
two materials with a powerful technique may provide 
substantial information for the design of better electro- 
catalysts for the HER. Thus, it was decided to carry 
out a mechanistic study of the HER in alkaline media, 
including the effect of temperature, on Ni-Zn and 
Ni-S cathodes using impedance techniques. 

2. Experimental details 

Details of the preparation of the materials by electro- 
deposition and their characterization were already 
given in the literature for Ni-Zn [10] and Ni-S [9]. 
Electrochemical experiments were done in a three 
compartment glass cell. The counter electrode was a 
platinum foil and the system Hg/HgO/HO- was used 
as reference, separated from the main compartment 
with a Luggin capillary, EDX analysis of the cathode 
surface even after long term electrolysis showed no 
sign of platinum contamination from the counter elec- 
trode [10]. Solutions were prepared with KOH (BDH, 
Aristar) and water purified in a Milli-Pore system. 
Impedance measurements were carried out with a 
Solartron 1250 frequency response analyser and a 

* This paper is dedicated to Professor Brian E. Conway on the occasion of his 65th birthday, and in recognition of his outstanding 
contribution to electrochemistry. 
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Scheme 1. Equivalent circuit for the HER. 

Solartron 1286 potentiostat coupled to a HP 9000 
(series 300) computer for data aquisition and process- 
ing. Measurements were performed at cathodic over- 
potentials ranging from - 0.05 to - 0.45 V, selected 
from the linear portion of the Tafel plot. The 
amplitude of the sinusoidal perturbation was 10 mV. 
Ten frequency points per decade were used in the 
range 10-2-104Hz. Steady state current-potential 
data were obtained galvanostatically with a PAR 273 
potentiostat with ohmic drop compensation. All 
experiments were done at 0, 25, 40, 60 and 80 ° C. 

3. Results and discussion 

In this work it is assumed that the hydrogen evolution 
reaction in alkaline media proceeds according to the 
usual mechanism: 

kl 
M + H20 + e- ~_) MH + HO- (1) 

k2 
MH + H20 + e- , M + H 2 + HO- (2) 

o r  

MH + MH k3 2M + H 2 (3) 

where Steps 2 and 3 can be alternative or simul- 
taneous. Since the reaction involves an adsorbed inter- 
mediate the process can be represented from the point 
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Fig. 1. Impedance plots for the HER on Ni-Zn (1) 0, (2) 25, (3) 40, 
(4) 60 and (5) 80°C. (a) ~/ = - 9 0 m V ;  (b) n = - 6 0 m V .  ( + )  
Experimental points; ( ) simulation results. 
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Fig. 2. Impedance plots for the HER on Ni-S. (a) 0°C, 
E = - 1.18V; (b) (1) 25, (2) 40 and (3) 60°C, E = - 1.22V. ( + )  
Experimental points; ( ) simulation results. 

of view of its electrochemical response by the equiva- 
lent circuit proposed by Armstrong et al. [13, 14] 
(Scheme 1). In this scheme, Rs is the solution resis- 
tance, R~ is the charge transfer resistance and the 
parallel combination Rp/Cp simulates the behaviour of 
the adsorbed intermediate. Here, it is assumed that 
diffusion is much faster than charge transfer, so it has 
no effect on the measured parameters. Obviously, the 
circuit parameters R~, Rp and Cp are related to the 
mechanism of the reaction and their values are depen- 
dent on the values of k,, k_l, k2 and k3, as shown by 
Harrington and Conway [6]. Thus, impedance plots 
can be generated from the values of the rate constants. 
The actual calculations were done through simulation 
procedures on the same computer as used in the exper- 
imental measurements. 

Figure 1 shows the experimental and the simulated 
plots in the complex impedance plane for the HER on 
Ni-Zn at five different temperatures and close values 
of the potential. From the equivalent circuit shown in 
Scheme 1 it would be expected that a complex impe- 
dance plot would generate two semicircles. This is 
indeed observed at 60 and 80 ° C, while at lower tem- 
peratures only one semicircle is present. This is because 
in this case the impedance is dominated by the parallel 
combination Cp/Rp to such an extent that only one 
semicircle is detected. The corresponding results for 
Ni-S are presented in Fig. 2, and it must be noted that, 
contrary to the case of Ni-Zn, there is only one semi- 
circle at all temperatures indicating a still greater influ- 
ence of Cp/Rp. The simulated plots were obtained by 
giving suitable values to the rate constants, the trans- 
fer coefficients and the maximum coverage with 
hydrogen in the overpotential region. In all cases a 
good agreement between the experimental results and 
the simulated plots exists and f rom these the rate 
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Fig. 3. Hydrogen coverage as a function of  the overpotential for 
Ni-Zn (full line) and Ni-S (broken line) at two temperatures 
indicated on the curves. 
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Table 1. Values o f  the rate constants for the HER on Ni-Zn and Ni -S  at different temperatures 

Material T k 1 k_ l 1:2 k3 
/° C /mol cm -2 s- l  /mol cm -2 s-  1 /mol cm -2 s-1 /tool cm -2 s-i  

Ni-Zn 0 0.20 X 10 -6 0.23 x 10 -5 0.06 × 10 -7 0.20 × 10 -13 

25 0.80 x 10 -6 0.81 × 10 -5 0.46 X 10 -7 0.68 X 10 -13 

40 1.40 X 10 -6 9.70 X 10 -5 1.50 X 10 -7 1.30 x 10 -13 
60 0.64 x 10 -6 5.40 x 10 -5 1.70 X 10 -7 2.80 X 10 -13 

80 1.20 X 10 -6 3.80 x 10 -5 3.40 x 10 -7 2.80 X 10 -13 

Fig. 4. Tafel plots at different temperatures for Ni-Zn. (A) 25, 
(O) 40, (e)  50, (zx) 60 and ( + )  70°C. 

constants presented in Table 1 were obtained. The 
values of  the rate constants lead to the conclusion 
that on both materials the HER follows a Volmer- 
Heyrovsky mechanism with the Heyrovsky step 
(Reaction 2) being rds. This should be taken as a 
working assumption because, as pointed out by Lasia 
and Rami [15], it is impossible to decide from the 
experimental results whether the Volmer or the 
Heyrovsky step is rate determining. 

The values in Table I also explain unambiguously 
the better performance of Ni-Zn for the HER. This 
material gives values of kl and k2 which are two orders 
of magnitude larger than those for Ni-S at all tern- 

peratures. Taking into account that the roughness 
factor of Ni-Zn is only an order of magnitude larger 
than that of  Ni-S it must be concluded that Ni-Zn has 
not only a larger effective area but also a better intrin- 
sic electrocatalytic activity than Ni-S. Because the 
catalytic activity is usually related to the characteris- 
tics of adsorption of intermediates it is of interest to 
compare the behaviour of the two materials with res- 
pect to this aspect. Figure 3 shows the coverage with 
adsorbed hydrogen as a function of  the overpotential 
for Ni-Zn and Ni-S at 25 and 40 ° C. It is interesting 
to note that the rising part of the curves for Ni-Zn 
starts at low overpotentials and is almost independent 
of  temperature, indicating a strong adsorption. For  
Ni-S similar coverages are obtained at significantly 
higher overpotentials. Furthermore, the influence of  
temperature is much more pronounced in the sense 
that at higher temperatures, higher overpotentials are 
required to obtain similar coverages, which indicates 
that the adsorption of the intermediate is weaker than 
in the case of Ni-Zn. 

The H ER on Ni-Zn cathodes with different com- 
positions was also studied by Chen and Lasia [11] with 
impedance methods but only at 25 ° C. Their results 
show that, for a nickel content similar to that employed 
in this work (28% Ni before leaching), the values of kl 
are smaller than those presented here while those of  k2 
are very similar. Also, for the same nickel content their 
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Fig. 5 Tafel plots at different temperatures for Ni-S. (e)  25, (zx) 30, 
(11) 40, (o)  50, (*)  60, ( + )  70 and (13) 80°C. 
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Table 2. Electrochemical parameters obtained f rom the plots in Figs 4 and 5. b = Tafel slope, i o = exchange current density 

T N i -Zn  N i - S  
/°C 

b i 0 × 103 b i 0 × 104 b* i* x 104 
/mY dec 1 /Acre-2 / m y  dec-] /Acre_2 /mVdec_l /Acm_Z 

25 55 0.234 85 0.513 - - 
30 - - 85 0.847 - - 
40 57 0.499 86 1.290 - - 
50 60 0.918 78 1.200 95 3.340 
60 63 1.660 68 0.910 86 2.990 
70 60 1.820 58 0.666 82 3.750 
80 - - 47 0.393 73 3.810 

* Values for the high current density region 
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Fig. 7. Arrhenius plots from the values of k2 for (O) Ni-Zn and (e)  Ni-S. 

roughness factor is ~ 1000 which is very near the 
value for the material used in this work ( ~  1130). One 
possibility of  explaining the values of  kl is that, 
because of  differences in the preparation and treat- 
ment, the behaviour of  the material used in this work 
is more characteristic of  an alloy, which presents an 
enhanced catalytic activity toward the Volmer reaction. 

A very interesting aspect of  the impedance study of  
the HER,  not explored so far, is the fact that the 
values of  the rate constants at different temperatures 

allow a determination of the energy of  activation of 
the rate determining step. If  the analysis is consistent 
this must be the same as the energy of activation of the 
overall reaction, which can be obtained from polariza- 
tion curves. Figures 4 and 5 show experimental steady 
state current-potential data in the form of  Tafel plots 
at different temperatures for Ni-Zn and Ni-S, respect- 
ively. The corresponding Tafel parameters are pre- 
sented in Table 2. For Ni-Zn,  the overall Arrhenius 
plot, presented in Fig. 6 was constructed using the 
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values o f  i0. On  the other  hand, for  N i -S  the extrapo- 
lated Tafel plots at low current  densities cross each 
other, precluding the possibility o f  using the values o f  
i0 to construct  an Arrhenius  plot. This is apparent  by 
examining the values o f  i0 in Table 2. Anomalies  o f  
this type in the Tafel slopes have been discussed by 
Conway  et  al. [16, 17] and at tr ibuted to the particular 
ways in which the coverage with adsorbed hydrogen 
depends on overpotential .  Therefore,  the Arrhenius 
plot for Ni -S ,  included in Fig. 6, was constructed 
using the values o f  the current densities at - 1.04 V. 
The values o f  the energy of  activation f rom the plots 
in Fig. 6 were 41 and 39 kJ mol-~ for N i - Z n  and Ni-S,  
respectively. 

Figure 7 shows the Arrhenius plots constructed 
with the values o f  k2 in Table 2. F r o m  these, the values 
o f  the energy of  activation were 39 and 42 kJ m o l -  l for 
N i - Z n  and Ni-S ,  respectively. Within experimental 
error  these values m a y  be considered equal to those 
obtained f rom the Tafel plots. This fact, which is 
consistent with fundamenta l  kinetic theory,  supports  
the procedures used in this work  to treat the impe- 
dance results. 
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