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Electrodeposited N i - M o - C d  composites are of  considerable practical interest as electrocatalysts for 
the cathodic product ion of  hydrogen gas in water electrolysers, and as cathode materials for 
chloralkali and chlorate cells where minimization of  electric power consumption is of  concern eco- 
nomically. The present work  extends the study of  the electrocatalytic behaviour of  these materials 
and addresses the influence of  cadmium content  and the nature of  the substrate on which the 
composites are deposited, particularly with regard to the behaviour and state of  H species adsorbed 
during hydrogen evolution. In the case of  a carbon-based, gas-diffusion type electrode substrate, 
the behaviour of  the H E R  on electrodeposited N i - M o - C d  is significantly different from that of  the 
same electrodeposit on a nickel substrate. 

1. Introduction 

The cathodic hydrogen evolution reaction (HER) has 
been the subject of extensive studies as a prototype of 
the gas-generation type of electrocatalytic reaction 
where two ions are discharged and a diatomic gas is 
produced. Practically, it has become of major com- 
mercial importance in relation to the development of 
advanced fuel-cells, cathodes for the chloralkali 
process and water electrolysers where polarization 
performance and power consumption for high current 
density operation are important economic factors. 
Additionally, the relation of the HER to H sorption 
into metals has become of substantial interest in 
metal hydride battery technology [1, 2] and, for D, 
the process of D sorption into palladium [3]. 

In general, the electrochemical performance of water 
electrolysers and chloralkali cells is determined by the 
polarization of the electrodes and the IR drop which 
originates from the internal resistance of the solution 
and the electrode configuration. The polarization 
factor is an intrinsic aspect of the electrode kinetics, 
determined by the electrocatalytic properties of the 
electrode, together with the range of operating current 
densities determined by the real-to-apparent area ratio 
of its surface [4]; the latter factor is of practical 
importance in comparative evaluations of apparent 
electrolytic activities of porous electrode materials. 

Previously, we have reported electrocatalytic studies 
on the HER at Ni [5] and electrodeposited Ni-Mo 
and Ni -Mo-Cd  composites [5-8], glassy-metal Ni-  
Mo alloys with B, Fe or Cr [9] and bulk Ni-Mo alloys 
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[5, 8, 10] at which hydride phases can arise in the near- 
surface region of the electrode [7, 9, 14]. Complemen- 
tary work has been described by Lasia et aL [11-13]. 

In the present paper, we extend the previous exami- 
nation of electrodeposited Ni -Mo-Cd composites [7, 
8] to studies of (a) the role of Cd, codeposited with 
Ni and Mo, and the influence of its content in the 
composite on the polarization performance as well as 
on the H adsorption behaviour, and (b) the influence 
of the substrates for the deposition of the composite 
on the electrochemical performances of the resulting 
electrodes for the HER. Three types of measure- 
ments, steady state, potential-relaxation and a.c. 
impedance, were conducted in order to derive infor- 
mation on the electrochemical behaviour of these 
materials as cathodes for hydrogen production. 

2. Experimental details 

2.1. Preparation of the Ni-based composite electrodes 

Ni-based electrodeposited composites with Mo and 
Cd, used as the working electrodes, are probably 
microheterogeneous composite structures rather than 
thermodynamically well-characterized, true alloys. 
Their preparation was based on a US patent [15], as 
described in earlier work [5, 7, 8]. Mo is, by itself, 
not electrodepositable from aqueous solutions. 
However, in the presence of Ni being electrodepos- 
ited, 20-30 at % of Mo (or W or V) can be effectively 
codeposited, usually with substantial evolution of 
hydrogen, so that adsorbed and absorbed H may 
play a significant role in this process. Here, for the 
purpose of improving the apparent current density 
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against potential relations for the HER, composites 
were plated on relatively high-area matrices of carbon 
('gas diffusion electrode' material, Alupower Inc., N J), 
expanded nickel-mesh ('Exmet' material), spongy 
nickel ('Cleveite' Ni-battery materials, Cleveland) 
and fibrous nickel products (Maxwell Laboratories 
Inc., Auburn, AL) under optimized plating condi- 
tions (apparent current density,jp = 0.15 A cm -2, tem- 
perature, T = 325 K, and for a duration, t = 0.5 h, 
with continuous stirring). 

2.2. Morphology and composition determination of the 
Ni-based composites 

The surface morphology of the Ni -Mo and N i - M o -  
Cd composites was examined by means of an Electro- 
Scan environmental scanning microscope provided 
with an energy dispersive X-ray attachment in order 
to provide near-surface composition analyses of the 
electrode materials studied. 

2.3. Reference and counter electrodes 

A reversible hydrogen electrode (RHE) in the same 
solution as that of the working electrode was used 
as the reference electrode. A platinum gauze, spot- 
welded onto a platinum wire sealed into a glass 
tube, was used as the counter electrode. 

2.4. Solution, cell and gases 

The electrolytes employed were aqueous 0.5- 
4.0mol dm -3 KOH solutions at several temperatures 
over the range 298 to 348 K. Use of KOH up to 
4.0 mol dm -3 was required in order to determine (see 
below) double-layer capacitance values correspond- 
ing to a large accessible fraction of the real area of 
the porous electrode matrices using principles based 
on the model experiments described in [4]. 

A conventional three-compartment all-glass cell, 
provided with glass sleeved stopcocks, so that it could 
be immersed in a thermostat without contamination 
of the solution, was used to conduct all measurements. 

Purified hydrogen gas was bubbled continuously, at 
1 bar pressure, through the working and reference 
electrode compartments. 

2.5. M e N o ~  

To study the kinetics of hydrogen evolution and 
sorption behaviour of the kinetically involved species 
in the process, three types of measurements were 
carried out: steady-state, potential-relaxation and 
a.c. impedance, as follows. 

2.5.1. Potentiostatic, steady-state cathodic polarization. 
Tafel relations were recorded by means of a PAR 173 
potentiostat controlled by a Hewlett-Packard 87 
microcomputer with a Kepco SN 488 122 pro- 
grammer and a Keithley model 195 A/D convertor. 
First, to reduce any oxide film initially present at the 
electrode surface, and obtain a well-defined initial 

potential, electrodes were cathodically prepolarized at 
-0.3 V for an hour prior to commencement of the 
steady-state measurements over the temperature 
range 298 to 348 K. Such measurements were carried 
out in both ascending and descending directions of 
change of the potential, using a staircase waveform 
software, with increments of 5 mV and a polarization 
duration of 60 s at each overpotential. This procedure 
resulted in very good reproducibility of recorded 
Tafel relations and other derived data, and precise 
control of the polarization conditions. 

2.5.2. Potential-relaxation transients. Potential- 
relaxation transients were recorded from various 
corresponding cathodic overpotentials following 
interruption of respective prior steady-state polarizing 
currents by means of a mercury contact relay switch 
[6]. Potential against time transients over 5 to 6 
decades of time (cf. [6]) were recorded digitally by 
means of a Nicolet digital oscilloscope and stored on 
a floppy disk for further analysis. The polarizing 
potentials of the working electrode were kept at 
desired values until the currents attained the same 
respective values as those corresponding to previously 
determined Tafel relations recorded prior to the 
transient experiments. The potential-decay transients 
were then initiated and recorded. Several transients 
were recorded for each electrode studied, within the 
potential range -0.25 to -0 .05V at 298K. The 
potential relaxation and complementary polarization 
data were processed, as described in earlier papers [4, 
5-8, 16, 17], using a Hewlett-Packard 9000 computer 
and software developed in this laboratory. 

2.5.3. Real surface area determination. The real 
electrode surface area was evaluated from in situ 
measurements of double-layer capacitance, deter- 
mined from initial potential-decay slopes, (d~/dt)t=0 
following interruption of significant, overpotential 
0/)-dependent, faradaic currents: 

J(r/) =J0 exp \ - ~ - j  (1) 

passing across the electrode/electrolyte interface. The 
method employed (see below) was developed in our 
laboratory recently and quantitatively validated [4], 
and is based on the recording and analysis of the 
initial region of the potential-relaxation transient, 
i.e. over a short time range, where the interfacial 
capacitance corresponds [17] to the double-layer 
self-discharge process. As explained earlier, above, 
KOH electrolyte concentrations up to 4.0mol dm -3 
are required (cf. [4]) to minimize the effect of distri- 
buted resistance in the porous electrode structure on 
the derived double-layer capacitance values. 

The potential-relaxation behaviour, recorded 
immediately after interruption of the polarization 
current, j ( t  = 0), is determined [18] by the potential- 
decay relation: 

- C ~ = j(rl) = J0 exp \ RT J (2) 
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Fig. 1. Tafel plots for the H E R  at N i - M o  and N i - M o - C d  coated electrodes, with different [Cd2+], at 298 K and 1 h polarization at - 0 . 3  V. 
2+ 4 4 3 3 ' [Cd ]: (O) 0.0, (+) 1.5 X 10- , (n) 7.5 X 10- and (v) 1.5 X 11) - 'moldm= . 

where j0 represents the exchange current density, a the capacitance of a smooth bright platinum electrode 
transfer coefficient and C is the interfacial capaci- (Ca = 25 #F cm -2) of true area known from UPD 
tance. Integration of Equation 2, for the case where H accommodation determined by cyclic voltammetry 
C is constant, gives [4], it was possible to evaluate the real surface areas of 

~(t) = a - b log(t + T) (3) the electrodes studied, or the real to apparent surface 
area ratio, N. 

where a = - b l o g ( 2 . 3 j o / b C ) ,  b =2 .3RT/ f lF  and ~- 
(an integration constant [6, 7]) = bC/2.3j(t  = 0). 2.5.4. A.c. impedance spectroscopy. The a.c. impedance 
Therefore rl(t) for t >> ~- should be a linear function measurements were conducted by means of a 
of logt and from Equation 2, Solartron 1255 HF frequency response analyser in 

conjunction with a computer-controlled PAR 273 
C = - j ( t = 0 )  (4) potentiostat, using the commercially available 

(-d~/dt)t=° electrochemical software, ZPLOT. A sinusoidal 
where j ( t  = 0) is recorded experimentally at each signal, 10mV r.m.s, in amplitude, was applied in the 
potential for which current interruption is made. C, measurements conducted at several d.c. potentials 
corresponding to the interfacial capacitance at the over a potential range -0.2  to -0.01 V at 298 K. A 
overpotential, ~/(t = 0), at which the initial steady- PC and the LEVM software, based on the 'complex 
state current is passing, can be calculated from nonlinear least squares immittance' fitting procedure 
Equation 4 if the initial potential-decay slope developed by Ross Macdonald [19], were used for 
(-dTl/dt)t= 0 could be reliably determined. As it is the data analyses. 
not easy to determine this accurately by simply 
drawing a tangent to the ~ against t curve at t = 0, 2.5.5. IR drop corrections. To correct the Tafel polari- 
the following procedure was proposed and validated zation data for IR drop effects, the uncompensated 
[4]; differentiating Equation 3 with respect to t, gives solution resistance values were calculated from data 

( d ~ )  b acquired from the a.c. impedance and potential- 
d-t t = 0 -  2.3~- (5) decay measurements. Values of 0.1 to 0.5f~, 

obtained by both methods, over the temperature 
The method [4] involves the following steps: (i) the ~7 range 298 to 348 K, were used for these IR corrections. 

as a function of t data are digitally recorded after 
interruption of the polarization current; (ii) the ~/ 3. Results and discussion 
against t data are fitted to Equation 3 by means of a 
nonlinear least-squares fitting procedure (using 3.1. Introduction 
EXCEL software) which gives the best values for 
the constants a, b and ~- for each recorded ~(t) transi- From earlier work [7, 8] on electrodeposited Ni -  
ent; (iii) from these constants, (-drl/dt)t=0 can be Mo-Cd  electrodes, it was concluded that: (a) they 
calculated from Equation 5 giving C from Equation exhibit good polarization performance which arises, 
4. Comparing the values for C thus calculated with in part, from a low Tafel slope region which persists 
a recently determined [4] value of the double-layer increasingly to higher current densities as the 
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temperature is raised, and is associated with a region 
of appreciable H-sorption pseudocapacitance, i.e. 
the coverage is potential dependent; and (b) the 
behaviour of these electrode materials differs in 
some fundamental ways from that of metallic Ni 
and bulk, single-phase N i - M o  alloys, so the favour- 
able polarization performance is not due simply to 

the large ratio of real-to-apparent areas that are 
normally the result of the N i - M o  codeposition pro- 
cedure [7, 8], although this is a substantial factor in 
the favourable polarization performance achieved 
with these materials. 

The first question that arises is the extent to which 
an amount of ~1% Cd in the composite has influence 



632 R. SIMPRAGA, L. BAI AND B. E. CONWAY 

Fig. 2. ESEM micrographs of the electrode materials used for the HER in Fig. 1: (a) Ni-Mo and Ni-Mo-Cd with different [Cd2+]; 
4 3 4 3 (b) 1.5 x 10- moldm- , (c) 7.5 x 10- moldm- and(d) 1.5 x 10-3moldm -3. 

on the electrochemical behaviour of the composites 
and what is its role. A further, question is how to 
improve the polarization performance of  the electrode 
materials for practical use. Therefore, two approaches 
were chosen in the present work: (i) an examination, 

quantitatively, of  the influence of  Cd and (ii) the 
influence of the substrate employed for the deposition 
of the composites on the electrochemical behaviour of 
the resulting electrode materials in terms of  HER 
polarization characteristics. 
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3.2. Role of Cd in the electrodeposited Ni-Mo-Cd 
composites 

To examine the role of Cd in the Ni -Mo-Cd  com- 
posite on the polarization behaviour of the HER, 
experiments were conducted at ten electrodes, having 
five different compositions, that had been prepared 
under the same plating conditions, but with variation 
of the concentration of Cd 2+ in the plating solution 
between 0 and 10 -2 mol dm -3. 

The hydrogen evolution reaction is assumed to take 
place through the usual well-known steps in the 
reaction mechanism for alkaline solutions where 
H20 is the proton source. 

3.2.1. Steady-state behaviour. The steady-state over- 
potential 0/) against log(current density, j )  plots for 
the HER at 298 K, corrected for IR drop as well as 
for the back-reaction current component at low r/ 
values, at Ni-Mo and three Ni -Mo-Cd  electro- 
deposits formed on a nickel-rod substrate, are 
shown in Fig. 1. Two regions of Tafel slope are 
observed in all cases. In the high current-density 
region, the observed slopes of-120-4-2mVdec -1 
for Ni-Mo and -135-t-3mVdec -1 for Ni -Mo-Cd  
are associated with a charge transfer process as the 
rate-controlling step in distinction from the chemical 
recombination'step. However, the low current- 
density region slope of -73-4-2mVdec -a for Ni-  
Mo and about -48 -t- 2 mV dec -x for Ni-Mo-Cd,  
which would arise due to significant (potential- 
dependent) H adsorption at the materials studied, 
suggests that a rate-controlling step other than the 
initial discharge step itself [7, 8], i.e. one following it, 
determines the kinetics. 

Figure 1 also shows that increase of the Cd 2+ 
concentration in the plating solution yields a more 
active electrode for the HER, although for Cd 2+ 
concentrations > 10 -3 tool dm -3, no further change 
in polarization behaviour arose, which may corre- 
spond to a limiting cadmium content that can be co- 
deposited with nickel and molybdenum, or change 
of the Ni/Mo ratio in the resulting materials. 

Adding 1.5 × 10-4moldm -3 of Cd 2+ to the 
plating solution gave rise to an increase of about 
2x in current at ~7 =-0 .150V.  A further increase 
in Cd 2+ concentration up to 1.5 × 10-3moldm -3 
increased this current only by an additional ~40% 
(in 2 x 20% increments), as shown in Fig. 1. The 
initial increase in current density due to the pre- 
sence of cadmium could arise either from an 
increase in the real surface area and/or from 
changes in intrinsic electrocatalytic activity for the 
HER. 

3.2.2. Environmental scanning electron microscopy 
(ESEM) and energy dispersive X-ray spectroscopy 
(EDX) results. Figure 2 shows ESEM micrographs 
of (a) the Ni-Mo and (b), (c) and (d) of the 
Ni -Mo-Cd  composites used as cathodes for the 

Table 1. Results o f  E D X  analyses o f  electrodeposited N i - M o - C d  
composites 

[Cde+]/mol dm -3 0.0 1.5 x 10 -4 7.5 x 10 -4 1.5 × 10 -3 

Ni 70 79.6 86.5 91.7 
Mo 30 20.4 13.3 6.1 
Cd 0.0 >0.1 <1 1.6 

present HER studies, at two comparative magnifica- 
tions of 2000 x and 8000 x, respectively. 

The ESEM micrographs (Fig. 2(a) and (b)) show 
that the overall deposit morphology is not signifi- 
cantly changed by the presence of 1.5 x 10 -4 mol dm -3 
Cd 2+ in the plating solution and appears, in both 
cases, to consist of nodular 'cauliflower-like' struc- 
tures with about 10 #m diameter 'heads'. If anything, 
the 'cauliflowers' that arise in the presence of Cd 2+ 
appear somewhat smoother with small nuclei of 
further 'cauliflower' features visible. This suggests 
that the increase in current may not be due simply to 
increased surface area alone, and is consistent with 
values of the double-layer capacitance, 0.020 to 
0.028 F cm -2, found for both these types of electrodes 
from impedance and potential relaxation measure- 
ments (see below). 

The ESEM micrographs of the deposits obtained 
from the 7.5 x 10 -4 and 1.5 x 10-3moldm -3 Cd 2+ 
solutions are shown in Fig. 2(c) and (d) which indi- 
cates that the further increase of Cd 2+ in the plating 
solution strongly influences the surface morphology 
of the resulting electrode materials. Note that increase 
of Cd 2+ concentrafion beyond the 1.5 x 10 -3 mol dm -3 
does not result in greater activity of the electrode 
materials for the HER, as noted in 3.2.1. 

EDX analyses of the first micrometre or so of the 
surface of the electrode materials are given in Table 
1. The average cadmium content in the composites 
was generally < l a t % ,  except for the electrode 
plated from the solution most concentrated in 
Cd 2+ (1.5xl0-3moldm-3),  where the average 
cadmium level was determined to be 1.6at%. 
Despite this small extent of incorporation of 
cadmium into the deposits, the Ni/Mo ratio was 
found to be very sensitive to the presence or effect 
of small concentrations of Cd 2+ in the plating 
solution and thus of the amount of cadmium 
coplated. In the absence of a large difference in 
real surface area between the two types of elec- 
trodes, as determined by means of the impedance 
spectroscopy and potential relaxation measure- 
ments, the appreciable improvements in the polari- 
zation behaviour (Fig. 1) appear to be related 
significantly to the Ni/Mo content in the deposit, 
which is found to be substantially influenced by 
the Cd 2+ present in the plating solution (see Table 
1). This effect may arise from a change of current 
efficiency for Ni + Mo deposition due to an effect 
of deposited Cd on the kinetics of coevolution of 
hydrogen gas, i.e. partial current density for the 
latter process or its current efficiency. 



634 R. SIMPRAGA, L. BAI AND B. E. CONWAY 

-0 .3  L i ~ ~ J 

-0 .2  

> 

¢- 

0 e~ 

> 
o 

"]" -0.1 

0 .0  
-5 
(a) 

(4) 

• . . . , . . . . . .  

.(3) " - . ~  

** % 

(2) "~::.. 
. . . . . .  .. "h~. 

" ~  

( 1 ) "".....~:~. 
-.... "-::;. 

, . . . . . .  
. . . . . . . . . . . . . . . . . .  ~ . ~  -o'.}.. 

....... ,. "..£*, 

" . . °  I | ,  

" ~ l l t  I I ~ l % l l t ,  ' 

I I I E I 

-4 -3 -2 -1 0 

Log ( t ime / s) 

> 

¢. 

o .  

> 

o 

,0 .3 

-0.2 

-0.1 

0.0 

I I I I I I 

(3) 
. ° 

" ' " '  ° ' *" " * " ~  ~ " .  - 1 . ,  

(2) ......... 

(1) ....... 
. . . . .  

I ,L I 

, ".;.. 
• - " . :  

"% .,.;\ 

"L "2.,. 

" % . ' . : : .  
".,f:,.: 

"5: 
"..:':.... 

I L I 

-5 -4 -3 -2 -1 0 1 

(b) Log ( t ime / s) 

Fig. 3. Overpotential, ~7, against log time, t plots for the H E R  at (a) N i - M o  and (b) N i - M o - C d  coated electrodes recorded after interruption 
of  polarization at four over-potentials: (1) -0.15,  (2) -0.20,  (3) -0.25 and (4) -0 .30 V at 298 K. Note that the curve for N i - M o - C d  from 
*7 = -0 .3  V was not  recorded due to hydrogen bubbles remaining on the electrode surface. 

3.2.3. Potential-relaxation behaviour. Potential relaxa- 
tion, as well as a.c. impedance measurements, were 
recorded consecutively for each electrode that was 
examined potentiostatically. The transients were 
taken from various overpotentials along the 

corresponding Tafel line upon interruption of 
successively established steady cathodic currents, as 
explained earlier. The potential decay data were 
processed directly in terms of drl/dt, giving infor- 
mation on the ~-dependent interfacial capacitance [6, 
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Fig. 4. Comparison of the 7/against log(-d~//dt) plots for the HER at Ni-Mo (1) and Ni-Mo-Cd (2) coated electrodes at 298 K. 

17, 18, 20, 21], expressed formally by Equation 6: 

j ( t )  =J0 exp \ R T  J 

= - (Ca1 + C~) (6) 

where Ca1 is the double-layer capacitance and C o 
the apparent pseudocapacitance associated with q- 
dependent coverage of sorbed H species, and possible 
hydride oxidation (cf. [5]). 

In the present work, directed to practical exami- 
nation of  the performance of  various N i - M o  and 

N i - M o - C d  electrode structures, Equation 6 was 
employed for the purpose of comparative evaluation 
of these materials through determination of apparent 
Cdl + C o values and their potential dependence, as 
well as the ~(t) against log(-d~//dt)  behaviour as 
treated in [6] and [7]. The fuller kinetic treatment of 
such potential-relaxation transients that can be 
made on the basis of  [17] or [22] was not considered 
necessary for the purposes of  the present paper• 

In Fig. 3(a) and (b) we first show the potential 
relaxation curves, plotted logarithmically in time (cf. 
[6]), for N i - M o  and N i - M o - C d ,  respectively, taken 
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Table 2. Evaluated real/apparent surface area, ~,  from Cea values for Ni-Mo and Ni -Mo-Cd composite materials derived from the initial 
potential-decay rate method 

Electrode fl/V j /A  cm -2 -(drl/dt),=o Cdl/mF 4- 1 ~ ± 5% 

N i - M o  0.30 5.40 x 10 -2 2.51 21.5 858 
0.25 3.57 × 10 -2 1.61 22.3 893 

N i - M o - C d  0.30 1.04 x 10 -] 5.01 20.9 836 
0.25 5.44 x 10 -2 2.39 22.9 912 
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Fig. 7. Experimental (symbols) and fitted (solid lines) complex-plane plots of  impedance for the H E R  at N i - M o  (a) and N i - M o - C d  (b) 
coated electrodes at 298 K, recorded at several d.c. potentials: (1) -0.15,  (2) -0 .1 ,  (3) -0.05,  (4) -0.03,  (5) -0 .02 and (6) -0.01 V. Ranges 
of  ~ as on Fig. 8(a) and (b). 
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Fig. 8. Experimental (symbols) and fitted Bode phase-angle plots for the HER at Ni-Mo (a) and Ni-Mo-Cd (b) coated electrodes at 298 K, 
recorded at several d.c. potentials: (1) -0.15, (2) -0.1, (3) -0.05, (4) -0.03, (5) -0.02 and (6) -0.01 V. 

from several overpotentials at 298 K. It is seen that 
there are two slope regions in the r/ against log t 
relations for both cases. 

As discussed elsewhere [6, 7], it is also informative 
to plot ~?(t) against log(-dr/ /dt)  values derived from 
the ~/(t) transients, as shown in Fig. 4. As in the above 
Tafel and ~ against log t relations, two distinguishable 
slopes are exhibited, one at small t 's and high 
( -100mVdec  -1) and the other over longer t 's and 
small rfs (20 ~ 40mVdec-1). 

The overall interfacial capacitance against 77 
relations for the HER at N i - M o  and N i - M o - C d  
are shown in Fig. 5. For short times, the relaxation 
transient r/(t) is determined principally by C =-_ Cdb 
the interfacial double-layer capacitance [17]. 

When the coverage, 0, of adsorbed intermediate is 
r/-dependent, C involves the adsorption pseudo- 
capacitance, as defined by C~ = ql(dO/d~) for the 
steady-state coverage, where ql is charge for the 
adsorption/desorption of an hypothetical monolayer 
of an intermediate, here H. C~ dominates the 
potential-decay behaviour at lower overpotentials 
( -10  to -80mV)  and sufficiently long times when 
Cq~ >> Cdl , as discussed in [7] and [17]. Note that Fig. 
5 shows that there is no significant difference in the 
form of the C against r/relations for the N i - M o  and 
N i - M o - C d  electrocatalysts. 

3.2.4. Analysis of  initial slopes of  ~] against log t curves. 
The procedure for fitting of experimental initial 
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Fig. 9. Equivalent circuits used for simulation the experimental a.c. 
3 3 impedance behaviour in 0.5 mol d m -  K O H  (a) and in 4.0 mol  d m -  

K O H  (b). 

potential-decay data was described in Section 2.5.3. 
Figure 6 shows experimental (symbols) and fitted 
(lines) open-circuit potential-relaxation curves over 
an initial time range, for the HER at the electro- 
deposited N i - M o - C d  composite in 0.5moldm -3 
KOH, at 298K, taken for two initial potentials. 
What is to be considered as the 'initial' part (cf. [4]) 
of the potential relaxation curve is determined by 
the ~- value (Equation 3). For the present high-area 

electrodes "r is much larger than for corresponding 
smooth electrodes. The results derived from Fig. 
3(a) and (b) are listed in Table 2, together with the 
real/apparent surface area ratios, R, derived from 
the Ca values. 

3.2.5. A.c. impedance behaviour. Important com- 
plementary information is provided by means of a.c. 
impedance spectroscopy [17, 22, 23] conducted not 
only as a function of frequency but also of applied 
'd.c.' overpotential (cf. [24]). The results are 
conveniently represented in terms of complex-plane 
plots (Fig. 7(a) and (b)) and Bode-type plots of 
phase-angle against log co (Fig. 8(a) and (b)) recorded 
at several overpotentials in the range covered in 
Fig. 1. 

For both the Ni -Mo and N i - M o - C d  materials, 
only one semicircle in the complex-plane and one 
peak in the phase-angle against log co plots is exhib- 
ited between 7 / = - 0 . 1  and -0.3V. However, at 
lower ~ (-0.01 to -0.1 V) a second semicircle as well 
as a second peak in the phase-angle plot develops, 
which are better separated (Fig. 7(a) and (b)) for the 
N i - M o - C d  than for N i -Mo  electrode; also, the 
faradaic resistance is smaller than for the Ni -Mo 
composite (cf. the Tafel and 7/(t) behaviour). All 
the semicircles in Fig. 7(a) and (b) are 'depressed' 
below the Z" = 0 axis, a characteristic of porous elec- 
trodes [25], the impedance of which is commonly 
represented by a 'constant phase element' (CPE) in 
the equivalent circuit [25]. 

3.2.6. Simulation of frequency-response behaviour. The 
frequency response of an electrochemical reaction can 

Table 3. The best-fit values of the equivalent circuit elements of Fig. 9for the data shown in Fig. 7(a) and (b) 

Electrode Curve - E  /V R1/~ T 1/F ~o ~1 e21a T21F ~p (,02 
~r / % --+ <1 1 1 2 1-4 1 

N i - M o  (1) 0.15 12 0.020 0.85 - - - 
(Fig. 7) (2) 0.10 38 0.020 0.88 1.3 0.095 0.81 

(3) 0.05 35 0.020 0.89 7.4 0.33 0.72 
(4) 0.03 43 0.019 0.90 24 0.17 0.79 
(5) 0.02 4 0.018 0.90 40 0.13 0.80 

N i - M o - C d  (1) 0.15 9 0.021 0.84 - - - 
(Fig. 8) (2) 0.10 15 0.021 0.86 1.05 0.068 0.80 

(3) 0.05 24 0.021 0.86 3.9 0.523 0.82 
(4) 0.03 28 0.020 0.87 1 0.29 0.83 
(5) 0.02 30 0.022 0.87 19 0.229 0.82 
(6) 0.01 33 0.019 0.87 34 0.163 0.79 

Table 4. Evaluated kinetic parameters for the HER from Tafel plots for Ni -Mo-Cd composites on various substrates 

Substrate Tafel slope, b / mVdec  -1 Current density, j / m A  cm -1 
lowj highj r / =  - 1 0 0  mV r / =  - 2 0 0  mV 

298 K 348 K 298 K 298 K 298 K 348 K 298 K 348 K 
4-2 -4-1 -4-2 -4-2 4-1 4-1 4-1 -4-1 

Ni-rod 37 
Fibrous nickel 47 
Gas-diffusion electrode 35 

31 118 120 1.1 38.5 8.2 123 
42 115 120 3.6 49.5 12.3 190 
28 125 120 33.1 178 105 393 
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Fig. 10. Tafel plots for the HER at Ni-Mo-Cd electrodeposited on the 'gas diffusion electrode' substrate recorded at four temperatures: 
(o) 298, (2) 313, (zx) 333 and (+) 348K. 

be simulated either by a rationally chosen equivalent 
circuit [25] as in Fig. 9(a) and (b), or by fitting the 
observed frequency-response behaviour in terms of 
the reaction steps of  the mechanism and their 
respective rate constants [11, 13, 17, 22, 23, 26 and 27]. 

For  the fitting of  the experimental behaviour by the 
first procedure, the circuit in Fig. 9(a) was employed. 
A CPE (represented empirically by ZceE = 1/T(jw)~°; 
for ~p = l, T --~ Cal ), was used to effect the fitting of  
the complex-plane plots at various ~ values. Based 
on this approach, the frequency-response behaviour 
of  the HER,  shown in Fig. 7(a) and (b) and in Fig. 
8(a) and (b), could be well represented as shown by 
the solid lines in relation to the experimental data 
(indicated by symbols) for various ~/ and over a 
wide (10 -3 to 104Hz) co range. The values of  'best 
fit' to the equivalent circuit elements of  Fig. 9(a), 
for the data shown in Fig. 7(a) and (b), are listed in 
Table 3, wherein are also recorded overall standard 
deviations (%) for the data in columns 4-9.  

The experimental and fitted impedance results 
(Table 3) indicate that for ~7 < - 0 . 1  V, where the 
adsorption of  the H intermediate is appreciable and 
~7-dependent, C0(n ) >> Car However, for ~ > 10.1IV, 
less or no response from C0(H) arises, corresponding 
to little or no d0n /d r / a t  the higher ~'s. 

To optimize the N i - M o - C d  electrode performance 
and improve the current densities per apparent cm 2 of  
projected area of the electrodes, electrode perfor- 
mance evaluations were extended to an examination 
of  these materials deposited on several different sub- 
strates, in more concentrated alkaline electrolytes, in 
the temperature range 298 to 348 K. 

3.3. Influence of the substrate for the composite 
deposition on the electrochemical behaviour of resulting 
cathode materials 

Since the N i - M o - C d  coatings are more active for , 
the HER than is N i - M o  alone, behaviour of  the 
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Fig. 11. Experimental (symbols) and fitted (solid lines) complex-plane plots of impedance for the HER at Ni-Mo-Cd electrodeposited on the 
'gas diffusion electrode' substrate, recorded at five overpotentials: (1) -0.2, (2) -0.17, (3) -0.14, (4) -0.11 and (5) -0.08 V. 
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former materials deposited on the following, 
commercially available, high area, substrates was 
examined: (a) a spongy Ni, (b) a fibrous Ni, (c) a 
Ni 'Exmet' grid and (d) a 'gas-diffusion electrode', 
that is, a carbon-based, fuel-cell type of high-area 
material (Alupower, NJ). Steady-state and a.c. 
impedance measurements were conducted at the 
resulting coated substrate materials. 

3.3.1. Steady-state behaviour. As above, the electro- 
catalytic performance for hydrogen evolution was 
evaluated on the basis of Tafel polarization plots 
over the range of j =  10 -4  t o  5 X 10-1A per 
a p p a r e n t  c In  2 in 4.0moldm -3 KOH at several 
temperatures between 298 and 348 K. Table 4 records 
comparative data at 298 and 348 K for substrates (b) 
and (d) above in comparison with a Ni-rod. At the 
higher temperatures, very favourable performance is 
achieved for the 'gas diffusion electrode' as substrate, 
as shown in Fig. 10. At 348 K, apparent current 
densities of about 0;2-0.3 A em-2 can be realized at a 
nominal practical operating overvoltage of only 
-100mV. Even at 298 K, 60mAcm -z can be realized 
at ~ = -100mV (Fig. 10). 

3.3.2. A.c. impedance behaviour. Complex-plane and 
phase-angle plots were recorded at several over- 
potentials over the range covered in the Tafel plots of 
Fig. 10 at 298 K and are shown in Figs 11 and 12, 
respectively. The solid lines represent the fittings 
(based on the equivalent circuit of Fig. 9(b)) of the 
behaviour and the experimental data are represented 
by the symbols, as indicated in Figs 11 and 12. 

It is interesting that the impedance behaviour of 
the electrocatalyst deposited on the 'gas-diffusion' 
electrode is quite different from that for the same 
catalyst deposited on the nickel-based substrates. 
Two distinct semicircles in the complex-plane plots 
and two well separated peaks in the phase-angle 
against log w relations are exhibited over the whole 
range corresponding to the Tafel relations in Fig. 10. 

For fitting of the frequency response data in Figs 11 
and 12, the procedure already described above was 
employed and the best-fit values for the equivalent 
circuit (Fig. 9(b)) elements are recorded in Table 5, 
with standard deviations, as in Table 3. These results 
show that C¢ dominates the a.c. behaviour, although 
it varies with ~7. The high values of the C components 
arise, presumably, on account of the high real-to- 

Table 5. The best-fit values of  the circuit elements o f  Fig. 9(a) for the data shown in Figs 11 and 12 

Curve -r l /V R 1/~ T 1/F ~ ~ R2/f~ C¢/F 
a / % ---+ 1 1 1 2 1-8 

(1) 0.20 0.37 0.17 0.61 0.11 0.27 
(2) 0.17 0.46 0.19 0.58 0.21 0.30 
(3) 0.14 0.54 0,20 0.58 0.42 0.38 
(4) 0.11 0.62 0,22 0.58 0.78 0.56 
(5) 0.08 0.61 0,21 0.57 1.37 1.11 
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apparent surface area ratios that can be achieved by 
electrodeposition on to the gas diffusion electrode as 
substrate. 

4. Conclusions 
[2] 

(i) The N i - M o - C d  composites are more active for the [3] 
HER than the Ni -Mo material. 
(ii) Increase of the Cd 2+ concentration from 0.0 to [4] 
1.5 tool dm -3 in the plating solution yields electrode [5] 
materials that are more active for the HER, although 
for concentrations >10-3moldm -3 little further [6] 
increase in activity arises. [71 
(iii) The ESEM micrographs and EDX analyses show 
that the cadmium content in the electrodeposits does [8] 
not increase proportionally with increasing C d  2+ [9] 
concentration in the plating solution, but the Ni/Mo [101 
content ratio is substantially influenced by [Cd 2+] 

[11] 
change. [12] 
(iv) The latter behaviour is likely to be due to an effect [13] 
of cadmium on current efficiency vis-h-vis hydrogen [141 
production. [151 
(v) Deposition of N i - M o - C d  on the high surface 
area, 'gas-diffusion electrode' results in the greatest 
activity for the HER and a unique a.c. impedance 
behaviour. 

[16] 
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