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A new methodology for the electrodeposition of N i - Z n  and N i - C o - Z n  alloys that prevents zinc being 
in contact with the substrate and allows total elimination of  this metal during alkaline leaching is fully 
described. This is achieved by a careful control of  the plating bath composition during the electrolysis. 
The resulting coatings show a multilayer structure and the desirable concentration profile for all the 
metallic species involved, as revealed by SEM and EDX analyses. The electrochemical active area of  
the deposits after leaching of the zinc was measured by cyclic voltammetry.  They were of the order of  
1100 and 4400 times the geometric area for Ni and N i - C o ,  respectively. These highly porous struc- 
tures are very active for hydrogen evolution in alkaline solutions, showing extremely low overpoten- 
tials for relatively high current densities, as well as good stability for long term operation. Other 
possible applications for these structures are briefly discussed. 

1. Introduction 

The growing utilization of electrolytic hydrogen in 
different industries for the production of food, chemi- 
cals, fertilizers and also as a nonpolluting fuel option 
drives electrolysis research towards alternative materials 
and methods for the production of hydrogen at a 
lower cost. The development of active electrodes for 
hydrogen and oxygen production by alkaline water 
electrolysis may bring a significant improvement in 
the field. 

Active cathodes are usually obtained by either the 
preparation of metallic surfaces having a large electro- 
chemical active area [1-4] or from alloys showing a 
catalytic effect for the hydrogen evolution reaction 
(HER) [1, 5-8]. Some large area nickel alloys are par- 
ticularly convenient for this purpose due to their high 
activity and simplicity of preparation [2, 3, 9]. They 
are produced by either plasma spraying, thermal 
interdiffusion or electrochemical deposition of nickel 
together with an amphoteric metal (aluminium, zinc 
or tin) which is subsequently leached out by alkaline 
dissolution, leaving a very porous structure [3]. 

The choice of Zn as one of the components in the 
alloy has some advantages in relation to A1 and/or 
Sn. First, Zn can be electrochemically codeposited 
with Ni thus making the cost of production of these 
cathodes lower than those prepared with A1 by plasma 
spraying or interdiffusion. Secondly, Zn does not 
form intermetallic compounds with Ni (as in the 
case of Sn [10]) and is therefore more easily removed 
from the catalyst surface. 

One significant problem that arises when using this 
kind of porous Ni or Ni alloy cathode is the effect of 
residual Zn on the activity of the material for the 
HER. Chen and Lasia [11] observed an enhancement 
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in the activity of Ni-Zn electrodes when the amount 
of Zn in the deposit was increased by shifting the 
deposition potential cathodically. The authors attrib- 
uted this effect to an increase in the electrochemical 
active area after the leaching of Zn from the material, 
but no attempt was made to determine the amount of 
Zn in the final structure. Balej et al. [12] prepared 
several Ni-Zn alloys and measured the hydrogen 
and oxygen overpotentials (7). They found that the 
composite with 32-34% residual Zn showed the low- 
est overpotentials for both reactions. Meanwhile, the 
absolute values reported for r/ were much larger 
than those usually reported. 

Among the several possibilities for Ni alloys, this 
laboratory has been carrying out studies involving 
Ni -Co-Zn  cathodes [3, 6, 9], because of the excellent 
chemical stability and very high activity towards the 
HER. However, one of the problems identified in 
these studies was that with the conventional method- 
ology of electrodeposition, i.e., using a modified 
Watts bath containing ~ 30gdm -3 ZnSO4, the 
deposition of a large amount of Zn directly on to 
the substrate usually resulted in poorly adherent and 
fragile coatings. This is an almost unavoidable effect 
due to the anomalous character of Ni/Zn code- 
position that promotes the preferential plating of the 
less noble metal, even when it is present at low 
concentrations [13]. 

Moreover, the presence of residual Zn in the final 
material hinders its application for other purposes, 
such as controlled oxidation to promote the superfi- 
cial growth of mixed oxides of the type NiCo204, 
that are well recognized catalysts for the oxygen 
evolution reaction [14-16]. 

With the aim of obtaining highly porous and stable 
Ni and Ni-Co surfaces free from residual Zn, this 
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Fig. |. F]owchart of the deposition methodology. 

work describes a new electrodeposition methodology 
that allows the preparation of surfaces acting either 
as active cathodes for the HER or as an eventual pre- 
cursor of mixed oxide anodes for the oxygen evolution 
reaction. 

2. Experimental details 

Working electrodes were constructed using mild steel 
plates (0.102%C, 0.05% Si, 0.62% Mn, 0.09% P, 
0.019% S and 0.016% Mg) in the form of discs with 
0.3 cm 2 geometric area, embedded in epoxy resin. 
Prior to the alloy plating, these electrodes were 
polished with grid 600 emery paper and degreased 
with KOH. The same treatment was applied to the 
bright Ni and metallurgical Ni-Co alloy electrodes. 
The anode was a Ni foil with ~ 10cm 2 geometric 
area. For the voltammetric experiments a Pt foil 
secondary electrode and a Hg/HgO reference system 
were also used in a conventional three-electrode cell 
with an appropriate Luggin capillary. 

Electrodepositions were carried out in a one- 
compartment cell made of Pyrex glass and with a 
Teflon cover having adequate holes to lodge the elec- 
trodes, entrances to add reagents to the bath and the 
thermometer. The solution inside the cell had an 
initial volume of 50 ml and was agitated by means of 
a magnetically driven stirrer that-also served as a 

heat source. The electrolytic bath was of the conven- 
tional Watts type modified by the addition of COSO4 
and/or ZnCI2 in the required amounts. All solutions 
were prepared with Merck PA reagents dissolved in 
water purified by a Milli-Q system from Millipore. 

The plating of the mild steel substrates was per- 
formed in a galvanostatic mode with a potentiostat/ 
galvanostat (model 371 EGG&PARC). The Z n S O  4 

stock solution was added to the bath using a rood. 
682 metrohm titroprocessor provided with a Dosimat 
microburet. The electrodeposits were analysed with 
an energy dispersive X-ray (EDX) microanalyser 
(Link Analytical model (QX 2000) and with a scan- 
ning electron microscope (Zeiss DSM 960). Chemi- 
cally dissolved deposits were analysed by atomic 
absorption using a spectrometer (Hitachi model 
Z810) and by differential pulse polarography using a 
polarographic analyser (model 348B EGG&PARC) 
and an electrode system (model 303A EGG & 
PARC). For the other electrochemical measurements 
a potentiostat (model 273 EGG&PARC) and a recorder 
(model 7046B Hewlett-Packard X-Y) were used. 

3. Results and discussion 

3.1. Ni and Ni-Co alloys electrodeposition 

Figure 1 shows a flowchart of the deposition method- 
ology specially developed to produce deposits show- 
ing the following characteristics: (a) a multilayer 
structure; (b) an enhanced adherence resulting from 
the absence of Zn in contact with the substrate and; 
(c) a Zn concentration profile increasing from the 
inner part to the surface of electrodeposits. In the first 
step, the objective was to deposit a nickel layer on the 
substrate to improve the adherence and to minimize 
the possibility of exposure of the mild steel base dur- 
ing utilization. After this step, the addition of the 
cobalt salt to the bath resulted in a smooth Ni-Co 
layer with a composition similar to the external 
region, that provided an enhanced physical stability 
of the porous structure. In this case, four different 
compositions were prepared. In the case of pure nickel 
deposits this step was not included in the sequence. 
The next step was the slow addition of Z n  2+ to the ele- 
trolyte. As a consequence, the zinc content in the alloy 
grew as the deposition was carried out. In the last step, 
the bath composition was kept constant with respect 
to  [Zn 2+] to allow the growth of a layer of high poros- 
ity in the electrodeposit. The subsequent activation of 
the deposits by means of alkaline leaching is much 
more efficient here than in Ni-Zn or Ni -Co-Zn  
alloys obtained in the traditional manner [9] thus pro- 
ducing a highly porous surface and the almost total 
elimination of zinc from the deposited layer (see 
below). 

3.2. SEM and EDX analysis of the electrodeposits 
structure 

The multilayer nature of the alloys prepared using the 
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Fig. 2. SEM picture for a transverse section of a Ni-Co-Zn deposit 
(47 at % Co) showing the multilayer character of the deposit. The 
first bright layer on the left hand side is the mild-steel substrate, 
the second layer is pure nickel, the third very thin layer corresponds 
to Ni-Co and the last one (very porous) is of Ni-Co-Zn. 

methodology above is exemplified in Fig. 2 by a SEM 
picture of a transverse section of a deposit obtained 
from a bath containing 100gdm -3 COSO4. On the 
left hand side of the deposit a bright region reveals 
the mild steel substrate. Following this there is a 
smooth layer of pure nickel, a very thin and smooth 
layer of Ni -Co  and finally the rough layer of N i -  
Co-Zn.  This picture illustrates the objective of the 
developed methodology for the deposition of new 
types of N i -Zn  and N i - C o - Z n  alloys. 

As shown before, the multilayer deposition of Ni, 
Co and Zn produces an alloy with a very specific dis- 
tribution of the atoms of each metal. To determine 
such a distribution, an EDX analysis of a transverse 
section of a nonactivated deposit obtained from a 
bath containing 100gdm 3 COSO4 was carried out. 
Figure 3 shows the corresponding concentration lines 

in arbitrary units; these were adjusted in each 
measurement to avoid overloading the scale. The lines 
are plotted against a background of Fig. 2 for better 
understanding. The multilayer nature of the deposits 
is clear. Thus, a Ni region of about 15 #m is observed 
immediately above the mild steel substrate (Ni curve). 
The next region of the deposit (~5 #m) shows an 
increase in the Co EDX line (Co curve) caused by 
the addition of Co 2+ to the plating bath, with the con- 
sequent decrease of the Ni line, revealing the forma- 
tion of the Ni -Co  layer. In the last region, the Zn 
line (Zn curve) increases while those for Co and Ni 
diminish. This last layer has a thickness greater than 
15 #m and, after leaching, produces a very porous 
surface. 

3.3. Chemical analysis of the alloys 

The chemical analysis of the total amount of zinc in 
the electrodeposits after alkaline leaching, as well as 
the determination of the Ni -Co layer composition, 
was done using two different techniques, that is, differ- 
ential pulses polarography (DPP) and atomic absorp- 
tion spectrophotometry (AAS). For that purpose, 
Ni -Co  deposits containing different amounts of Co 
were prepared following the flowchart procedure 
(Fig. 1) but without applying the first step correspond- 
ing to the pure nickel layer. These deposits were ini- 
tially dissolved in 'aqua regia' avoiding excessive 
dissolution of the mild steel substrate, followed by 
prolonged heating to remove nitrate by thermal 
decomposition. The resulting solutions were conveni- 
ently diluted for the analyses. In the case of AAS, the 
dilution was made directly with water while for the 
polarographic analyses the following electrolytes 
were used: (a) 1 M NH4C1/NH3 for Ni and Zn deter- 
minations and (b) 1 M NH4C1/NH 3 ÷ 0.2M 
NO 2 -}-10 3M dimethylglyoxime for Co [17]. The 
results of these analyses for the four Ni -Co  alloys 

uJ 

Distance 

Fig. 3. Energy Dispersive X-ray 
analysis (EDX) of Ni, Co and Zn 
on a transverse section of a nonac- 
tivated Ni-Co-Zn electrodeposit 
(47at% Co) plotted against a 
background of Fig. 2. 
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Table 1. Ni, Co and Zn compositions in the different deposits measured 
by atomic absorption spectrophometry (AAS) and differential pulse 
polarography (DPP) 

[CoS04J Ni/at % Co/at % Zn/at % 
(in the bath) AAS DPP AAS DPP AAS/DPP 
g dm -3 

50 69 73 31 27 nd 
100 58 53 42 47 nd 
150 35 41 65 59 nd 
200 26 30 74 70 nd 

nd= not detected. 

investigated are presented in Table 1. They demon- 
strate that the proposed methodology for electrode- 
position yields alloys that permit the total removal 
of Zn within the detection limits of the analytical tech- 
niques employed here. Similar results were obtained 
for the samples containing only Ni. Table 1 also 
show that the Co composition in the deposit is always 
proportional to the Co 2+ concentration in the plating 
bath. 

3.4. Topological analysis o f  the surfaces 

Figure 4 collects the SEM results obtained for the sur- 
face of a deposit with 47 at % of Co. Figure 4(a) shows 
the picture obtained for the non-activated surface 
while Fig. 4(b) and (c) correspond to the same surface 
after alkaline leaching, for different magnifications. 
Finally, and for comparison, Fig. 4(d) shows a pure 
porous nickel surface obtained by deposition in 
the absence of cobalt and subsequent activation. 
The removal of zinc is clearly visible when compar- 
ing the two upper pictures through the disappear- 
ance of the dendritic structures usually associated 
with electrodeposited zinc. The remaining surface 
(Fig. 4(b)) shows a less porous columnar structure 
with numerous microcracks on the top. The 
extremely large area of these deposits (see later) is 
probably associated with those microcracks. 
Figure 4(c) shows details of these structures using 
an increased magnification (5000x) while Fig. 4(d) 
shows the nickel surface with the same magnifica- 
tion. Here, the presence of microcracks cannot be 

Fig. 4. SEM pictures of the following surfaces: (a) nonactivated Ni-Co-Zn (47 at % Co), (b) Ni Co (47 at % Co) after activation by alkaline 
leaching, (c) same as (b) but for a different magnification, and (d) activated Ni. 
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Fig. 5. Cyclic voltammograms for bright nickel in the steady state 
(full line) and for a 1:1 Ni-Co metallurgical alloy in the first 
(dashed line) and after 20 cycles (dotted line) in 0.5M NaOH at 
50mVs -1 in the potential region of formation and reduction of 
c~-Ni(OH)2. 

observed but again the picture reveals a very large 
surface area. 

3.5. Voltammetric evaluation of the electrochemical 
active area 

The method used here to evaluate the electrochemical 

active area of Ni and Ni-Co surfaces is based on the 
cyclic voltammetric oxidation of the nickel surface to 
form one complete monolayer of ~-Ni(OH)2 [9, 18]. 
In this case, the peak currents are directly propor- 
tional to the exposed nickel area. In addition, it has 
been shown previously [9] that the same methodology 
can be applied to Ni-Co surfaces. This is because the 
formation of Co(OH)2 is irreversible in the potential 
range used [19] and its contribution to the anodic cur- 
rents can be eliminated by cycling the electrode poten- 
tial several times before collecting the data. This 
behaviour is shown in Fig. 5 which compares the cyc- 
lic voltammetric response in alkaline solutions of a 
bright nickel electrode (full line) with a 1:1 Ni-Co 
metallurgical alloy in the first cycle (dashed line) and 
after stabilization (dotted line). The voltammograms 
were recorded in 0.5M NaOH at room temperature 
and at 50mVs -1. From Fig. 5 it is clear that on the 
first cycle the anodic peak of the Ni-Co surface com- 
prises two different processes, that is, the formation of 
Co(OH)2 and ~-Ni(OH)2, respectively. However, 
after 20 cycles the Ni-Co response becomes very simi- 
lar to that of the pure nickel electrode, except perhaps 
by the less marked activity for hydrogen evolution 
(cathodic extreme of the voltammogram). The small 
differences in peak current densities may be attributed 
to variations in the roughness factors of the electrodes 
due to different hardness of the materials. Meanwhile, 
the voltammetric response in that restricted potential 
range can still be used as a good approximation for 
the measurement of the electrochemical active area 
of porous Ni-Co alloys, in a similar manner to that 
described for porous nickel electrodes [9, 16]. 

Thus, Fig. 6 presents the steady-state cyclic vol- 
tammograms obtained for the porous electrodes 
under the same experimental conditions. The full 
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Fig. 6. Cyclic voltammograms for bright nickel (full 
line), porous nickel (dashed line), and porous Ni -  
Co (dotted line) in 0.5M NaOH at 50mVs -1 in 
the potential region of formation and reduction of 
c~-Ni(OH)2. 
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Table 2. Tafel parameters for the HER on high area Ni and Ni-Co 
electrodes at several temperatures 

T/°C Ni Ni-Co 

Tafelslope io × 10 4 Tafelslope io × 10 3 
/mV dec.-1 /A cm -2 /mV dec.-1 /A cm -2 

25 85 5.75 70 1.74 
35 87 9.02 66 2.11 
45 76 9.88 66 2.56 
55 77 14.70 61 3.29 
65 78 26.50 53 3.76 
75 81 41.70 - - 

line corresponds to bright nickel and is included for 
comparison while the dashed line and the dotted line 
are for large area (porous) Ni and Ni-Co (47 at % 
Co) electrodes, respectively. From equivalent voltam- 
mograms, but using electrodes with different Co con- 
centration in the alloy, it was observed that: (i) the 
mean roughness factor was about 4400 for the porous 
Ni-Co alloys and 1100 for the porous Ni, and (ii) the 
former value is practically independent of the Co con- 
centration in the deposit. 

3.6. Long-term water electrolysis 

To verify the activity toward the HER of the large 
area deposits obtained by the procedure described 
above, steady-state polarization experiments at sev- 
eral temperatures and long-term water electrolysis 
tests were performed. The electrochemical parameters 
extracted from the Tafel plots are present in Table 2. 
Although the current density values are relatively low, 
the activity towards the HER at high current densities 
is a consequence of the values of the Tafel slopes. As 
can be observed from Table 2, these values are con- 
siderably lower than those expected for a one electron 
reaction (i.e., 2.303 RT/O.5F). Such behaviour is in 
perfect agreement with results previously published 

for porous surfaces [1, 3, 9]. More detailed infor- 
mation on this kind of studies can be found else- 
where [9]. For the long-term electrolysis the 
conditions were analogous to those used in indus- 
trial unipolar water electrolysers, that is, applying 
135mAcm -2 at 70°C and using 6~  KOH as the 
electrolyte. The measured potentials are presented 
in Fig. 7 as a function of time. Three kinds of cathodes 
with the same geometric area were used. The different 
curves refer to (a) smooth mild-steel cathode, (b) large 
area Ni, (c) large area Ni-Co (47at % Co in the 
deposit), and (d) the same Ni-Co electrode but at 
250mAcro -2. Potential values taken after stabiliza- 
tion at around 100h, show that the porous alloys 
operate at potentials approximately 300mV less 
cathodic than the mild steel electrode and with over- 
potentials lower than 100inV. This is clear evidence 
of the enhanced activity of the alloys toward the 
HER. In this same way, the activity of large area 
Ni-Co is slightly greater than that of nickel electro- 
des. In both cases, the stability of the active coatings 
for long term operation under laboratory conditions 
was well established. 

4. Conclusions 

The new methodology presented in this work proved 
to be effective for the preparation of large area Ni 
and Ni-Co coatings having a multilayer structure. 
The distribution of the inner layers in the deposits 
confirms the objectives of the deposition methodology 
and points to a superior physical resistance of these 
active materials when compared to the traditional 
ones. The morphology of the coatings shows that 
the large surface area is associated with a columnar 
type structure which, in the case of Ni-Co, also 
presents numerous microcracks on the surface. The 
voltammetric results used for real electrochemical 
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Fig. 7. Long-term operation water elec- 
trolysis in 6 M K O H  at 70 °C. The lines 
correspond to (a) smooth mild-steel, (b) 
porous Ni and; (c) porous N i - C o  at 
135mAcro -2 while curve ~d) is for 
porous Ni Co at 2 5 0 m A c r o -  . 
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area evaluation confirm these conclusions showing 
also that, in the case of nickel, where the microcracks 
are not present, the roughness factor is lower than for 
Ni-Co. 

Analysing the behaviour of these electrodes for the 
hydrogen evolution reaction, it can be concluded that 
the real electrochemical area plays a very important 
role in the electrochemical activity. Such electrodepo- 
sits are, in a broad sense, very convenient materials for 
use as cathodes in water electrolysis or as precursors 
for other large area structures. 
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