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ABSTRACT 

The fabrication and characterization of nickel-alloy electrodes for alkaline electrolysers is 

reported. Three different alloys (Ni-Co, Ni-Zn and Ni-W) at different composition were 

studied in order to determine the optimum solution. Nanostructured electrodes were obtained 

by template electrodeposition into a nanoporous membrane and starting from aqueous 

solutions containing the two elements of the alloy at different concentrations. Composition of 

alloys can be tuned by electrolyte composition and also depends on the difference of the 

redox potential of elements and on the presence of complexing agents in deposition bath. 

Electrochemical and electrocatalytic tests aimed at establishing the best alloy composition 

were carried out for hydrogen evolution reaction. Then, test conducted at a constant current 

density in potassium hydroxide (30% w/w) aqueous solution were also performed. For all 

investigated alloys, very encouraging results were obtained and in particular Ni-Co alloys 

richer in Co showed the best performance. 

KEYWORDS: Alkaline Electrolyzer, Nanostructured Electrodes, Ni-Co Alloy, Ni-W alloy, 

Ni-Zn alloy, Template Electrosynthesis. 
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1 INTRODUCTION 

Hydrogen production by water electrolysis (WE) is a very promising technology because it is 

a pollution-free process especially if renewable sources are employed for generating the 

required energy [1–5]. Although historically it was the first method used for the production of 

hydrogen, nowadays, the cost of hydrogen production by WE is higher than other available 

technologies, which makes WE not competitive [6,7]. Despite this, electrolysis is still widely 

used for the production of hydrogen with a very high degree of purity [8,9]. In particular, 

today, alkaline electrolysers are the most spread systems in industrial applications [10,11], 

where the technological maturity ensures good stability and a long lifecycles (over 15 years), 

as well as high efficiencies (45–85%), and a purity degree of 99.7–99.9% [12,13]. 

Although alkaline electrolyser is a mature technology, many efforts are still being made to 

improve its performances and reduce the production costs, through the use of low cost 

electrodes made of noble-metal-free electrocatalysts [14–18]. In particular, the development 

of cheap nickel electrodes with high electrocatalytic features is one of the potential 

approaches to increase the WE performance [19–22]. In the improvement and optimization of 

the electrode material, of fundamental importance is the morphology of the electrodes which, 

to ensure high performance, must have very large surface areas [23,24]. For this reason, over 

the years different types of nanostructured electrodes, which guarantee high aspect ratios, 

have been developed with 1D [25], 2D [26,27] and 3D morphology [28]. For example, it was 

demonstrated that NiFe2O4/carbon black nanospheres have improved catalytic properties 

towards the electrocatalytic hydrogen evolution reaction (HER) in acidic media [29]. 

Interesting results were also obtained by Zhang et al., that proposed a P doped nickel-based 

honeycomb electrode with micro-tapered holes [30]. In particular, they showed that this low-

cost and high-efficiency electrocatalyst has superior performances because, at a current 
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density of 10 mAcm-2
, requires an overpotential of only 84 mV for the HER. Among the 

different nanostructured morphologies, nanowires (NWs) are extremely interesting for the 

development of electrodes for HER reaction [28,31,32]. In particular, as reported by Yan et al. 

[28], well-ordered NW arrays are ideal to make electrodes for gas evolution because they 

decrease the pathway of ionic diffusion, enable the ionic motion towards electrode inner part, 

improve the electrode material utilization degree and favour a rapid release of the gas bubble. 

Recently, Wang et al. [33] have proposed self-supported Ni-Mo nitride NW arrays that 

exhibit excellent catalytic activities. In fact, at a current density of 10 mAcm
−2

, for the HER 

they have measured an overpotentials of 22 mV. Also Li et al. have shown that vertically-

aligned Co-Ni-P ternary NW arrays, supported on a nickel foam current collector, have good 

long-term stability and excellent electrocatalytic performance, attributed to the intrinsically 

high catalytic activity of ternary alloy and to NWs morphology [34]. Such properties have 

also been observed by other authors [33], who pointed out that the unique NWs morphology 

provides a large number of electrocatalytically active sites, offers efficient conductive paths, 

facilitates the electrolyte mass transport and the release of gas bubbles. Very interesting 

properties have core-shell Ag/Ni(OH)2 NWs that shows superior activity, high conductivity 

and good durability [35]. 

A straightforward method for obtaining electrodes based on ordered arrays of NWs is 

template electrosynthesis. Through this method, we have fabricated electrodes based on Ni 

NWs that have a very high surface area and good catalytic performance [36–38]. Besides, we 

have also shown that Ni NWs obtained by template electrosynthesis and covered with 

nanoparticles of IrO2 [19] as an anode and Pd as a cathode [39] of alkaline electrolysers, have 

good and stable performance also at room temperature.  

Here, the attention has been focused on the fabrication and characterization of nickel-alloy 

electrodes for the HER. In particular, different alloys (Ni-Co, Ni-Zn and Ni-W) with different 
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composition were studied in order to determine the most suitable alloy and its optimum 

composition. These alloys were selected due to their promising properties. In particular, as 

reported in the literature [40], for the HER the expected trend for the activity of alloys should be 

Ni-Zn > Ni-Co > Ni-W. Besides, the alloys exhibit improved activity compared to pure 

components as demonstrated by Hong et al. in the case of Ni-Co alloys [41], Sheela et al. for Ni-

Zn alloys [42], and by Kim et al. for Ni-W alloys [43]. The superior performance of Ni alloys in 

comparison with pure elements, were attributed to their unique electronic configuration, 

characterized by a high number of d electrons, that ensures high corrosion resistance, high 

number of active sites and good electrochemical activity [11,44]. More than the others, Ni-Co 

alloys showed good performance not just as HER electrocatalyst but also in other fields due to its 

good magnetic, mechanical and electrical properties [45,46]. In general, the cobalt-based 

electrocatalysts have low cell voltage, exclusive electronic structures, and significant durability, 

this makes them unique for energy-related fields applications [47]. 

In this work, NWs of Ni alloys were obtained by template electrosynthesis using 

polycarbonate membrane and their performances were evaluated at room temperature using a 

30% w/w KOH aqueous solution. Deposition solutions with various concentrations of the two 

components were used to obtain alloys with different compositions. NWs electrodes of pure Ni, 

Co and Zn were also fabricated and characterized, to a better comparison between the alloys and 

to evaluate effective improvement in their use. Only pure metal W NWs was not possible to 

obtain. To estimate the performances of NW alloys for HER in alkaline medium, 

electrochemical and electrocatalytic characterization were carried out. In addition, in order to 

study the mid-term stability of the electrolyser, the electrodes were tested at constant current 

density. 
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2 MATERIALS AND METHODS 

2.1 Electrode fabrication. 

NW electrodes were obtained by template electrosynthesis by means of polycarbonate 

nanoporous membranes (Whatman). The template has a mean pore diameter of 200 nm and a 

thickness of about 20 µm. In Table 1, the composition and pH of the deposition solution is 

reported. With these solutions, pure metallic NW arrays were obtained, whereas, to obtain 

NWs of two-component alloys, electrodeposition baths with different concentration of metal 

precursor were used. In particular, starting from the solutions composed exclusively of the 

two metal precursors, electrolytes with variable composition have been obtained by mixing 

them in different volumes. The composition of the final solutions, employed to obtain the 

three alloys at different composition, is reported in Table 2. 

 

Table 1 Composition solution and electrodeposition parameters for pure metallic deposit 

 

Metal Solution composition pH Parameters for NWs 

deposition 

Ni 

NiSO4·6H2O            0.571M 

NH4Cl                      0.561M 

CHCOONa              0.366 M 

H3BO3                     0.243 M 

5.3 

Potential Square-Wave: 

-0.35 V /-0.75 V vs. RHE 

x 50 cycles 

Co 

CoSO4·6H2O            1.07 M 

CoCl2                        0.34 M 

H3BO3                     0.727 M 

3.0 

Potential Square-Wave: 

-0.08 V /-0.78 V vs. RHE 

x 90 cycles 

Zn 

ZnSO4·7H2O            0.571M 

NH4Cl                       0.561M 

CHCOONa               0.366 M 

H3BO3                      0.243 M 

5.3 

Potential Square-Wave: 

0.05 V /-0.75 V vs. RHE 

x 50 cycles 

W 

Na2WO4·2H2O            0.2 M 

Na3C6H5O7·2H2O      0.34 M 

H3BO3                      0.323 M 

NH4Cl                       0.675M 

C3H8O3                    20 mL/L 

8.0 

 

 

/ 
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The electrodeposition was carried out at room temperature, using a fresh solution for each 

experiment. The electrosynthesis of the templates of NW electrodes was performed according 

to the procedure detailed in [48–52]. In particular, the first process consists in the sputtering 

of a very thin layer of gold only on one side of the template. On this gold film, a pure metallic 

layer of Ni was electrodeposited, potentiostatically at -1.5 V vs. SCE for 2.5 h. This step is of 

fundamental importance because it permits to obtain a thick and uniform metallic layer that 

acts both as current collector and as mechanical support for nanostructures. 

 

Table 2 Composition solution and electrodeposition parameters for the template 

electrosynthesis of NWs of different alloys. The name of the alloys corresponds to the content 

of the two elements in the electrodeposition bath 

 

Alloy Solution composition pH  

Complexing agents 

Upper and Lower limit of 

Square wave potential 

Cycle numbers 

Ni-Co 

33-67 NiSO4·6H2O            0.356 M 

NiCl2                        0.11 M 

CoSO4·6H2O           0.713 M 

CoCl2                        0.23 M 

3.0 

 

H3BO3                   0.727 M 

-0.08 V /-0.78 V vs. RHE 

 

90 cycles 

50-50 NiSO4·6H2O            0.535 M 

NiCl2                        0. 17 M 

CoSO4·6H2O           0.535 M 

CoCl2                        0.17 M 

67-33 NiSO4·6H2O            0.713 M 

NiCl2                        0. 23 M 

CoSO4·6H2O           0.356 M 

CoCl2                        0.11 M 

Ni-Zn 

33-67 NiSO4·6H2O            0.190 M 

ZnSO4·7H2O            0.381 M 
5.3 

 

CHCOONa            0.366 M 

NH4Cl                     0.561M 

H3BO3                   0.243 M 

-0.35 V /-0.75 V vs. RHE 

 

50 cycles 

50-50 NiSO4·6H2O            0.285 M 

ZnSO4·7H2O            0.285 M 

67-33 NiSO4·6H2O            0.381 M 

ZnSO4·7H2O            0.190 M 

Ni-W 

33-67 NiSO4·6H2O            0.067 M 

Na2WO4·2H2O        0.133 M 

8.0 

 

Na3C6H5O7·2H2O   0.34 M 

-0.06 V /-0.86 V vs. RHE 

 

180 cycles 50-50 NiSO4·6H2O                 0.1 M 
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Na2WO4·2H2O            0.1 M H3BO3                   0.323 M 

NH4Cl                    0.675M 

C3H8O3                  20 mL/L 

67-33 NiSO4·6H2O            0.133 M 

Na2WO4·2H2O        0.067 M 

 

NWs were obtained into the template nanochannels by pulse electrodeposition, using the 

deposition parameters reported in Table 1 for pure NWs and in Table 2 for NWs alloys. In all 

cases, to avoid the formation of nanotubes due to the secondary HER, a specifically value of 

lower applied potential was selected. Template electrosynthesis was performed in a standard 

cell with three electrodes consisting of a Pt mesh as a counter-electrode and a saturated 

calomel electrode as a reference (0.242 V vs. SHE). The working electrode area was about 11 

cm
2
.  

To obtain a nanostructured electrode with the array well exposed to the KOH solution during 

the electrocatalytic tests, a final step of template etching is necessary. In particular, 

polycarbonate was etched in pure dichloromethane at room temperature. To ensure its total 

removal, this procedure was repeated 4 times using fresh solvent for each step.  

 

2.2 Electrode Characterization. 

The NW electrodes were characterized by scanning electron microscopy (SEM), energy 

dispersive spectroscopy (EDS) and X-ray diffraction (XRD). In particular, the morphology of 

NWs was studied by FEG-ESEM microscope (model: QUANTA 200 by FEI). Atomic 

composition was investigated by EDS analyses, that were carried out only on NWs after their 

detachment from Ni current collector by a tearing-off with a carbon tape (3M electrically 

conductive adhesive transfer tape). In order to investigate the uniform composition of NWs, 

different areas were exanimated. A RIGAKU X-ray diffractometer (model: D-MAX 25600 

HK) was employed to perform XRD analyses. Analyses were carried out setting the tube 

voltage and current at 40 kV and 40 mA, respectively. The 2θ range from 30° to 80° 
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(sampling width of 0.01°, scan speed of 4.00 °/min) was examined using Ni-filtered Cu Kα 

radiation (λ= 1.54 Å). The phases were identified by comparison with the literature data. 

Electrochemical characterizations were carried out in 30% w/w KOH aqueous solution using a 

three electrode cell, where a Ni sheet (with a surface area of about 20 cm
2
) was employed as 

counter-electrode and Hg/HgO (0.1 M NaOH, 0.165 V vs. SHE) as reference. In the following, 

all the potentials will be referred to the value of the reversible hydrogen electrode (RHE) at 

the pH of the relative solution referred to. Cyclic voltammetry (CV, measured in the potential 

range from -0.035 V to 1.265 V vs. RHE with a scan rate of 0.005 Vs
-1

) and quasi-steady-state 

polarization (QSSP) were carried out to study the electrochemical performance of the NW 

electrodes. The potential range of CV was chosen because at the lower and upper limit HER and 

OER occur, respectively. QSSP curves (scanned potential range 1 V, scan rate of 0.1667 mVs
-1

) 

were obtained in the potential range from 0.1 V to -0.9 V vs. RHE. Besides, to evaluate the mid-

term stability, NWs electrodes were subjected to constant current density tests. All 

electrochemical tests were carried out at room temperature using a Cell Test System (Solartron, 

Mod. 1470 E). Data were recorded by MultiStat Software. Each experiment reported in this 

work was repeated at last three times. 

 

3 RESULTS AND DISCUSSUION 

3.1 Fabrication and Physico-Chemical Characterization. 

The deposition of Ni-alloy NWs was done by applying a square wave potential, using the 

parameters reported in Table 2. For each alloy, by a preliminary investigation, a specific 

interval of pulse potential was selected. The pulse potential deposition was chosen because the 

inversion of current polarity ensures the replenish of the double layer. In addition, the inversion 

of current density polarity is essential in the case of nanostructures deposition to control their 
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morphology. In fact, due to the inevitable concurrent HER, the accumulation of hydrogen gas 

inside the template channels can lead to the formation of nanotubes that have a lower mechanical 

resistance compared to NWs [49]. Thus, the lower value of potential was selected to have a 

current density slightly above zero, while the higher value was selected in order to avoid an 

excessive hydrogen evolution.  

The typical voltage and current trend are reported in Figure S1. A similar trend was obtained 

both for pure Ni and for the alloys (independently from alloy composition) with specific 

features and values of the reordered pulsed current density. It can be observed that there is a 

slight difference in the initial form of the current transients, especially when the voltage is 

inverted from the lowest value to the highest value. In particular, for the Ni-W alloy, the 

presence of a current spike is observed, attributable to the instantaneous evolution of 

hydrogen. 

In the case of the other alloys and for pure Ni NWs, the initial spike is less evident and seems, 

in terms of intensity, to follow the same trend of the hydrogen overvoltage in pure metals, that 

for the elements considered is Zn>Ni>Co>W. Therefore, on the Zn and on the W there are 

respectively the highest and the lowest overvoltage for the development of hydrogen, which 

justifies the shape of the registered current transients. In any case, the deposition process led 

to the formation of regular arrays of NWs (Figure 1). In fact, both for the pure Ni and for the 

alloys, cylindrical NWs, interconnected with each other, were formed whose shape is specular 

to that of the polycarbonate template. The NWs were deposited over the entire surface of the 

electrode and appear firmly connected on the current collector. They have an average 

diameter of the order of 220-250 nm and a length of about 4 m. 

The morphology of the nanostructures is practically identical in all investigated samples. In 

fact, none particular differences either between the different alloys, or with the same alloy as 

its composition varies, were observed (see also Figures S2-S3). This is actually an obvious 
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result, because in the template electrosynthesis method, the morphology of the nanostructures 

exactly replicates that of the template and does not depend on the type of material being 

deposited. 

 

 

 

Figure 1. SEM images of Ni and Ni alloy NW electrodes: a) Ni; b) Ni-Co; c) Ni-Zn and d) Ni-

W. 

 

Concerning the composition of the nanostructured alloys, the same was determined through 

EDS measurements that were made on different areas of the sample to verify its homogeneity. 
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In Figure 2, in particular the EDS spectra of the alloys obtained using an equi-concentration in 

the electrodeposition bath of the two elements were shown. 

 

Figure 2. EDS spectra of Ni and Ni alloy NW electrodes: green) Ni; red) Ni-Co; blue) Ni-Zn 

and black) Ni-W. 

 

As can be observed in Figure 2, apart from the peaks of Ni, and in the case of the alloys, the 

peaks of the second element that constitutes the alloy itself, no other peaks are present, thus 

NWs were not contaminated by other elements present in the deposition solution. Therefore, 

it can be concluded that the NWs are made up of pure Ni and, in the case of the alloys, of a 

pure alloy. The relative height of the peaks of the two elements changes according to the 

composition of the bath used for the electrodeposition and this leads to the formation of alloys 

with different composition (Figure S4). EDS data were summarized in Table 3, where the 
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NWs atomic composition as a function of element concentration ratio in the electrodeposition 

solution was reported. 

 

Table 3. NWs atomic composition as a function of element concentration ratio in the 

electrodeposition solution 

Co in 

Solution (%) 

Co in NWs 

(%) 

Zn in 

Solution (%) 

Zn in NWs 

(%) 

W in 

Solution (%) 

W NWs (%) 

Ni-Co Ni-Zn Ni-W 

0 0 0 0 0 0 

5 32.45 16.67 31.03 16.67 0.98 

10 47.85 33.33 41.28 33.33 1.55 

16.67 66.13 50 44.39 50 2.64 

33.33 85.06 66.67 65.51 66.67 2.97 

50 92.46 83.33 71.44 83.33 7.48 

66.67 94.73 100 100 90 9.15 

83.33 97.81     

100 100     

 

 

Figure 3. NWs atomic composition as a function of Ni concentration ratio in the 

electrodeposition solution. 
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The above discussed is clearly evident in the graph of Figure 3, where the average Ni 

composition (expressed in atomic %) of the various examined samples as a function of the Ni 

composition of the electrodeposition bath was reported. In the case of the Ni-Co and Ni-Zn 

alloys, it was possible to investigate the entire composition interval range, obtaining also the 

NWs of the pure metals which are obviously representative of the extremes of the 

composition interval. In the case of the Ni-W alloy, as expected it was not possible to obtain 

NWs of pure W from an aqueous solution [53]. Despite the presence of a high amount of the 

W precursor in the electrodeposition bath (Table 2), the alloy with the maximum content of W 

contained only 10% of its (in the bath the W precursor was 90 %). This is in agreement with 

the literature data, which shows that for alloys obtained at room temperature (deposition 

condition also in this work) the maximum solubility of W in Ni is 12.5% [54–56]. In fact, as 

reported by several authors [43,56–58], the composition of the Ni-W alloy obtained by 

electrodeposition is little influenced by the composition of the deposition bath and also the 

current density and the deposition potential have little impact. In the case of the potential, it 

has also been proved that, for values more cathodic of -0.543 V vs. RHE, due to the 

concomitant hydrogen development reaction, the amount of deposit that is formed is very 

small [56]. The only parameter that has an influence on the composition of the Ni-W alloy is 

the deposition temperature, and in fact Detor et al. [55] have shown that at T higher than room 

temperature it is possible to obtain alloys with a W content of about 25.5%. Moreover, the 

same authors have shown that if the alloy deposition occurs through pulse electroplating, a 

better uniformity of composition is obtained, coherently with what has been obtained and 

demonstrated here through the EDS measurements of the different areas that have showed the 

homogeneity of the different samples. The Ni-W alloys reported here were obtained using the 

classic bath for the electrodeposition of the Ni-W alloy in which the citric-ammonia complex 

is present (in particular sodium citrate as a complexing agent for Ni and ammonium chloride 
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for W, respectively). We also added boric acid, considering the results obtained by Wu et al. 

[59], who reported the formation of a Ni-W alloy at 46% in W thanks to the presence of boric 

acid in solution. Despite the addition of boric acid, in our deposition conditions, it was not 

possible to reach such high values of W in the alloy in accordance with what reported by 

Brenner et al. [60] that have found no influence of this additive on the composition of the 

alloy. 

In the case of the Ni-Zn NWs, the composition of the alloys is approximately linear with the 

composition of the bath. Considering that the standard electrochemical redox potentials of the 

two metals are quite different (Ni2+/Ni is 0.04 V vs. RHE, while for Zn
2+

/Zn is -0.45 V vs. 

RHE), these results appeared quite surprising. In fact, the thermodynamic values of redox 

potential suggest an easier deposition of Ni compared to Zn, but this is no longer true in the 

presence of complexing agents. In fact, our deposition bath contains ammonium chloride and 

sodium acetate as complexing agents that are known as good additives that improve the Zn 

electrodeposition rate [42,61–63]. The formation of the alloys, with an almost linear content 

of Zn, occurs thanks to their presence, which, depending on the composition of the 

electrolyte, are able to balance the driving force for the deposition of the two components of 

the alloy.  

The composition of Ni-Co alloys appears very complex. In fact, it can be observed that the Co 

content is higher in the alloy than in the electrolyte, although the very close value of the 

standard electrochemical potential of Ni
2+

/Ni (-0.08 V vs. RHE) and Co
2+/Co (−0.1 V vs. 

RHE) would have suggested the formation of an alloy with a composition very similar to that 

of the bath. These results agree with literature data [45,64], and can be attributable to the 

specific ligand role of the boric acid in solution towards Ni ions [65]. In fact, considering that 

the stability constant of Ni-borate complex is higher than Co-Borate one [66], in a 
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electrodeposition bath containing both, the reduction of Ni
2+

 becomes less favoured leading to 

a Co enrichment of the alloy. 

The XRD patterns of the different nanostructured Ni alloys were showed in Figure 4, where 

for comparison also the pattern of pure Ni NWs was also reported. These NWs consist of well 

crystalline -Ni with face-centered cubic (fcc) structure (ICDD (International centre of 

diffraction data) card no. 04-850). The unknown peak at about 40° can be attributable to 

native oxide of Ni. It can be also observed the peak at 38.7° attributable to the main 

diffraction point of the metallic gold due to the presence of the sputtered gold film (ICDD 

card no. 04-784). As far as the alloys are concerned, the patterns reported in Figure 4 are 

relative to samples obtained using a bath containing an equi-concentration of the two 

elements. 

 

Figure 4. XRD patterns of Ni and Ni alloy NW electrodes: green) Ni; red) Ni-Co; blue) Ni-Zn 

and black) Ni-W. 
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For all alloys, it can be observed that the relative intensity of the Ni peaks is very slow 

compared to that of pure Ni. This, together with the fact that the peaks in the case of alloys 

are also broader, is attributable to the formation of a deposit with a low grade of crystallinity. 

The consideration above is particularly true in the case of W alloys. In agreement with the 

literature data, we have found that the presence of W causes the shift of Ni peaks towards 

lower diffraction angles [54]. This is attributed to the swelling of the Ni crystal lattice due to 

the insertion of the W atoms which also tend to make the alloy more or less amorphous. In 

fact, using Scherrer’s equation [67] and according to data obtained by Schuh et al. [54], we 

have calculated the grain size and found an average size of 12.5± 0.15 nm that is lower of the 

value calculated for Ni NWs (31.3± 0.15 nm). This effect becomes more evident as W content 

in the alloy increases. 

In addition, in the case of Zn alloy electrode, the peak of gold (38.7°) is present. There are 

two peaks at 41° and 43.6° that, as reported by Petrauskas et al., are attributable to Ni-Zn 

alloy [68,69], but the alloy is also confirmed by the broadness of the main Ni peak. In this 

case, due to the presence of Zn in Ni lattice, we have measured a width at half height, to 

which correspond an average grain size of 16.7± 0.15 nm, of 0.517° in comparison to 0.275° 

measured for Ni NWs.  

In the case of Co alloys, the main peak of -Co phase at about 42.2 (hexagonal close-packed 

hcp, ICDD no. 05-0727) appears that shifts towards high 2 values with the decrease of 

Co/Ni ratio. For the Co alloy of Figure 4, we have calculated an average grain size of 19.2± 

0.15 nm. For high Ni content the characteristic peaks of -Ni also appear, in agreement with 

the literature [70]. Alloys rich in Co have a low degree of crystallinity, because similar wide 

peaks with very low intensity, in comparison to that of Ni, were measured. This result was 

expected because, as reported by Lu et al. [71], the almost amorphous nature is a typical of Co 
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and its alloys. For greater clarity, the peaks present in the diffractograms with the relative 

identification of the phases have been listed in Table S1. 

Thus, from XRD characterization, it can be concluded that the Ni alloys obtained in this work 

have almost nanocrystalline nature regardless of the composition and type of the alloys. This 

could be an advantage in terms of electrocatalytic performance because, as demonstrated in 

the case of Ni-Co, amorphous alloys have better performance than the crystalline [72]. 

 

3.2 Electrochemical Characterization. 

The electrocatalytic behaviour of the Ni-alloy nanostructured electrodes was studied by CV, 

QSSP, and galvanostatic polarization (GP) at room temperature in an aqueous solution of KOH 

(30% w/w). 

 

Figure 5. CV curves of Ni and Ni alloy NW electrodes: green) Ni; red) Ni-Co; blue) Ni-Zn 

and black) Ni-W. 
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The CV curves of the different alloys, in the potential range from -0.035 V to 1.265 V vs. RHE, 

are reported in Figure 5 where, for comparison, also the CV of Ni NWs is reported. Also, in this 

case alloys obtained from a bath containing an equi-concentration of two elements were reported. 

For Ni NWs in the interval of investigated potential, it is present only a peak in the anodic scan at 

the potential of about 1.2 V vs. RHE, that, as reported in [73], is attributable to the oxidation of 

Ni
2+

 to Ni
3+

. A similar trend was observed for Zn and W alloys, because in the investigated 

potential range any oxidation-reduction peaks of these alloys are present [42,56]. In the case of 

Ni-Co alloys, the oxidation peak present in the region between 0.3 and 0.4 V vs. RHE, is due to 

Co to Co
2 +

. The oxidation and reduction peaks of Co
2+

 / Co
3+

 are also present at 1.00 V vs. RHE 

and 0.9 V vs. RHE, respectively, according to [74]. 

The important aspect to underline is that if a CV of a planar electrode of Ni is performed in the 

same potential range, there is a significant difference in the current density, that is lower than 

recorded for both the NWs of Ni and its alloys, as demonstrated in our previous article [38]. This 

difference in current densities is attributable to the difference in electrochemically active surface 

area (ECSA) between the planar Ni electrode and the nanostructures. Using the current density 

values, we estimated that the ECSA of the NW electrodes is about two orders of magnitude 

higher than the planar electrode. As reported by Anantharaj et al [75] this value that we have 

calculated is only indicative, because different methods can be used to determinate the ECSA 

leading to different values for the same material. This is due to the fact that each electrocatalyst, 

even if made with the same material, is typically unique for size, shape, morphology and porous 

structure. 

The QSSP tests were performed in scanned range potential from 0.1 V to -0.9 V vs. RHE with a 

scan rate of 0.1667 mVs
-1

 in KOH aqueous solution at room temperature. In Figure 6 (see also 

Figure S5), the only overpotential linear range vs logarithmic current density (reported in 

absolute value) was reported for alloys obtained from a bath containing an equi-concentration of 
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two elements. The comparison with Ni NWs allows to observe that the alloying of Ni with 

different elements is a good strategy to increase its performance. In particular, it can be seen 

that, at the same overpotential, the highest current density is recorded for the electrode based 

on Ni-Co alloy, while Ni-Zn and Ni-W NWs seems to have a similar behaviour. 

 

Figure 6. Tafel’s curves of Ni and Ni alloy NW electrodes: green) Ni; red) Ni-Co; blue) Ni-

Zn and black) Ni-W. 

 

QSSP curves were fitted by Tafel’s equation            (1)  

Where the a parameter is related to exchanged current density (                  , where z is 

the electro-chemical equivalent of the reaction and F is the Faraday’s constant), while b is the 

slope of the Tafel’s curves. The optimum values of Tafel’s slope were reported in Figure 7 (see 



20 

 

also Figure S5 and Table S2). The value of the slope for nanostructured electrode of pure Ni 

agree with literature data [76]. Besides, as demonstrated in [37] the Tafel’s slope value for Ni 

bare electrode is 0.257 Vdec
-1

, higher than the value calculated for the electrodes here obtained 

and characterized. This is attributable to the nanostructured morphology that permits to decrease 

the reaction overpotential. In fact, as reported by Darband et al. [77], electrode with NWs 

morphology have higher electrocatalytic activity compared to bare ones. This was attributed to 

the super aerophobic surface of NWs, that guarantees a rapid separation of gas bubbles from the 

surface [78]. This ensures a high availability of free active sites [79]. For all type of 

nanostructured alloys here investigated, the Tafel’s slope for HER is in the interval between -

0.103 Vdec
-1

 and -0.129 Vdec
-1

. Thus, it can be concluded that the Volmer step is the rate 

determining step [77]. 

 

Figure 7. Tafel’s slope of Ni and Ni alloy NW electrodes: black) Ni; red) Ni-Co; green) Ni-Zn 

and blue) Ni-W. 
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Figure 8. a) Constant current density mid-term stability test and b) mean value of cell potential 

for Ni and Ni alloy NW electrodes: black) Ni; red) Ni-Co; green) Ni-Zn and blue) Ni-W. 

 

Ni NWs electrodes have the highest slope compared to alloy electrodes. This occurs for all the 

alloys and for all the compositions (Table S1) investigated. Considering that lower values of 

Tafel’s slope correspond to better electrocatalytic performances of the electrode, it can be 

concluded that Ni-Co alloys have the best electrocatalytic behaviour for the HER. This behaviour 
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is attributable both to the high hydrogen adsorption of Co and to the low hydrogen overpotential 

ensured from Ni [80]. In the case of Zn alloys, the our b values are much lower than 0.175 Vdec
-

1
 reported by Safizadel et al. [44] for the same type of alloy but not in a nanostructured form. In 

this case, the best performance was achieved with alloys with a Zn content of about 50%. 

For Ni-W nanostructured alloys, b values are similar to those reported in [43]. The improvement 

of the W alloy, in comparison to pure Ni NWs can be described to the increase of hydrogen 

absorption due to the amorphous its structure [43]. 

To evaluate the mid-term behaviour of the nanostructured alloys also galvanostatic tests were 

performed, using a 30% w/w KOH solution at room temperature and imposing a current density 

of 0.05 Acm
-2

 for one hour, Figure 8a. the nanostructured alloys used for these tests are those 

with the best b value. During these tests, the cell potential tends to reach an approximately 

constant value that was reported in Figure 8b (see also Figure S6). In agreement with the above 

discussed results, the lowest cell voltage was obtained for the Ni-alloy of Co and Zn. Contrarily, 

in the case of Ni-Co the best performance was found for rich Co alloy, while for Zn alloys the 

electrodes with the best behaviour is that with a composition of 50% in both elements. We 

remark the results here discussed were obtained at room temperature, thus the improvement 

that we have obtained, in comparison to respective planar electrode and others electrode type 

(see also Table S2, where the performance of some electrodes for HER was listed), can be 

attributable to the nanostructured morphology that ensures a very high electrochemical active 

surface area. This suggests that electrodes with NW morphology are possible high-

performance cathode for alkaline water electrolysers. In Table 4, the most recent results on 

the electrocatalytic performance of different materials for HER in alkaline electrolyzes have 

been reported. From the comparison between the electrodes tested in this work and other 

electrocatalysts with similar and different chemical composition it can be seen that the Tafel’s 

slope values here obtained are among the lowest to date reported in the literature. 
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Table 4. Comparison of performance of various electrocatalysts for HER (TW: this 

work) 

Electrocatalysts 
KOH 

solution 

Tafel slope 

(mV/dec) 

Current 

density 

(mA/cm
2
) 

Potential at 

current density 

(V vs. RHE) 

Ref. 

Ni strip 30 % w/w -142   [36] 

Ni NWs 30 % w/w -118 -10 -0.250 [36] 

Ni0.95Ce0.05 8 M -126 -10 -0.43 [81] 

Ni0.9Ce0.1 8 M -160 -10 -0.466 [81] 

NiS2 HMSs 1 M -157 -10 -0.219 [82] 

NiCo 30 % w/w -101 -10 -0.234 [83] 

p-WP2 1 M -131 -10 -0.175 [84] 

W-WB4-WCx/B4C 0.1 M -130 -10 -0.360 [85] 

G@Co@Zn@NF-350 1 M -144 -10 -0.151 [86] 

Co9S8 1 M NaOH -110 -10 -0.217 [87] 

CoSx/Ni3S2@NF 1 M -133 -10 -0.204 [88] 

(Ni0.33Co0.67)S2 NWs/CC 1 M -127 -10 -0.156 [89] 

Co-W/C@NCNSs (600) 1 M -167 -10 -0.418 [90] 

Co50Ni38Cu12 6 M -142 -100 -0.414 [91] 

Ni NWs 30 % w/w -129 -10 -0.295 TW 

NiCo NWs 50-50 30 % w/w -103 -10 -0.257 TW 

NiZn NWs 50-50 30 % w/w -104 -10 -0.276 TW 

NiW NWs 50-50 30 % w/w -114 -10 -0.280 TW 

 

After constant current density mid-term test, SEM analysis of the nanostructured electrodes was 

performed in order to evaluate the chemical and mechanically stability of the NWs, Figure S7. 

Compared to as-prepared morphology of the NWs, Figure 1, after the galvanostatic tests there 

are no particular differences, therefore a chemical stability can be invoked. Furthermore, despite 

the vigorous development of gases to which the NWs are subject, no detachments, collapses or 

breakages are evident, indicating their high mechanical stability. This result is very important 

because it is also an index of the electrochemical stability of the electrodes developed here. A 

thin patina is present on the top of some of them due to contamination with KOH, formed by 

precipitation on the electrode after its disassembling from the electrolysis cell and drying in the 

air as confirmed by EDS analyses that have shown the peak of K (at about 3.3 keV, Figure S8). 

 



24 

 

CONCLUSION 

This study was focused on the performance of nanostructured electrodes as cathodes in 

alkaline electrolyzer. Specifically, the research concerned different Ni-based metal alloys: the 

Ni-Co, Ni-Zn and the Ni-W alloy. The obtained nanostructured electrodes, composed of 

regular arrays of NWs, were manufactured using the simple and inexpensive method of 

electrodeposition on the template. The advantage of these nanostructures lies in the high 

active surface on which the electrocatalytic reactions typical of electrochemical cells take 

place. Ni-W, Ni-Zn, Ni-Co alloy electrodes with different composition were obtained with 

success by tuning the composition of the electrodeposition bath. The electrodes were 

subjected to morphological (SEM), chemical-physical (EDS and XRD) and electrochemical 

(CV, QSSP, and Galvanostatic) characterizations. The results obtained from the 

electrochemical tests (carried out in a KOH solution at 30% at room temperature) were 

compared with each other and with the electrode composed of pure nickel in order to select 

the best electrode. Due to the high surface area, all nanostructured electrodes have showed 

good performance with respect to planar ones. Besides, a general improvement in alloys 

performance has been obtained compared to nickel alone. 

The best alloy was the one rich in Co, followed by the alloy at 50% in Zn and Ni, while the 

alloys containing W are characterized only by a slight increase of the performances compared 

to pure Ni. The nanostructured electrode not only shows a good electrocatalytic activity but 

also a good chemical and mechanically stability. 

More research activities are in progress on the employment of an experimental cell with both 

nanostructured electrodes, in which it is possible to set temperature, water flow, distance 

between electrodes, etc.. Furthermore, other activities continue to deal with different 
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electrocatalysts like Ni-Fe, Ni-Mo or ternary alloys. It is also in progress a study with Ni foam 

as support to other catalysts 
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