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1. INTRODUCTION 

In recent years, nickel-hydride (Ni/MH) batteries have been 

widely used as a power source for portable electrical appliances as 

well as for hybrid low-emission vehicles because of their high-

energy density and cleanliness [1,2]. However, the development of 

metal hydride (MH) electrode materials, which yield high energy 

per unit weight with a long charge/discharge cycle life, is a chal-

lenge for material sciences. In electrochemistry at the electrode 

surface, a lower exchange current density leads to a higher overpo-

tential. A larger overpotential leads to a decrease in usable capac-

ity and an increase in anode corrosion, and thus results in a further 

decrease in cycle life. Iwakura et al [3-5] have found that the high-

rate discharge ability increases asymptotically with increasing 

exchange current density. The magnitude of the exchange current 

density is mainly determined by the structure of the electrodes and 

the composition of the hydrogen-absorbing alloys [6], but also by 

the charge transfer process at the interface between the metal hy-

dride (MH) electrode and the electrolyte. The exchange current 

density can also be used to derive apparent activation energy, 

which is a useful intrinsic parameter for evaluating the electro-

chemical properties of MH electrodes. 

When a metal hydride electrode in an alkaline electrolyte is 

subjected to charging, reduction of H2O molecule takes place pro-

ducing atomic hydrogen on its surface in adsorbed states according 

to equation (1). Penetration of adsorbed hydrogen into the bulk of 

the electrode material results in the formation of metal hydride, 

which behaves as a reservoir of hydrogen in the rechargeable bat-

tery. 

 
Therefore, the formation of metal hydride is an intermediate step 
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Abstract: *Nickel-based alloys (Ni0.8CoO0.1Zn0.05MnO0.02Ti0.01Y0.01Al0.01 (M1), NiO0.8CoO0.1Zn0.05MnO0.02Ti0.01Y0.01Al0.01 (M2) and 

NiO0.6CoO0.35Zn0.025Ti0.025 (M3)) were synthesized from high purity powders by means of high-energy mechanical milling. The hydrogen 

evolution reaction (HER) kinetic-performance of the as-prepared materials was evaluated using linear sweep voltammetry at alkaline con-

ditions and room temperature. According to kinetic parameters calculated from Tafel slopes, the sample M2 showed the better activity in 

the HER. These results suggest that the electrode surface state in the material play an important role in the proton-adsorption kinetic as 

demonstrated by SEM, open circuit potential transients and cyclic voltammetry techniques. 
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in the hydrogen evolution reaction (HER) on hydrogen-adsorbing 

alloys. This reaction mechanism step has been a subject of exten-

sive investigation at various electrode materials at acid and alkaline 

electrolytes. In this work the electrochemical behavior of Ni-based 

alloys has been studied in the HER as promising materials for 

negative electrode in the nickel-metal hydride batteries.  

2. EXPERIMENTAL 

2.1. Synthesis of Materials 

In this work different materials such as Ni0.8CoO0.1Zn0.05MnO0.02-

Ti0.01Y0.01Al0.01, NiO0.8CoO0.1Zn0.05MnO0.02Ti0.01 Y0.01Al0.01 and 

NiO0.6CoO0.35Zn0.025Ti0.025 labeled as M1, M2 and M3 respectively, 

were obtained from high-energy mechanical milling. The raw ma-

terials were mixed in the appropriate weight ratio to obtain Ni al-

loys. A total amount of 7 g of the powder mixtures and 6 hardened 

steel balls of 12.7 mm in diameter were loaded into a steel vial; the 

mechanical alloying process was carried out at room temperature in 

an air atmosphere using a shaker mixer/mill machine. The ball-to-

powder weight ratio was 7:1. To prevent excessive overheating of 

the vials, all experiments were carried out by means of cycles of 60 

min of milling and 15 min of rest. The milling time tested was 5 h. 

2.2. Working Electrode Preparation 

The as-prepared materials were deposited on a previously pol-

ished surface (5 mm diameter) of a glassy carbon substrate (GC). 

The inks were prepared using 5 mg of the alloy in turn, 6 µL 

Nafion (5wt %, Aldrich) and 60 mL of ethanol. The suspension 

was homogenized by ultrasound. Sample deposits onto the GC 

substrate were done with an aliquot of 5 µL of the ink, and then 

dried in atmosphere of argon for 5 min. 

2.3. Structural and morphological Characterization 

The structure of milled powders was followed by X-ray diffrac-

tion (XRD) in a Bruker D8 using Cu-Kα1 radiation (λ= 1.542 Å, 

35 kV, and 25 mA) apparatus. The morphologies of the milling 

powders were analyzed using a high resolution scanning electron 

microscopy (HRSEM), JEOL 6710. 

2.4. Electrochemical Measurements 

A three-electrode standard electrochemical cell was employed. A 

carbon rod and a Calomel (SCE) electrode were used as counter 

and reference electrodes, respectively. Prior to use, the solution was 

purged with argon for at least 15 min. The i-E characteristics were 

recorded in the interval from -0.1V to 0.4V/SCE. The initial poten-
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Figure 1. SEM micrographs of (a) M1, (b) M2 and (c) M3 after the milling process. 
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tial was fixed at open circuit potential toward cathodic direction. 

Solution 5 M of NaOH was used as supporting electrolyte. The 

electrochemical experiments were done with a Potentio-

stat/Galvanostat (VersaSTAT 3-200). 

3. RESULT AND DISCUSSION 

3.1. SEM micrographs 

SEM micrographs of Ni based alloys up to 30000X are shown in 

Figure 1. These pictures point out that the crystallite size in M1 is 

lower than M2 and M3 samples. However, the particle size in the 

M2 and M3 are smaller than M1. The EDS analysis (figure not 

shown) demonstrated the presence of nickel as a main element in 

the alloys and the presences of Co, Zn, Mn, Ti, Y and Al in sample 

M1. Whereas, the presence of Co, Zn, Mn, Ti, Y and Al was evi-

dent at sample M2; and Co, Zn and Ti were found in sample M3. 

On the other hand, some traces of iron were found in the materials 

due to the ball-mechanical milling process. 

3.2. X- Ray Diffraction 

Figure 2 shows the X-ray diffraction patterns of Ni-based alloys 

after the mechanical alloying process. The samples M2 and M3, 

exhibited the typical peak associated to the presence of NiO phase. 

Even as the sample M1 shows the FeNi3 and Fe3O4  phases. 

3.3. Electrochemical measurement 

3.3.1. Open Circuit Potential 

The open circuit potential (EOCP) technique is a sensitive and 

effective measure for monitoring spontaneous phenomena at zero 

current occurring at the electrode/solution interface. The EOCP evo-

lution of Ni-based alloys was monitored during 900 s (Figure 3) 

after immersion in a 5 M NaOH solution. These profiles were com-

pared with the signal obtained at the carbon substrate, curve (a) in 

Figure 3. The EOCP is more positive than the reversible potential for 

the HER, and also than that corresponding the thermodynamic 

potential related to the oxidation of Ni to NiO (i.e. Erev =-1.16V); 

indicating that, at the experimental conditions described here, the 

Ni-based alloy in turn is covered by an oxide film [7,8] protecting 

the electrode against further dissolution (corrosion). 

3.3.2. Cyclic voltammetry 

Profiles i-E using cyclic voltammetry (CV) were obtained for the 

synthesized alloys M1, M2 and M3 in a wide potential window 

including oxygen- and hydrogen-evolution region. Figure 4 shows 

the CV of nanocrystalline Ni-based alloys powders as recorded 

after several cycles, from OCP toward cathodic direction at scan 

rate of 20 mVs-1. The solution was 5 M NaOH at 25 ºC. It is inter-

esting to observe that all samples present an anodic peak attributed 

to the oxidation of Ni(II) to Ni(III) at c.a. 0.35V/SCE [9,10]. Fur-

thermore, the corresponding reduction peak of Ni(III) is evident at 

0.2V/SCE. Notice that in sample M1 (curve a) a cathodic process 

was found at -0.8V/SCE that can be assigned to the formation of α-

Ni(OH)2 [11]. On the other hand, the inset in Figure 4 illustrates the 

voltammetric profiles obtained at different inversion potentials 

(Eλ). At these conditions, the profile corresponding to sample M3 

did not show redox process for Ni(III)/Ni(II) in the range from Eλ= 

-0.4 and -0.6 V/SCE. However, when the inversion potential is 
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Figure 4. i-E Characteristics of a) M1, b) M2, and c) M3. Inset: 

Cyclic Voltammetry at different inversion potentials. 
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Figure 3. EOCP evolution with respect to immersion time in 5 M 

NaOH for a) Vulcan, b) M1, c) M2, and d) M3. 
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Figure 2. X-Ray Diffraction patters for M1, M2 and M3 samples. 
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more negative the current magnitude increases for all cases. These 

variations are associated with the adsorption of hydrogen during 

the negative-going scan, linked to the surface structure nature in the 

electrode material. 

3.3.3. Electrocatalytic Activity in the HER 

Linear polarization profiles of Ni-based alloys, in a solution of 5 

M NaOH and at scan rate of 5 mV/s, are depicted in Figure 5. The 

production of hydrogen started at -1.2 V/SCE for samples M1 

(curve a) and M2 (curve b). Conversely, the HER kinetic is lower 

for sample M3 and carbon Vulcan, see curves (c) and (d), respec-

tively. Typical Tafel plots for the HER at milled metallic powders 

[10,12] are shown in the inset. Two Tafel zones are notable for 

samples M1 and M2 (i) at low overpotentials (from -1200 to -1350 

mV/SCE) defined by a slope b1 (mV decade-1); and (ii) at high 

overpotential regions (from -1350 to -1500 mV/SCE) with a slope 

defined as b2. However, in sample M3 the Tafel slopes are situated 

at different region in the i-E profile: b1 in the range -1200 to -1450 

mV; and b2 at -1450 to -1500 mV/SCE.  Electrokinetic parameters, 

obtained from the inset in Figure 5, are listed in Table 1. Exchange 

current densities increase in the order M2>M1>M3. The better 

electrocatalytic performance of M2 and M1 with respect to M3 can 

be associated to the presence of Al, which diminishes electrode 

corrosion due to the formation of protective surface oxides [1]. On 

the other hand, the effect of yttrium might be interpreted as a syn-

ergy effect, linked to the well-known spillover process in heteroge-

neous catalysis, where simple cooperative functioning of the alloy 

components is mediated via a rapid inter- particle surface-diffusion 

of hydrogen adsorbed atoms [13]. A possible explanation can be 

due to the fact that the induced faradaic current, as the kinetic re-

sponse on the external polarization, imposes spillover of the inter-

active dipoles and consequent changes in surface potential, which 

adequately exchanges the Fermi level of catalyst (alloys), and cor-

respondingly its work function [14]. Concomitant, the presence of 

iron in sample M1 decreases its catalytic activity towards HER 

compared to sample M2. 

4. CONCLUSION 

The electrocatalytic activity of Ni-based materials obtained by 

mechanical alloying was evaluated in the hydrogen evolution reac-

tion (HER) at alkaline conditions. OCP transients and CV tech-

niques provided some clues concerning the electrode surface state 

in the alloys. Kinetic parameters in the HER region were deter-

m i n e d  u s i n g  l i n e a r  p o l a r i z a t i o n .  Th e  a l l o y 

NiO0.8CoO0.1Zn0.05MnO0.02Ti0.01Y0.01Al0.01 (M2) was found to yield 

the highest intrinsic electrocatalytic activity versus hydrogen pro-

duction. 
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Figure 5. Linear Polarization curves for a) M1, b) M2, c) M3 and 

d) Vulcan. Inset: Tafel Plots. 

 

 

Table 1. Kinetics Parameters 

 Log jo/ Tafel slope/mVdecade-1  

 b1 b2 mAcm-2 

M1 91.81 38.16 -6.32 

M2 34.47 51.54 -3.52 

M3 28.59 80.87 -8.28 

 


