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Abstract The effect of ball milling time and different

content of the TiNi0.56Co0.44 alloy on the structure and

electrochemical properties of MgNi–x wt% TiNi0.56Co0.44

(x = 0, 10, 30, 50) alloys were studied systematically. The

results indicated that the cycle durability of the alloy was

improved with addition of the TiNi0.56Co0.44 alloy. By cyclic

voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS) analysis, it was shown that the introduction

of the TiNi0.56Co0.44 alloy could significantly improve the

catalytic activity of the electrode, decrease the charge-

transfer reaction resistance and the diffusion impedance of H

atoms. Potentiodynamic polarization curves revealed that

anti-corrosion performance of the composite electrodes was

enhanced, which was responsible for the ameliorative cycle

stability of composite alloys. A high discharge capacity and

good cycle stability had been observed for the x = 10 (10 h)

composite electrode with a maximum discharge capacity of

397 mAh/g and capacity retaining rate (S50) of 62%.

Introduction

Mg-based alloys are considered to be one of the most

promising candidates for the Ni-MH batteries negative

electrode material owing to their unique potentials such as

high hydrogen storage capacity, light weight, low produc-

tion cost, interchangeability with the Cd–Ni batteries, and

abundance in natural resources [1]. However, practical

application of Mg-based alloys is inhibited due to poor

hydriding/dehydriding kinetics at room temperature and

unfavorable charge/discharge cycle stability [2]. The pursuit

of increasing the cycle capacity of this kind of alloys has

been one of the main challenges faced by researchers in this

field. Many efforts have been made to improve the cycle

stability and the kinetic characteristics of alloy electrode,

including element substitution [3, 4], surface modifications

[5–7], powder sieving [8], and formation of alloy composite

[9–12]. Composite alloys have proved to be very effective

for improving the general characteristics of alloy electrodes.

Santos et al. [13] reported that the mechanical coating of a

Mg–50 at.% Ni alloy with Ni and Ni–5 at.% Al could

improve the cycle life performance of the Mg–Ni metastable

alloys. He et al. [1] found that the cycle stability of

MgNi was improved by addition of CoB and TiB. The

La0.7Mg0.25Zr0.05Ni2.975Co0.525 alloy could significantly

improve the discharge capacity of Ti0.9Zr0.2Mn1.5Cr0.3V0.3

alloy [14] and the discharge capacity of Ti–V-based BCC

phase alloy was increased by the introduction of LaNi5 alloy

[15]. Si [16] observed that the activation behavior of Mg2Ni

alloy was improved significantly by the addition of LaNi5
alloy. Although lots of investigations on the Mg-based alloy

were carried out and some important progresses have been

obtained, it is a long distance to take Mg-based alloy from

laboratory to market. The key problem is still how to

improve the cycle stability of the alloy.

As the Ti-based AB-type Laves phase hydrogen storage

material, TiNi has many advantages including high charge/

discharge efficiency, excellent anti-corrosion performance,

and small lag phenomena. In view of the advantages of
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MgNi alloy and TiNi alloy, it can be expected that a novel

composite alloy electrode with high discharge capacity and

good cycle stability could be obtained through incorpo-

rating MgNi with TiNi-type alloy.

In this work, the composites were prepared by ball milling

MgNi with different content of TiNi0.56Co0.44 alloy, which

resulted in appreciable increase of the cycle stability of the

composite electrodes. The phase structure and electro-

chemical properties of MgNi–x wt% TiNi0.56Co0.44 (x = 0,

10, 30, 50) composite alloys were studied.

Experimental

Preparation of the alloys

MgNi alloy was prepared by ball milling (MA) of pure

magnesium powder and nickel powder (200 mesh) in a

stainless steel vessel under argon atmosphere using a

planetary ball mill (ND7-2L, Nanjing), the mass ratio of

stainless milling balls to powders was 20:1, and the purity

of all the metallic powders was higher than 99.0%. The

milling speed was 250 rpm and the duration was 90 h.

TiNi0.56Co0.44 alloy was prepared by ball milling the con-

stituent elements (300 mesh) in a similar method except for

the milling time was 100 h. The composites were prepared

by ball milling the homogenous mixture of MgNi and

x wt% TiNi0.56Co0.44 (x = 10, 30, 50) for 10, 15, and 30 h.

Apparatus and electrochemical measurements

The structures and surface morphologies of the alloys were

measured by powder X-ray diffraction using Japan D/max

2550 VB ? 18 kV diffractometer (CuKa radiation, k =

1.54178 Å) and scanning electron microscopy (SEM, JSM-

6360 LV).

The test electrodes were fabricated according to the fol-

lowing procedure: Cold pressing a mixture of 0.10 g alloy

powder with 0.20 g carbonyl nickel powder into a pellet of

10 mm in diameter under a pressure of 10 MPa and then

pressed at 20 MPa between two pieces of foam nickel.

Electrochemical measurements were conducted by using a

land 5.3 B Battery Test instrument (CT2001C) in a two

compartment cell, consisting of a working electrode (as-

prepared electrode), a sintered NiOOH/Ni(OH)2 counter

electrode (purchased from Hunan Kaifeng New Energy Co.,

Ltd.). The electrolyte solution was 6 mol/L KOH aqueous

solution. In each charge/discharge cycle test, the electrode

was charged for 6 h at a current density of 100 mA/g and

discharged at 50 mA/g to the cut-off voltage of 1.0 V. The

testing time between charge and discharge was 5 min.

During EIS, CV, and potentiodynamic polarization tests,

HgO/Hg electrode was used as reference electrode. CS 300

electrochemical workstation was used for potentiodynamic

polarization (scanning rate: 0.1 mV/s, potential range:

-1.0 * -0.4 V vs. HgO/Hg) and cyclic voltammogram

(scanning rate: 0.1 mV/s, potential range: -1.0 * -0.4 V

vs. HgO/Hg). IM 6 electrochemical workstation apparatus

was used for EIS measurement (amplitude: 5 mV, fre-

quency range: 103 Hz * 10-3 Hz). In order to reduce the

ohmic drop between the working electrode and the refer-

ence electrode, a Luggin capillary was located close to the

working electrode.

Results and discussion

Phase structure

Figure 1 shows the X-ray diffraction patterns of the MgNi

alloy and the MgNi–x wt% TiNi0.56Co0.44 (x = 10, 30, 50)

composites MA for 10 h. A broad peak appears in the

region of 40–50� for MgNi alloy, suggesting that the alloy

has formed a main amorphous structure. After ball milling

with different content of TiNi0.56Co0.44 for 10 h, it is found

that the intensity of the band increases and its position

shifts towards higher angle, which implies that the atomic

arrangement in composite sample becomes more ordered

and the TiNi0.56Co0.44 alloy has dissolved in the main

MgNi amorphous phase. There is no obvious distinction in

the phase structures between the 15, 30 h samples and the

10 h samples, so the XRD patterns of the composite alloys

milled for 15 and 30 h are not given.

Surface morphology

Figure 2 shows the SEM micrographs of the MgNi alloy

and the x = 10 (10 h) composite alloy. It is obvious that
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Fig. 1 The XRD patterns of the MgNi alloy and the MgNi–x wt%

TiNi0.56Co0.44 (x = 10, 30, 50) composite alloys MA for 10 h. (a)

MgNi; (b) x = 10 (10 h); (c) x = 30 (10 h); and (d) x = 50 (10 h)
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after ball milling MgNi and TiNi0.56Co0.44 mixture pow-

ders, the particle of composite alloy becomes smaller and

the interspaces are more uniform than that of the pure

MgNi alloy, from which the electrode performance will

benefit.

Discharge capacity and cycle behavior

The cycle number dependence of the discharge capacity of

the MgNi–x wt% TiNi0.56Co0.44 (x = 0, 10, 30, 50) alloy

electrodes was plotted in Fig. 3. An outstanding charac-

teristic from a commercial point of view is that the alloy

electrodes can be activated at the first cycle, so an activa-

tion process is unnecessary as it is the case for other alloy

electrodes [17, 18]. The decisive factors of the activation

capability of the alloy are phase structure, surface state,

grain size, composition homogeneity, and interstitial

dimensions of the alloy [19]. The alloy electrodes have

good activation performance, which is attributed to their

mainly amorphous structures. Amorphous alloy powder

constitutes an overlapping area of alloys and nanophase

materials and excellent activation performance is derived

from the combination of their disordered structure and

nanoscale size [20, 21]. Liu and Suda [22] confirmed that

the amorphous alloy can provide more supplementary

paths with lower activation energy for hydrogen diffusion

and more relaxed interstitial sites for hydrogen occupation.

As a result, amorphous alloy has a larger H-capacity and

more rapid kinetics compared with the corresponding

crystalline alloy [23].

The capacity retaining rate (Sn) used to characterize the

cycle stability can be calculated by the following

expression:

Snð%Þ ¼ Cn=Cmax � 100 ð1Þ

where the Cn is the discharge capacity at cycle number

n and the Cmax is the maximum discharge capacity. The

information on the cycle stability of the MgNi–x wt%

TiNi0.56Co0.44 (x = 0, 10, 30, 50) alloy electrodes is pre-

sented in Table 1. The MgNi alloy electrode has the

highest initial discharge capacity (444 mAh/g) and the

worst cycle stability. After introduction of TiNi0.56Co0.44

alloy, the cycle stability of the alloy was improved evi-

dently at the cost of the maximum discharge capacity.

Among the composite electrodes, the x = 10 (10 h) alloy

shows the highest discharge capacity (397 mAh/g) and the

best cycle stability. After 50 cycles, the capacity is

248 mAh/g and the capacity retaining rate is 62%. The

improvement of cycle stability is ascribed to the intro-

duction of TiNi0.44Co0.56. Generally speaking, titanium can

form a dense passive oxide in alkaline solution, which

inhibits the oxidation of magnesium on the alloy surface

[24] and favors the cycle stability of alloy electrodes.

As seen from Table 1, the cycle performance of the

electrode alloys with different composite time performs

differently. The deterioration of the discharge capacity can

be explained by the oxidation-pulverization principles. (1)

In KOH solution, the Mg on the surface of the particles

takes place serious oxidation and corrosion to loose gel-

type Mg(OH)2, which cannot prevent the electrolyte from

corroding the alloy further, moreover, it baffles the diffu-

sion of hydrogen atoms in the process of hydrogen

absorption and desorption. (2) The pulverization of the

alloys due to the expansion and contraction of cell volume

leads to the accentuation of corrosion and oxidation. The

SEM micrographs of the MgNi alloy electrode before and

after 50 charge/discharge cycles are shown in Fig. 4. It is

noteworthy that the particle surface morphology for the

alloy changes from smooth to rough and a white oxidation

and corrosion layer can be seen on the surface of the alloy

after the electrochemical cycle. This indicates that pul-

verization and corrosion of the alloy electrode are extre-

mely important factors that lead to the capacity

deterioration of the electrode.

Fig. 2 The SEM micrographs of a MgNi alloy and b x = 10 (10 h) alloy
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For a fixed TiNi0.56Co0.44 content x (x = 10, 30), the

extending of milling time deteriorates the maximum dis-

charge capacity and the capacity retaining rate of com-

posite alloys, for which the following two reasons are

primarily responsible. One is that with extending of ball

milling time from 10 to 30 h, some imperceptible crystal

structure appears in the alloy, which can enhance the anti-

corrosion behavior. The other is that the size of alloy

particles is diminished, increasing the ratio of expansion/

contraction of the alloy electrode in the process of hydro-

gen absorption/desorption, which means decreasing the

anti-pulverization ability of alloy electrode. Some com-

posite alloy particles are finally pulverized and deposited in

the electrolyte, consequently, leads to the loss of the dis-

charge capacity. It is the above contrary effects that result

in an optimum milling time for the cycle stability of alloy

electrode. In this investigation, the latter reason should be a

predominant factor for the deterioration of the cycle

durability of the composite electrodes with prolonging ball

milling. The x = 50 alloy needs more milling time to reach

the maximum discharge capacity. According to the refer-

ence [1], more milling time can make TiNi0.44Co0.56 alloy

dissolved in the host phase and creating more crystal

lacunas, which are in favor of absorbing and desorbing H

atoms. It is believed that TiNi0.44Co0.56 has good electro-

catalytic activity for the hydrogen electrode reaction in

alkaline solution. After ball milling, the TiNi0.44Co0.56

particles can be dispersed on the MgNi alloy surface,

therefore, acting as the catalytic active sites for the

hydrogen electrode reaction. Increased defect density from

ball milling may improve the diffusion of hydrogen in the

alloy particles, which is also believed to be beneficial for

improving hydriding/dehydriding reactions.

According to the charge/discharge results, ball milling

MgNi with 10% TiNi0.44Co0.56 for 10 h is the best treat-

ment to obtain an alloy with high discharge capacity and

good cycle performance.

Cyclic voltammogram (CV)

To further demonstrate the phenomena described above in

detail, the CV curves of the MgNi alloy and the x = 10

alloys are depicted in Fig. 5.
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Fig. 3 The discharge capacity of the MgNi and the MgNi–x wt%

TiNi0.44Co0.56 (x = 0, 10, 30, 50) composite alloy electrodes

Table 1 The cycle stability of MgNi–x wt% TiNi0.56Co0.44 (x = 0,

10, 30, 50) alloy electrodes

Samples Cmax C30th S30 (%) C50th S50 (%)

MgNi 444 208 47 121 27

x = 10 (10 h) 397 291 73 248 62

x = 10 (15 h) 372 272 73 221 59

x = 10 (30 h) 365 259 71 205 56

x = 30 (10 h) 385 270 70 219 57

x = 30 (15 h) 384 280 73 216 56

x = 30 (30 h) 369 269 73 192 52

x = 50 (10 h) 370 247 67 200 54

x = 50 (15 h) 365 254 70 202 55

x = 50 (30 h) 374 263 70 209 56
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The anodic peak at around -0.85 V vs. HgO/Hg is

attributed to the oxidation of hydrogen absorbed in the

alloy according to the following equation [25]:

MHn þ nOH� ! M þ nH2Oþ ne� ð2Þ

The value of Ip can be used to evaluate the electrode cat-

alytic activity of hydride electrode [26], and the larger of

the Ip indicates the better of electro-catalytic activity. It can

be derived from Fig. 5 that the kinetics of the electrodes is

in order of MgNi [ x = 10 (10 h) [ x = 10 (15 h) [
x = 10 (30 h). The peak area is ascribed to the capacity of

hydrogen desorption, the larger peak area indicates the

higher discharge capacity [27], the variation of peak area is

consistent with that of the maximum discharge capacity

shown in Table 1. The cathodic peak at around -0.95 V

vs. HgO/Hg is attributed to the hydriding reaction

according to above equation at the opposite side. It is

observed that the difference between the anodic peak

potential and the cathodic peak potential enlarged with

increasing the composite time, which means the revers-

ibility of the electrode becomes worse.

All those results mentioned above indicate that the

kinetics of the electrochemical hydrogen reaction in the

composite electrode are deteriorated with extending mill-

ing time, which may be due to the following reason. With

the ball milling carrying on, the particles of composite

alloy become smaller, which increase of the electrode

oxidation due to a larger surface area in contact with the

electrolyte. In addition, the oxide layer baffles the diffusion

of hydrogen atoms and would certainly weaken its

dynamical property in the process of hydrogen absorption

and desorption.

Electrochemical impedance spectra (EIS) test

Figure 6 presents the EIS Nyquist diagrams for the MgNi

and x = 10 alloy electrodes. Each spectra consists of a

semicircle followed by a sloped straight line. The semi-

circle at high-frequency was ascribed to the charge-transfer

reaction resistance and the line at low frequency to the

Warburg impedance the of H atoms diffusion from surface

of the alloy to the inner phase [28]. The semicircles of the

Fig. 4 SEM micrographs of the MgNi alloy electrode before and after 50 cycles. a Before cycle and b after 50 cycles
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x = 10 composite alloys are smaller than that of MgNi

alloy, implying the values of the electrochemical resistance

(R2) are smaller than that of MgNi alloy. As for the x = 10

alloys, the semicircle for the 10 h composite is smallest,

followed by 15 and 30 h composites. A proposed equiva-

lent circuit for the frequency response of the tested alloy

electrodes is inserted in Fig. 6. In which, R1 is the elec-

trolyte resistance, CPE1 is the constant-phase element, R2 is

the charge-transfer reaction resistance on the alloy elec-

trode surface and W1 is the Warburg impedance of

hydrogen in the bulk alloy. On the basis of the equivalent

circuit and by means of the nonlinear least fitting program

Z-View, the values of charge-transfer reaction resistance

(R2) and the Warburg resistance (W1) were summarized in

Table 2.

It is well known that the electrochemical reactions tak-

ing place at the metal hydride electrode in KOH electrolyte

during charging/discharging can be expressed as follows

[29]:

Mþ H2Oþ e� ,
charge

discharge
M�Hads þ OH� ð3Þ

M�Hads ,
charge

discharge
MHabs ð4Þ

In which, M is the hydrogen storage alloy, M–Hads denotes

the adsorbed hydrogen on the surface of the metal hydride

and MHabs refers to the absorbed hydrogen in the bulk of

the metal hydride. It can be derived from Eqs. (3) and (4)

that the discharge kinetics of the alloy electrode is con-

trolled not only by the charge-transfer reaction occurring at

the interface of alloy/electrolyte, but also by the hydrogen

diffusion process from the interior of the bulk to the surface

of the alloy particles [30].

From the above analysis, it can be concluded that the

electrochemical hydrogen reaction kinetics in the com-

posite electrode is improved, which is ascribed to the

existence of TiNi0.56Co0.44 alloy on the surface of the alloy.

After TiNi0.56Co0.44 alloy was introduced to MgNi alloy,

the content of Ni element increases. According to the

previous study [31], Ni element possesses good electro-

catalytic activity and good corrosion resistance in an

alkaline solution, which results in the improvement of

charge-transfer reaction of the metal hydride electrode and

the H atoms diffusion from the surface to the bulk of the

alloy.

Potentiodynamic polarization

Many studies about the corrosion behavior of the alloy are

performed because the corrosion of the alloy composition

is a barrier to its commercial application [32]. To con-

firm the effect of TiNi0.56Co0.44 on corrosion resistance,

potentiodynamic polarization was employed to investigate

the corrosive behavior of the alloy electrode. Figure 7

presents the potentiodynamic polarization curves of the

MgNi and the x = 10 alloy electrodes. Each polarization

curve includes an anode and a cathode polarization process.

The results obtained by Tafel fitting are highlighted in

Table 3. It is generally accepted that more positive corro-

sion potential (Ecorr) and smaller corrosion current density

(Icorr) results in the improved corrosion resistance of the

electrode. The values of Ecorr is in the order of x = 10

(10 h) [ x = 10 (15 h) [ x = 10 (30 h) [ MgNi, which

is in agreement with the results of cycle stability. The root

cause for the deactivation of the battery is the negative

electrode rather than the positive electrode. The failure of

the battery is characterized by the decay of the discharge

capacity and the decrease of the discharge voltage. Liter-

ature [18] confirmed that the fundamental reasons for the

deterioration of discharge capacity of the alloy electrodes

are the pulverization of the alloy particles during consec-

utive hydrogenation/dehydrogenation and the oxidation/

corrosion of alloy components in an alkaline electrolyte.

During ball milling, TiNi0.56Co0.44 alloy can be easily

Table 2 The EIS simulated electrochemical parameters of the MgNi

and the x = 10 alloy electrodes

Samples MgNi x = 10 (10 h) x = 10 (15 h) x = 10 (30 h)

R2 (X) 3.674 0.185 0.216 0.567

W1 (X) 1.433 0.410 0.345 0.309
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Fig. 7 The potentiodynamic polarization curves of the MgNi and the

x = 10 composite alloy electrodes

Table 3 The Tafel fitting data of the MgNi and the x = 10 alloy

electrodes

Samples MgNi x = 10 (10 h) x = 10 (15 h) x = 10 (30 h)

Ecorr (V) -0.977 -0.887 -0.892 -0.893

Icorr (A/cm2) 0.052 0.016 0.030 0.001
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cohered on the surface of MgNi alloy particles, helping to

improve the electrochemical catalytic activity significantly,

which is responsible for the improvement of cycle stability

of the composite alloys. It is proved that an effective

approach of strengthening the cycle capability of alloy

electrode is enhancing the anti-corrosion and anti-oxidation

capabilities of the alloys in an alkaline electrolyte.

Conclusions

In this work, the MgNi–x wt% TiNi0.56Co0.44 (x = 0, 10,

30, 50) alloys were prepared and their electrochemical

characteristics were studied. The results showed that the

cycle stability of the composite alloys was noticeably

improved due to increased corrosion resistance of the

TiNi0.56Co0.44 alloy. CV, EIS, and potentiodynamic polar-

ization suggested that the surface electrocatalytic activity of

the composite electrodes increased and the hydrogen

absorption/desorption kinetics improved due to the intro-

duction of TiNi0.56Co0.44 alloy. Among the investigated

alloys, the milled for 10 h with 10 wt% TiNi0.56Co0.44

composite alloy electrode exhibited the best overall elec-

trochemical performance.
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