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ABSTRACT

Inrecentyears, Mg-Ni-based metastable alloys have been attracting attention due to their large hydrogen
sorption capacities, low weight, low cost, and high availability. Despite the large discharge capacity
and high activity of these alloys, the accelerated degradation of the discharge capacity after only few
cycles of charge and discharge is the main shortcoming against their commercial use in batteries. The
addition of alloying elements showed to be an effective way of improving the electrode performance
of Mg-Ni-based alloys. In the present work, the effect of Ti and Pt alloying elements on the structure
and electrode performance of a binary Mg-Ni alloy was investigated. The XRD and HRTEM revealed
that all the investigated alloy compositions had multi-phase nanostructures, with crystallite size in the
range of 6 nm. Moreover, the investigated alloying elements demonstrated remarkable improvements of
both maximum discharge capacity and cycling life. Simultaneous addition of Ti and Pd demonstrated a
synergetic effect on the electrochemical properties of the alloy electrodes. Among the investigated alloys,
the best electrochemical performance was obtained for the Mgs; TisNis3Pt, composition (in at.%), which
achieved 448 mAh g~! of maximum discharge capacity and retained almost 66% of this capacity after 10
cycles. In contrast, the binary MgssNiss alloy achieved only 248 mAh g~ and retained 11% of this capacity

after 10 cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The fast growing use of portable electronics in the last decade
has been the main driving force behind the development of high
energy density rechargeable batteries. Nickel-metal hydride (Ni-
MH) batteries have 50% higher volumetric and gravimetric energy
densities than the conventional Ni-Cd counterparts. Moreover, the
absence of Cd in Ni-MH batteries is beneficial from the environ-
mental point of view due to the high toxicity of this element
[1-3].

Notwithstanding the abovementioned advantages of Ni-MH
batteries, the continuous development in portable electronics,
like color screens and longer operating times, demands battery
cells with higher energy densities than the presently available
[3]. The increase of energy density for Ni-MH batteries is closely
related to the development of new negative electrode alloys with
larger hydrogen storage capacities. Until now, only LaNis-based
and Ti-Zr-V-based alloys have been used as anode materials in
commercial Ni-MH cells. These alloys have low hydrogen storage
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capacities which limit the energy densities of the cells. Further-
more, their heavy weight and high costs are limiting factors as
well [4]. Alternatives to these alloys are under investigation and
magnesium-nickel alloys have been attracting much attention for
this purpose due to their large hydrogen storage capacities, avail-
ability and relative low costs [3,4]. Conventional polycrystalline
Mg-Ni alloys are not suitable to electrochemical hydrogen stor-
age. Conversely, metastable Mg-Ni alloys (i.e., amorphous and
nanocrystalline alloys) can be charged and discharged electro-
chemically and present high discharge capacities [5]. The synthesis
of magnesium alloys by mechanical alloying demonstrated to be
an effective way for obtaining alloy electrodes with high discharge
capacities [5] but other non-conventional processing techniques
like melt-spinning [6-9], hydriding combustion synthesis [10,11],
thin film deposition [12-14], accumulative cold rolling [15], and so
on, can be applied to this purpose.

The initial large discharge capacities displayed by metastable
Mg-Ni alloys rapidly decay after few cycles of charge and discharge
[3]. Such fast degradation has been attributed to the formation
of magnesium hydroxide on the surface of alloy particles reduc-
ing the mass of active material and the charge transfer reaction
kinetics in the electrolyte/active material interfaces [16]. Numer-
ous investigations have been undertaken trying to overcome this
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problem. From the materials science point of view, these researches
are focused on the modification of bulk and surface chemical com-
positions [3-9,12,14,17-19]. This last approach accomplished the
best results for improving the electrochemical performances of the
alloys until now.

Transition metals showed to be effective alloying elements for
Mg-Ni alloys. These metal additions usually improve the elec-
trode performance and have been intensively investigated. The
replacement of Ti for Mg improved the cycling life performances
of Mg-Ni alloy electrodes [20]. This behavior was attributed to
the formation of TiO, on the alloy particle surfaces, retarding the
oxidation of Mg. We reported improvements of cycling stabilities
of alloy electrodes were also observed when 10at.% of Co and Cr
are added to a binary Mg-Ni alloy while increases of the max-
imum discharge capacity were achieved for the Zr, Cr and Nb
additions [21]. The partial substitution of Zr for Mg in the ball-
milled Mg,_,ZrxNi, with x ranging from 0 to 0.6, was reported by
Zhang et al. [22]. These authors observed that the formation of an
amorphous phase was favored when the amount of Zr increases in
the alloys. They also reported that the maximum discharge capacity
increases as a function of Zr content up to 0.4. Moreover, the cycling
stability of the alloy electrodes is improved with the increase in
Zr content. Partial substitution of Co for Ni also demonstrated a
positive effect on the electrochemical properties of Mg,Ni alloy
synthesized by melt-spinning [7]. The maximum discharge capac-
ity increased from 135.5mAh g~ (Co-free alloy) to 402.5mAhg~!
for the Mg, (NiggCog4) alloy while the retained capacity after 20
cycles raised from 27.06 to 83.35%. The addition of Cu to the Mg, Ni
melt-spun alloy was investigated by Zhang et al. [9]. These authors
observed that the addition of Cu increased the maximum discharge
capacity of the ternary alloys up to certain Cu content while the
electrode stability monotonously increased with the Cu content.

Multi-element Mg-Ni-based alloys were investigated by Anik
et al. [23]. These authors investigated the ball-milled Mg-Ni-Ti-Zr
alloys and observed a slight increase of the maximum discharge
capacity for low Zr additions while for larger amounts of Zr the
maximum discharge capacity drops. Both Zr and Ti are suitable to
improve the cycling stability of the alloy electrodes. These authors
alsoreported that further addition of Pd improved the electrochem-
ical properties of the alloy while the addition of Co decreased these
properties.

In addition to the transition metals, rare earths have been inves-
tigated as alloying elements to the Mg-Ni alloy electrodes. Huang
etal.[8]investigated the effects of Nd addition on the electrode per-
formance of the Mg-Ni binary alloy observing that the maximum
discharge capacity increases for larger contents of Nd, reaching the
highest values for Nd content in the range of 10-15 mol% (around
580mAhg~'). The retained capacity was 80% of the initial one
after 20 cycles of charge/discharge. Ren et al. [24] investigated the
addition of La to the Mg, Ni melt-spun alloy. The structural charac-
terization of La-free and La-containing alloys showed that the first
ones are fully crystalline while the latter ones have larger fractions
of amorphous phase indication an increase of the glass forming abil-
ity promoted by La addition. These authors also observed that the
increase of La content resulted in remarkable raise of the maximum
discharge capacity. Moreover, the cycling stability of the alloys con-
taining larger amounts of La into their compositions was improved.

Noble metals also have been investigated as alloying elements
for Mg-Ni alloy electrodes. The most investigated alloy system of
this type is Mg-Ni-Pd which usually displays improvements of
cycling durability as costs of the maximum discharge capacities
[25-27]. Similar behavior was reported by Tian et al. [28] for the
Mg-Ni-Ti-Pd alloys. The improved cycling stability observed in this
alloy system was ascribed to the formation of a multi-oxide passive
layer composed by a number of Pd and Ti oxides which could reduce
the oxidation of Mg [29].
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Fig. 1. XRD patterns of the Mgss_x)TixNi45_y)Pty alloys.

The addition of Pt to Mg-Ni alloy electrodes was reported by
the first time by Souza et al. [30]. These authors observed that
the addition of only 2 at.% of Pt was enough to increase the maxi-
mum discharge capacity and improve the cycling performance of
the alloy electrode.

In the present work Mg-Ni-Ti-Pt quaternary alloys were inves-
tigated by the first time as anode materials for Ni-MH batteries.
This investigation was motivated by the possibility of improving
the good electrochemical properties reported for the Mg-Ni-Ti and
Mg-Ni-Pt alloys. The synthesized alloys had their structures and
electrochemical properties evaluated by means of X-ray diffraction
(XRD), high-resolution transmission electron microscopy (HRTEM)
and galvanostatic charge and discharge cycles.

2. Experimental

The investigated quaternary alloys have general compositions of
Mg s5_x)TixNi(45_,)Pty, where 0<x<4 and y=0 and 2 (all quantities in at.%).
The alloys were synthesized by mechanical alloying; starting from Ni and Pt
powders and Mg granulates with 99.7, 99.9 and 98% of purity, respectively. The
millings were performed using a Spex 8000 shaker mill. The ball to powder weigh
ratio was 10:1 and the milling time was 6h. The samples were handled in a
glove-box under argon to minimize oxidation.

The microstructures of the investigated alloys were analyzed by high-resolution
transmission electron microscopy (HRTEM) and X-ray diffraction (XRD) using a JEOL
JEM - 3010 ARP microscope, operating at 300 kV, and a Siemens D5005 diffractome-
ter, with Cu-Ka radiation, respectively. TEM image treatment was performed using
a Gatan Digital - Micrograph package.

The alloy electrodes were prepared by cold pressing a mixture of 0.1g active
material (alloy powder) and 0.1g blend of carbon black (Vulkan XC-72R) with
33wt.% of polytetrafluoroethylene (PTFE) binder in both sides of a 2cm? nickel
screen. The electrochemical tests were carried out in a three electrode cell con-
figuration, with a Pt counter electrode, an Hg/HgO reference electrode and a 6 mol/L
KOH electrolyte. The charge and discharge current densities of the electrodes were
200mAg-! and 20mA g of active material, respectively. The cut-off potential was
—0.65V (vs. Hg/HgO, KOH 6 mol/L).

3. Results and discussion
3.1. Structural characteristics

Fig. 1 shows the XRD patterns of the investigated alloys, where
it is possible to observe some broadened diffraction peaks super-
imposing a wide band localized in the range of 35-47°. These
features may be related to the co-existence of nanocrystalline and
amorphous phases in these alloys. In the binary Mg-Ni alloy, the
nanocrystalline phases observed in the patterns were identified as:
Mg, Ni and MgNi,. In the other alloys, the Mg;Ni peaks are still
visible, even though they are quite broadened in the Mgs3Ti;Nigs
and Mgs3Ti;Nigs Pty alloys. Conversely, the MgNi; phase is hardly
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Fig. 2. HRTEM image (bright field) of the MgssNiys alloy.

observed in the Mgs1T4Nigs and MgsqTigNig3Pt, alloys and it
is not distinguishable in the Mgs5Nig3Pty, Mgs3TizNig3Pty, and
Mg53Ti2Ni45 alloys.

The bright field HRTEM images of the MgssNiys and
Mgs1TigNig3Pty alloys are shown in Figs. 2 and 3, respectively.
In both alloys the co-existence of nanocrystalline and amorphous
phases can be noted by the presence of nanocrystalline grains
and some disordered (amorphous) regions. Observing a number
of HRTEM images of these alloys, the average crystallite size was
estimated to be around 6 nm for all samples.

3.2. Electrochemical characteristics

Fig. 4 shows the discharge capacity vs. cycling number curves
for the investigated binary and ternary alloys. All alloys presented
the maximum discharge capacity at the first cycle, indicating high
initial electrochemical activity, which is the typical behavior of
ball-milled Mg-Ni alloys [3-5]. The improvement of the elec-

Fig. 3. HRTEM image (bright field) of the Mgs; Ti4Nis3Pt; alloy.
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Fig. 4. Curves of discharge capacity vs. number of cycles for the investigated binary
and ternary alloys.

trode performance observed for the ternary alloys is noticeable
when compared to the original binary one. Additions of Ti or Pt
lead to an increase of both the maximum discharge capacity and
the cycling stability. The most prominent result was achieved by
the MgssNig3Pty, which reached a maximum discharge capacity
of 425mAhg-! while for the MgssNiys alloy the capacity was
247 mAhg-1.

Table 1 illustrates the quantitative results concerning the elec-
trochemical performance of the binary and ternary alloy electrodes.
The cyclic performance of the electrodes was evaluated by the
retained capacity at the nth cycle (k;) and the average retained
capacity (kave), which in the present work is defined as:

Ca

max

kn =

(1)

where C, is the discharge capacity at the nth of charge/discharge
cycle and Cpax is the maximum discharge capacity of the electrode,
and

ks + k10 + k2o
S @

As shown in Table 1, both alloying elements (Ti and Pt) were
effective to decrease the degradation rate of the electrodes when
compared to the Mg-Ni binary alloy. In the case of Ti substitution
for Mg, there was no enhancement on the cyclic stability when
the amount of alloying element increased from 2 to 4at.% of Ti,
although the maximum discharge capacity of the latter raised from
287.2mAh g1 to394.6 mAh g~!.Replacement of Pt for Niincreased
both the cycling stability and the maximum discharge capacity of
the electrode. Comparing the alloy with 2 at.% of Pt with that one
with the same amount of Ti, it is possible to observe that Pt addition
is remarkably more effective to improve the electrochemical prop-
erties of the Mg-Ni alloy. The maximum discharge capacity and the
cycling stability of the Pt alloy are, respectively, about 50 and 40%
superior when compared to the alloy with 2% Ti. Even the alloy with
4% of Ti has inferior electrode performance than the alloy with 2%
Pt, especially in terms of cyclic stability.

Souza et al. [30] investigated the simultaneous substitution of
Pt for Ni and Mg in the MgsgNisg alloy. The general composition

kave =

Table 1

Parameters of electrochemical performance for the binary and ternary alloys.
Alloy Cmax (MAhg-1) ks (%) k1o (%) koo (%) kave (%)
Mgs5Niss 247.7 16.1 11.2 8.0 11.8
Mg53Ti2 Ni45 287.2 40.6 26.3 20.4 29.1
Mgs; Ti4gNiss 394.6 393 26.9 19.9 28.7
Mgs5Nias Pty 425.2 57.8 47.6 40.1 48.5
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Fig. 5. Electrochemical performance of MgssNiys and the Pt-containing alloys.

of ternary alloys was Mgso_x/2)Ni(50_x/2)Pty and the best results
were obtained for the Mg49NisgPt; alloy, which presented a max-
imum discharge capacity of 380 mAhg-! and retained capacity of
33% of its initial capacity after 10th cycles. This value is lower than
that obtained for the Mgs5Niy3 Pty alloy presented in this work (see
Table 1).

In the case of the Mg-Ni-Ti system, there is some dispersion
in the values of electrode performances reported in the literature.
These discrepancies arise from the differences in: the alloy com-
positions, microstructure of the end products (fully amorphous,
fully nanocrystalline, mixtures of amorphous and nanocrystalline
phases, and so forth), and electrochemical test conditions (dif-
ferent current densities of charge and discharge, different cut-off
potentials, and so on) [20,31]. So far we have noticed that the
largest discharge capacity obtained in the Mg-Ni-Ti system was
575mAhg~! for the MgNig 95Tig o5 multi-phase alloy [20] but, on
the other hand, the increase of the maximum discharge capacity
due to the addition of Ti was not so high in this report, rising
from 522 mAhg-1 (39% of retained capacity after 10th cycles) to
575mAhg-! (46% of retained capacity after 10th cycles), for the
Mg-Ni and MgNigg5Tig s alloys, respectively. The better perfor-
mance obtained for the Mg-Ni binary alloy in Ref. [20] compared to
the results of the present work can be credited to different chem-
ical compositions and mainly to different microstructures of the
alloys, i.e., a mixture of amorphous and nanocrystalline phases in
the present work and fully amorphous alloy in Ref. [20].

Fig. 5 shows the discharge capacity curves for the binary
Mgs5Nigs and the Pt-containing alloys. The maximum discharge
capacity was nearly the same for the MgssNig3Pty; and the
Mgs3TizNigsPty alloys and slightly higher for the Mgy TigNig3Pty
alloy. Comparing the curves for the MgssNigzPt; and the
Mgs3TizNigz Pty electrodes (Fig. 5), it is noticeable that the addi-
tion of Ti resulted in further enhancement of cycling stability of
the electrode, for the same maximum discharge capacity. When
the amount of Ti increases from 2 to 4%, the maximum discharge
capacity rises from 424.5 mAh g~! to 448 mAhg-1.

Table 2 presents the maximum discharge capacities and cycling
life parameters of the MgssNigs and the Pt-containing alloys. The
values of kqye greatly increased with the addition of 2 at.% of Pt,
reaching 48.5%, which is over 4 times the value obtained for the

Table 2

Electrochemical performance of the binary and Pt-containing alloys.
Alloy Cmax (MAhg—1) ks (%) k1o (%) kao (%) kave (%)
Mgs5Niss 247.7 16.1 11.2 8 11.8
Mgss5Nig3 Pty 425.15 57.8 47.6 40.1 48.5
Mgs3TizNig3 Pty 424.5 65.5 57.8 52.8 58.7
Mgs1TigNigs Pty 448 73 65.8 58 65.8

binary alloy. The stability of the alloy electrodes, Table 2, continu-
ously increases with the additions of Ti. Comparing the results of
the alloys containing 2 and 4% of Ti, with and without Pt, the dif-
ferent behavior caused by the addition of Pt is noticeable. When
the amount of Ti increased from 2 to 4% in the Pt-free alloys, the
cycling stability was not improved (Table 1). Conversely, for the Pt-
containing alloys, the increase of the amount of Ti promoted further
enhancement of cycling stability (Table 2).

3.3. Effects of Ti and Pt additions on the electrode performances

Previous studies about the degradation of Mg-Ni alloy elec-
trodes indicated that the decay of discharge capacity is associated to
the low stability of these alloys in alkaline media which leads to the
formation of Mg(OH), on the particle surfaces [16]. The formation
of this passive film reduces the charge transfer reaction kinetics
at the electrolyte/particle interfaces. Moreover, the formation of
Mg(OH), resulted in mass loss of active material of the electrode. In
the case of Mg-Ni-Ti alloys, slower degradation kinetics of the dis-
charge capacities when compared to the Ti-free alloys is observed.
This behavior was attributed to a preferential oxidation of Ti on the
surface of these alloys [20,31]. Thus, the formation of a TiO, pas-
sive thin film on the alloy particles would retard the formation of
magnesium hydroxide [20,31].

Actually, the problems related to the poor corrosion resistance
of Mg and its alloys are not new and have been a limiting factor
for several applications [32]. The limited solubility and in some
cases the complete immiscibility between Mg and several tran-
sition metals has motivated the development of Mg metastable
alloys with extended solubility, aiming to obtain new alloy compo-
sitions with improved corrosion resistances. In the case of Mg-Ti
system, the mutual solubility of Mg and Ti in any phase is quite
low, and no intermetallic compounds occur in this system. Thus,
to effectively promote the alloying between Mg and Ti, non-
conventional methods of synthesis have been employed, such as
physical vapor deposition (PVD) [33,34]. The application of these
non-conventional synthesis methods for the Mg-Ti system pro-
duced extended Mg(Ti) solid solutions with amounts of Ti reaching
up to 46 at.% [33]. Corrosion studies of the Mg-44% Ti alloy thin
films showed remarkable increase of the corrosion resistance when
compared to pure Mg. The explanation offered by the authors to this
enhancement of corrosion resistance was that probably Ti formed
a protective surface film which acted in a similar way of Cr in Fe-Cr
system, into which a network of metal-oxygen-metal linkages is
formed on the alloy surface thereby suppressing the dissolution of
the more active underling Mg-rich matrix [33]. Baliga et al. [35]
investigate the surface film formed on Mg(Ti) solid solutions syn-
thesized by PVD technique and their results suggest the formation
of TiO, on the surface of the alloys during processing. The presence
of this phase should be closely related to the high corrosion resis-
tance of these alloys because TiO5 is insoluble in aqueous solution
and stable in a wide range of pH [35]. In a latter investigation, Baliga
and Tsakiropoulos [36] suggested that the corrosion resistance
could be ascribed to the formation of Ti spinels during corrosion. In
the case of fully amorphous Mg-Ni-Ti alloy electrodes synthesized
by mechanical alloying, the presence of titanium oxide was also
suggested by XPS results in alloys after repeated cycles of charge
and discharge. It has also been noted that in Mg-Ni alloys with addi-
tions of Ti, the oxidation of Mg was prevented in some extent [31].
On the other hand, the Ti-containing alloys synthesized by mechan-
ical alloying probably do not have the same corrosion resistance of
thin films with the same chemical compositions since the last ones
are probably more chemically homogeneous. The degree of chemi-
cal homogeneity strongly affects the corrosion resistance of Mg-Ti
alloys. There are results indicating that heterogeneous distribution
of Ti, resulting in different concentrations of this element along the
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microstructure, could favor localized corrosion due to formation of
micro-galvanic pairs between Ti reach and Ti poor regions [34].

Until now, there are few published works dealing the effect
of noble metal additions to Mg-Ni-Ti alloy [28,29,37]. Tian et al.
[37] investigated the Mg-Ti-Pd-Ni system. These authors synthe-
sized fully amorphous Mgg g_Tig 1 PdxNi alloys, with x ranging from
0.04 to 0.1, by mechanical alloying and observed improvements
of cycling stability with addition of Pd to the ternary Mgg gTig 1Ni
alloy. These results were justified by the formation of dense and
stable passive films on the particle surfaces, preventing the Mg oxi-
dation. XPS and AES results indicated a decrease of Mg oxidation
when the amount of Pd increases. The authors related the presence
of NiO, PdO, and TiO, phases on the surfaces of the particles and
ascribed the reduction of Mg oxidation to the formation of a com-
plex passive film composed by the mixture of these three oxides.
Moreover, the addition of Pt to the Mg alloy should displace the
corrosion potential of the alloys reinforcing their cathodic charac-
ter in a similar way of that observed for the Ti-Pd and Ti-Pt alloys
[38,39].

Taking these previous works in consideration, it is expectable
to have an increase of cycling performance for the investigated
Ti-containing alloy electrodes due to the passive film formation
promoted by Ti. This behavior is in fact observed by the larger val-
ues of kqve for the Mg-Ni-Ti alloys when compared to that one
observed for the Mg-Ni binary alloy (Table 1).

In the case of the quaternary alloys investigated in this work,
the same mechanism of degradation protection depicted by Tian et
al. [37] for the Mg-Ni-Ti-Pd alloys is expected to take place for the
presently studied Mg-Ni-Ti-Pt ones. Moreover, the addition of Pt
should reinforce the cathodic behavior of these alloys thus increas-
ing their stabilities in alkaline solution. The presented results also
allowed observing a synergetic behavior of corrosion protection
when both Ptand Ti are added to the Mg-Ni alloy. When the amount
of Tiis increased in the quaternary alloys, the durability of the alloy
electrode is increased too. This behavior is not observed for the Pt-
free ternary alloys where the increase of Ti content did not exerted
any influence on the electrode durability (Tables 1 and 2).

In this work there is no direct assessment to the structure and
chemical composition of the passive film formed on the alloy elec-
trode surfaces. The lack of surface analysis is justified by the fact
that the alloys investigated in this work are multi-phase. Thus,
surface investigation by XPS profiling becomes more complex and
less reliable. The reason of that arises from the influence of several
issues such as phase morphologies, preferential latching of phases,
partitioning of chemical elements between different phases, dif-
ferent surface geometries depending on the present phases, and
sputtering rate of each one of these phases, which drastically affect
the data analysis of XPS results [40].

4. Conclusions

The Mg-Ni-Ti and Mg-Ni-Pt ternary alloys investigated in the
present work showed an increase of the maximum discharge capac-
ity and better cycling stability than the binary Mgss5Nigs alloy
electrode. The addition of Pt showed to be more effective than Ti for
improving the electrochemical properties of the alloy electrodes.
The simultaneous addition of Ti and Pt showed even better elec-
trochemical performance of the alloy electrodes than the ternary
alloys. For the Mg-Ni-Ti-Pt alloys, it was observed that the increase
of Ti content causes an improvement of the cycling stability of the
alloy electrodes. This behavior was not observed for the Pt-free
alloys. The better cycling stability of the Mg-Ni-Ti-Pt alloys can be
ascribed to the formation of dense multi-phase passive film layers
on the particle surfaces and also to the displacement of corrosion
potential to more cathodic values, slowing down the degradation
rate of the alloy electrodes. The best electrochemical properties

were obtained for the Mgz TizNig3Pt; alloy which exhibited a max-
imum discharge capacity of 448 mAhg~! and retained 65.8% of its
initial discharge capacity after 10 cycles.
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