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Abstract

Mg—Ni metastable alloys (amorphous and/or nanocrystalline) are promising candidate materials to be used as anode in Ni-MH batteries. In the
present work, Mg—50 at.% Ni and Mg—45 at.% Ni—10 at.% TM alloys (where TM =Co, Zr, V, Cr, Ti and Nb transition metals) were processed for
72 h of mechanical alloying in a planetary ball mill. After milling, the alloys were characterized by X-ray diffraction and submitted to galvanostatic
cycles of charge and discharge. All samples were nanostructured and presented the highest discharge capacity at the 1st cycle. The Zr, Cr and
Nb alloying elements increased the maximum discharge capacity from 221 mA h/g (of the binary alloy) to 293, 246 and 276 mA h/g, respectively.
Additions of Co and Ti decreased the maximum discharge capacity to 136 and 117 mA h/g, respectively. Concerning the cycle of life of the
electrodes, the best results were obtained for the Mg—Ni—Cr and Mg—Ni—Co alloys.
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1. Introduction

Since 1989, nickel-metal hydride rechargeable batteries have
been commercially produced [1]. The demand for batteries with
higher densities of energy has motivated the development of
new hydrogen storage materials for electrochemical applications
[2—4]. In this scenario, Mg—Ni metastable alloys (amorphous
and/or nanocrystalline) are attractive candidates due to their
large hydrogen storage capacities, light weight and low cost
when compared to others hydrogen storage materials [4,5].

In the recent years, it was found that Mg—Ni based alloys
processed by mechanical alloying (MA) have a large discharge
capacity and surface activity during electrochemical tests [4—6].
Nevertheless, the poor cyclic performance, i.e. low cyclic life,
of these alloys has hindered their utilization in commercial bat-
teries. Further to MA, addition of alloying elements has been
investigated as a useful way to obtain electrodes with improved
performance [4-11].

In the present work, it was investigated the influence of the
transition metal (TM) additions (10 at.% of TM) on the struc-
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ture and electrode performance of Mg—Ni based alloys processed
by mechanical alloying. The composition of these ternary alloys
was established in view of maintain the 1:1 atomic ratio between
Mg and Ni. The adoption of this alloy design criteria was moti-
vated by some reports stating the large discharge capacity of the
Mg-50 at.% Ni alloy [12,13].

2. Experimental procedure

The Mg—-50% Ni and Mg-45% Ni—10% TM (TM = Co, Cr, Nb, Ti, V and
Zr) alloys (in at.%) were processed by mechanical alloying with high purity
starting materials. The processing of these alloys was carried out using a Fritsch
P7 planetary ball mill. Stainless steel vials were specially designed to permit
the air evacuation and argon introduction. The same processing conditions were
used for all alloys, i.e.: Ball to powder weight ratio of 15:1, argon atmosphere
and 72h of milling. After milling, the samples were handled in a glove-box
under Ar to minimize the oxidation of the powders.

The samples were structurally characterized by X-ray diffraction (XRD)
with Cu Ka radiation using a Siemens D5005 diffratometer.

The electrodes were prepared by cold pressing a mixture of 0.1 g of the alloy
powders with 0.1 g of a blend of carbon black (Vulkan XC-72R) with 33 wt.%
of polytetrafluoroethylene (PTFE) binder in both sides of a Ni screen with an
area of 2 cm?. The electrochemical measurements were carried out in a three
electrode cell, with a Pt counter electrode, an Hg/HgO reference electrode and a
6 mol L~! KOH electrolyte. The density of charge of the electrodes was 50 mA/g
of active material and the discharge density was 20 mA/g. The cut-off potential
was —0.65 V (versus Hg/HgO, KOH-6 mol L~1).
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3. Results and discussion

Figs. 1 and 2 show the curves of discharge capacity
(mAhg™!) versus cycle number for the investigated alloys.
All samples presented the maximum discharge capacity at the
first cycle, indicating the activated state of the alloys. Further
cycles of charge/discarge promoted decay in these curves. The
maximum discharge capacity of the binary MgNi alloy was
221 mAhg~!. The additions of Zr, Nb and Cr resulted in an
increase of the maximum discharge capacity from 221 to 293,
276 and 246 mAhg~!, respectively. In the case V, the maxi-
mum discharge capacity was practically the same of the binary
alloy (i.e. 223mAhg™!) and a reduction of the maximum dis-
charge capacity occurred when Ti and Co were added (117 and
136 mAhg~!, respectively).

Table 1 shows the values of maximum discharge capacities
and the parameters of cycle life for the studied alloys. The cycle
life of the electrodes was evaluated by the attenuation coefficient
(k,) and average attenuation coefficient (kaye ) which are defined,
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Fig. 1. Discharge capacity as a function of the number of cycles of the Mg—Ni,
Mg—Ni-Co, Mg—-Ni—Cr and Mg-Ni—-Nb alloys.
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Fig. 2. Discharge capacity as a function of the number of cycles of the Mg—Ni,
Mg—Ni-Ti, Mg-Ni—V and Mg—Ni—Zr alloys.

Table 1

Maximum discharge capacities and cycle life parameters of the alloy electrodes
Alloy Cinax (mAh/g) ks kio k2o Kave
Mg-Ni 221 0.378 0.251 0.196 0.275
Mg-Ni-Co 136 0.453 0.342 0.252 0.349
Mg-Ni—Cr 246 0.491 0.385 0.289 0.388
Mg-Ni-Nb 276 0.329 0.244 0.159 0.244
Mg-Ni-Ti 117 0.306 0.293 0.239 0.279
Mg-Ni-V 223 0.314 0.173 0.145 0.210
Mg-Ni—Zr 293 0.387 0.235 0.156 0.259

in the present work, as

Cn

Cmax

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

ko = ks + kio + kao )

3

Figs. 1 and 2 show the decay of the curves of discharge capac-
ity as a function of the number of cycles. These data were also
presented in a quantitatively form in Table 1. The additions of
Co and Cr softened the decay of the discharge capacity versus
number of cycles (kuye increased from 0.275 to 0.349 and 0.388,
respectively). The addition of Ti do not exerted an appreciable
effect on the cycle life. In the case of Nb, Zr and V, a decrease
of the cycle life was observed (kave decreased from 0.275 to
0.244, 0.259 and 0.210, respectively). The alloys which pre-
sented highest discharge capacities also had the poorest cyclic
performances. This behavior had two exceptions which are Cr
and V additions. The former presented improvement in both
maximum discharge capacity and cyclic stability when com-
pared to the binary alloy while V presents almost the same
discharge capacity of the binary alloy and the poorest cyclic
stability of all investigated alloys.

Figs. 3 and 4 show the X-ray diffraction patterns of the binary
and ternary alloys. Notwithstanding the relative long milling
time of mechanical alloying (72 h), the samples still presented
diffraction peaks, which are broadened due to the decreased
crystallite sizes and presence of residual stresses. The XRD pat-
terns also exhibited a change of the base lines which matches
well to amorphous bands. This behavior is more pronounced
in the Mg-Ni and Mg—-Ni-Nb diffraction patterns (Fig. 3). As
expected, it was only detected diffraction peaks of the Mg, Ni
and MgNi, intermetallics for the binary alloy. For the Mg-Ni—Cr
alloy, only the diffraction peaks of Mg,Ni and MgNi; can be
clearly observed. Nevertheless, the main diffraction peaks of Cr
and MgNi, are close and can be overlapped due to the peaks
broadening. In the case of Mg—-Ni—Co and Mg-Ni-Nb, in addi-
tion to the diffraction peaks of Mgy Ni and MgNi; phases, peaks
of Co and Nb can also be detected, respectively (Fig. 3).

Fig. 4 shows the XRD patterns of the Mg—Ni, Mg-Ni-Ti,
Mg-Ni—V and Mg-Ni—Zr alloys. In the same way of the pre-
viously discussed XRD patterns, in Fig. 3, these patterns also
presented broadened diffraction peaks and the presence of an
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Fig. 3. XRD patterns of the Mg—Ni, Mg—Ni—Cr, Mg—Ni—Co and Mg—-Ni-Nb
alloys.

amount of amorphous phase cannot be disregarded. For the
Mg-Ni-Ti alloy, the Mg>Ni, MgNi, and NizTi intermetallic
phases were detected. In the case of Mg-Ni-V, the detected
phases were MgoNi, MgNi>, V and Niy V3. Finally for the
Mg-Ni—Zr alloy, the detected phases were MgoNi, MgNiy,
ZryNi7 and Zr.

The complex nanostructure of these multi-phase alloys, here
studied, makes difficult the correlation between electrochemi-
cal performance and structure. Nevertheless, it can be observed
that the maximum discharge capacity seems to be related to the
intensity of the Mg, Ni diffraction peak of the alloys, i.e. the
amount of this phase. Besides the quantitative errors involved
with the correlation between the intensity of a diffraction peak
and the amount of the corresponding phase without a more pre-
cise approach, in a qualitative point of view, the intensity of
the main peak of the MgyNi phase can reasonably explain the
discharge capacity behavior of the investigated alloys. Taken
Mg-Ni—Zr and Mg-Ni-Ti as examples, it can be observed that
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Fig. 4. XRD patters of the Mg—Ni, Mg—Ni-Ti, Mg-Ni—V and Mg-Ni—Zr alloys.

these alloys presented the largest and lowest intensities of the
Mg, Ni main diffraction peak and the largest and lowest maxi-
mum discharge capacities, respectively.

The values of the maximum discharge capacity of the investi-
gated alloys are lower of some reported for Mg—Ni—TM ternary
alloys [7,8]. The reason of this discrepancy is mainly related
to the structure of the alloys. The best electrochemical prop-
erties reported for Mg—Ni—TM alloys were obtained for fully
amorphous structures. In the case of Mg—Ni-Ti, which pre-
sented the lowest maximum discharge capacity in the present
study, there is a large difference between the present electro-
chemical results and those previously reported (ranging from
150 to 580 mA h g_l) [7]. This difference is related to the differ-
ent chemical compositions and mainly to the different structures
between the present studied alloys and those formerly reported
[7]. In the present case, the Ni3Ti intermetallic was formed dur-
ing processing and it is probably related to the poor discharge
capacity of this ternary alloy since this phase does not absorb
hydrogen [14], and decreased the amount of Ni available for the
formation of Mg, Ni and amorphous Mg—Ni phases. In the case
of this last phase, it is more easily formed when the amount of
Ni is in the range of 50-70 at.% [15].

4. Conclusions

The addition of a transition metal third element caused strong
modification of the electrochemical properties of the original
Mg-50% Ni binary alloy. The additions of Zr, Nb and Cr
improved the maximum discharge capacity of the electrodes
from 221 to 293, 276 and 246 mA hg~!, respectively, and the
additions of Co and Ti decreased this property to 136 and 117,
respectively. In the case of cycle life, the best results were
obtained for Cr and Co additions which increased the ke param-
eter from 0.275 to 0.349 and 0.388, respectively. On the other
hand, additions of Zr, Nb and V decreased the k,y parameter to
0.259, 0.244 and 0.210, respectively.

The unique ternary alloy which improved both maximum
discharge capacity and cycle life performance was the Mg—45%
Ni-10% Cr and, due to this, can be considered the most success-
ful ternary alloy here studied.

The electrochemical performance of the investigated ternary
alloys is related to its complex multiphase nanostructures. These
alloys presented poorest electrochemical performances when
compared to some Mg—Ni—TM fully amorphous alloys reported
on the literature.
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