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Abstract: Amorphous CeMg;, was prepared by ball milled CeMg;, alloy with Ni powder. The effects of mechanical grinding and
electroless deposition of nickel (EDN) on the electrochemical properties of CeMgi, composites have been studied systematically.
Amorphous CeMgi, composites have a maximum discharge capacity of 1209.6 mAh/g, but their cycling stability is poor. The cy-
cling retention rate of the electrode is 37.26% after 10 cycles. After EDN treatment, the cycling stability of CeMgi, composite is im-
proved markedly, and the cycling retention rate increases to 63.67% after 10 cycles. The improvement of cycling retention rate can
be attributed to compact nickel coating that prevents the inner Mg from further corrosion by alkali. The nickel coating also enhances
the high rate discharge (HRD) property of the composite owning to the good electrochemical catalytic properties of Ni. As oxidation
and corrosion is unavoidable during EDN treatment, the maximum discharge capacity decreases slightly for CeMgi, composite with

EDN treatment.
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Nickel-hydride batteries used hydrogen storage alloys as
negative electrode materials have attracted great attention, be-
cause this kind of batteries is expected to have several advan-
tages over the conventional lead-acid and nickel-cadmium
batteries, such as high energy density, high-rate capability, tol-
erance to overcharge and overdischarge, lack of poisonous
heavy metals and no electrolyte consumption during the
charge-discharge cycles™. But the sluggish hydriding kinetics
at room temperature and easy oxidation of this system, restrict
its application seriously.

Chen, Gao, and Wang et al®®. reported that amorphous
La-Mg alloys exhibited greater hydrogen absorption capacity,
and mechanical grinding of crystalline Mg-based alloys with
Ni or Co could improve their electrochemical characteristics.
Meanwhile, Wang et al. ® found that Ce-Mg alloys also have a
large electrochemical discharge capacity. In this paper, the
amorphous CeMg;, was prepared by ball milled CeMg;, alloy
with Ni powder, and the maximum discharge capacity of the
prepared amorphous CeMg;, composite reached as high as
1209.6 mAh/g; however, its cycling stability was still poor. In
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order to improve its cycling stability, electroless deposition of
nickel was used.

1 Experimental

CeMg;, alloy ingot was prepared by induction melting un-
der the protection of argon gas. The ingot was mechanically
pulverized to 74 pm mesh screen or less, and then CeMg,,
alloy powder was mixed with 200wt%Ni powder. Afterwards
the mixture together with stainless balls with 10 mm in di-
ameter was put into a stainless steel vessel. The vessel was
evacuated and filled with argon gas. The ball milling was
conducted for 50 h at the rate of 350 r/min. Thus the prepared
composite powder was used for electroless deposition of
nickel.

The metal hydride electrode with 10 mm in diameter was
prepared by mixing the ball-milled CeMg;, powder with elec-
trolytic nickel powder in a weight ratio of 1:3. The micro-
structure analysis of the ball-milled composites was per-
formed by X-ray diffraction (XRD, Rigaku D/Max PC2500),
and scanning electron microscopy (SEM, SIRION-100). The
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electrochemical tests were carried out in a tri-electrode system
with nickel oxide (Ni(OH),/NiOOH) as the counter electrode,
mercury/ mercury oxide(Hg/HgO, 6 mol/L KOH) was used as
the reference electrode, and the metal hydride electrode (MH)
as the working electrode. The counter electrode has a much
larger excess capacity over the working electrode. The elec-
trolyte was 6 mol/L KOH solution.

In the charge-discharge cycle tests, the test electrodes were
charged at 300 mA/g for 5 h, and after an interval of 10 min,
discharged at 180 mA/g to the cut-off potential of -0.6 V
(versus Hg/HgO). All the charge-discharge cycle tests were
carried out at 303 K. Only the weight of CeMg;, hydrogen
storage alloys was considered as active materials for the dis-
charge capacity calculation. The test for high-rate discharge-
ability (HRD) was executed at the following current densities:
900, 1800 and 2700 mA/g.

2 Results and discussion

2.1 Microstructure analysis

The XRD patterns for as cast CeMg;, alloy, the amorphous
CeMgj, composite (ball milled with 200wt%Ni powder for 50
h) and the amorphous CeMg;, composite after electroless
deposition of nickel treatment (EDN treatment) are shown in
Fig. 1, from which it can be seen that for the ball-milled com-
posite with 200wt%Ni, all peaks corresponding to CeMg;,
disappear and a broad diffusion peak at 40-45° appears; it is
suggested that a phase transformation of CeMg;, from poly-
crystalline structure to amorphous/nanocrystalline structure
has been finished. As for the amorphous CeMg;, composite

with EDN treatment, the peaks corresponding to Ni are distinct.

Meanwhile, the broad diffusion peak still exists, which indi-
cate that the electroless deposition of nickel does not alter the
crystal structure of the composites. Fig. 2 shows EDS pattern
of the amorphous CeMg;, composite after electroless deposi-
tion of nickel. Strong peak intensity of Ni indicates that com-
pact Ni out-layers have been formed, which is obviously dis-
played in Fig. 3. Chakk et al.” put forward a model for amor-
phization by mechanical grinding (MG) or mechanical alloy-
ing (MA). In the present case, during the mechanical grinding

of polycrystalline CeMg;, with 200wt% Ni, the Ni atoms
penetrate into the CeMg;, lattice, which may occupy either a
substitutional or interstitial site in the CeMg;, lattice. A pro-
longed mechanical grinding may make particles agglomerate
each other, and the optimized mechanical grinding duration is
50 hours here.

The SEM images of the amorphous CeMg;, composite with
and without EDN treatment are shown in Fig. 3. Both of them
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Fig.l1 The XRD patterns of as-cast CeMgi,, amorphous (CeMgi+
200wt%Ni) composite and amorphous CeMg;, composite after

EDN treatment
Ni
Ni

S

Ko

2

g

£ O

Mg
IJ Ce

0 2 4 6 8 10 1 14
Energy/eV

Fig.2 The EDS pattern of the composites after EDN treatment

Fig.3 The SEM micrographs of composites before and after EDN treatment: (a) original particles of the CeMg:, powder; (b) particles of the
composite after EDN treatment; and (c) high resolution image of Ni cover outside the composite
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have smooth morphology, and EDN treatment does not alter
the particle sizes of the composite. High resolution SEM im-
age (Fig. 3c) shows that thousands of micro Ni grains with av-
erage diameter of about 0.2 um cover the composite particles.
The nickel coating is suggested to prevent the alloy from being
eroded by electrolyte efficiently. The high oxygen content in
nickel-coating as shown in Table 1 is due to the oxidation dur-
ing the surface coating process.

Nickel added to mechanical grinding process can enhance
the amorphous content of CeMg;, alloy. Meanwhile, nickel
particles with high electrocatalytic activity are in favor of en-
riching in outer layer, which are believed to act as the electro-
catalytic active sites for hydrogen evolution reaction®’. There-
fore, they may reduce the charge transfer resistance, and thus
result in a significant increase of electrochemical capacity. The
optimized amount of nickel addition is 200 wt% for CeMg;5.
2.2 Electrochemical properties

The discharge curves of amorphous CeMg;, composites
with and without EDN treatment are shown in Fig. 4. It can be
seen from it that the maximum discharge capacity of the
amorphous CeMg;, composite reaches as high as 1209.6
mAh/g. For the amorphous CeMg;, composite with EDN
treatment, a maximum discharge capacity of 887.76 mAh/g is
achieved. There are two possibilities for the reduction of the
maximum discharge capacity during the EDN treatment. One
would be that the oxidation/corrosion of hydrogen absorption
element Mg took place. The other would be that nickel coating

Table 1 The atomic percentage of amorphous CeMg;, composites af-
ter EDN treatment

Element O Mg Ce Ni Cu

Surface scan/at%  21.38 15.71 218 59.52 1.22

Little gain/at% 3798 1354 118 473 -
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Fig.4 The first cycle discharging curves of amorphous CeMgi.
composites without and with EDN treatment

prevented H from diffusing into the inner of the alloy despite
of its electrocatalytic property for hydrogen evolution reac-
tion.

Fig. 5 shows the specific discharge capacities as a function
of number of cycles for the composites with and without EDN
treatment. The maximum discharge capacity (C,) and the
discharge capacity after 10, 20, 30 (Ci, Ci, Cs) cycles
are summarized in Table 2. The cycling capacity retention rate
for nth cycle expressed as C,/Cy, is also calculated and tabu-
lated. The discharge capacity of the amorphous CeMg,, com-
posite without EDN treatment decreases rapidly as
charge/discharge cycles continue. In contrast, the amorphous
CeMg;, composite after EDN treatment exhibits a much bet-
ter cycling stability at the expenses of slight reduction of
maximum discharge capacity. The cycling retention rates of
10 cycles for the composites increase from 37.26% without
EDN treatment to 69.67% after EDN treatment.

It is demonstrated that the oxidation/corrosion of hydrogen
absorptive element Mg is the main reason causing the rapid
discharge capacity decay during charge/discharge cycling®®'%.
As the corrosion product, Mg(OH), is insoluble in water. The
Mg(OH), mulch over the composite particles is porous and
could not prevent the inner alloy from being eroded by alkali.
Contrarily, the surface activity of the composites is depressed
evidently. After EDN treatment, the compact nickel coating
restrains the corrosion of Mg/Ni as well as the formation of
porous Mg(OH), mulch and acts as the electrochemical cata-
lyst™. Therefore, the overall properties of the composite are
improved.

Fig. 6 illustrates the high-rate discharge (HRD) ability of
amorphous CeMg;, composite before and after EDN treat-
ment. The value of HRD is calculated according to the fol-
lowing equation:
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Where Cy is the discharge capacity at the current density (Iy)
to a cut-off potential of —0.6 V vs. Hg/HgO reference elec-

< 1200+ ¢ —o— CeMg;, without surface coating
\ —a— CeMgj, with surface coating

>

=

< 1000}

> °\O\J

'S 800 “go

g oo,

O 600t \’\:\b e S

[« T00g.00

9 T““‘U 000000
S 400¢ Pog

% “‘D-cﬂ‘n-aﬂ-u'oﬂ'ﬁ'cﬂ-ﬂﬂ
O 200+

0 5 10 15 20 25 30

Cycle Number, N

Fig.5 The cycling stabilities of amorphous CeMg;, composites
without and with EDN treatment
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Table 2 The effect of EDN treatment on the maximum discharge capacity and cycling stability of CeMg;, composites

Cycle retention rate

CeMg;; without EDN CeMg;, with EDN

Max discharge capacity/mAh.g*
Cycle retention rate of 10 cycles/%
Cycle retention rate of 20 cycles/%

Cycle retention rate of 30 cycles/%

1209.6 887.76
37.26 69.67
25.63 58.16
22.34 54.4
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Fig.6 The high-rate dischargeability (HRD) of the amorphous
CeMgi2 composites before and after EDN treatment

trode, and Cg is the residual discharge capacity at a discharge
current density of 60 mA/g to a cut-off potential of —0.6 V vs.
Hg/HgO reference electrode after the alloy electrode is fully
discharged at 7;. It can be seen that the HRD of each alloy
electrode decreases significantly with increasing of discharge
current density, and EDN treatment enhances the high rate
discharge ability of the amorphous composite evidently. After
EDN treatment, HRDqyy, increases from 54.2% to 72.4%. The
improvement of high rate discharge ability is attributed to the
Ni coating with high electrochemical catalytic capability. The
results of HRD are consistent to the linear polarization analysis
which is shown in Fig.7.
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Fig.7 The linear polarization curves of the amorphous CeMg;,
composites before and after EDN treatment

3 Conclusions

1) Amorphous CeMg;, composites prepared by mechanical
grinding of crystalline CeMg,, and 200wt% nickel powder
have high electrochemical hydrogen storage capacity, but
their cycling stability is quite poor.

2) EDN treatment will form a compact nickel coating over
the amorphous CeMg,;, composite particles which restrains
the corrosion of Mg and Ni by alkali, and thus, the cycling
stability is improved.

3) The cycling capacity retention rate after 10 cycles
increases from 37.26% to 69.67% after EDN treatment.

4) Oxidation and corrosion is unavoidable during EDN
treatment, which leads to the decrease of maximum discharge
capacity.
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