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In order to improve overall electrochemical properties of AB3;-type hydrogen storage alloy electrodes,
especially the cycling stability, CuO was added to the electrode. Electrochemical properties of the elec-
trodes with and without additives were studied. Cyclic voltammetry and SEM results show that CuO is
reduced to Cu during the charging process and the fine Cu particles deposit at surface of the alloy particles.
The as-deposited Cu particles form a protective layer to increase electronic and heat conductivity of the
electrodes and thus improve maximum discharge capacity, high rate dischargeability, cycling stability
Ni/MH batteries and dischargeability at high temperature of the electrodes. The maximum discharge capacity increases
Hydrogen storage alloys from 314 mAh g-! (blank electrode) to 341 mAh g~ (3.0 wt.% CuO) and the capacity retention rate at the
Cu0 200th cycle increases from 71.6% to 77.2% (2.5 wt.% CuO).
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1. Introduction

Nickel/metal hydride (Ni/MH) batteries have been widely used
in portable electronic devices, electric hand tools and even hybrid
electric vehicles (HEV) because of their good performance and
environmental friendliness [1]. However, the discharge capacity
of commercial ABs-type rare earth-based alloys cannot be greatly
improved, which is unfavorable to further development of Ni/MH
batteries [2,3]. Some recent research show that La-Mg-Ni-based
ABs3-type alloys will be potential negative electrode materials of
Ni/MH batteries for their comparatively higher discharge capacity,
but this type of alloys are subject to poor cycling stability [4-8].

Recent research found that additives, including carbon-based
materials, fluoride, metal oxide, etc, could greatly improve
charge/discharge characteristics of Ni/MH batteries. The carbon
nanotubes were considered as effective additives to Ni/MH batter-
ies, to the negative electrodes or to the positive electrodes. Wu et al.
and Zhang et al. found the capacity and cycling stability of the bat-
teries were enhanced and the inner resistance was reduced when
discharging at high current density by adding carbon nanotubes to
the positive and negative electrodes, respectively [9,10]. The use
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of Co(OH),-coated Ni(OH), plus a CaF,-addition to the positive
electrode was believed to increase high temperature discharge-
ability of Ni/MH batteries [11]. It is claimed that transition metals
(TMs) combined with oxygen play an important role during the
sorption process, which was probably related to the improved elec-
tronic exchange reactions with hydrogen molecules [12,13]. Metal
oxides, such as CuO, CoO, TiO, and ZnO added to the MH elec-
trode or the electrolyte can form a protective layer to prevent oxide
of lanthanide, and therefore improve service life of the electrodes
[14-17]. Nb, 05 was believed to improve hydrogen sorption kinet-
ics of magnesium due to its catalytic effect [ 18]. However, the exact
mechanism of transition metal oxide on electrode reactions was
not clear. The heavy rare earth oxide was favorable to properties of
Ni/MH batteries either as an additive to the Ni(OH), electrode, or as
an additive to the MH electrode. When they were added to Ni(OH),
electrode, oxygen evolution was suppressed in the final charging
stage, which in turn restrains corrosion of MH electrodes by oxygen;
on the other hand, they were added to rare earth based ABs-type
MH electrode, dissolution of lanthanide from the hydrogen storage
alloy was inhibited [19].

Metal oxide additives were believed to improve electrochemical
properties of ABs-type alloys, Mg-based alloys and so on. But as
for the La-Mg-Ni-based AB3-type hydrogen storage alloys, effect
of additives on this type of alloy electrodes was less reported. In
order to improve electrochemical properties of AB3-type alloys, CuO
was added to the electrode, and its effect on microstructure and
electrochemical properties is studied in this paper.
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Fig. 1. XRD pattern of Lag ggMgp 12 Niz.95 Mng19C0o55Al0 10 alloy and as-prepared CuO.

2. Experimental

Lag gsMgo.12Niz.905Mng10Cog55Alp10 alloy was prepared by
inductive melting La, Mg, Ni, Co, Mn and Al (purity > 99.5%) under
argon atmosphere, followed by annealing at 1173K for 8 h. The
chemical composition was finally examined by ICP analysis. Then
the ingots were mechanically pulverized in the air. Powders of
200-400 meshes were used for electrochemical test and powders
below 300 meshes for XRD examination.

The CuO compound was synthesized by solid-state reaction.
2.00g NaOH and 4.28 g CuCl,-2H,0 was separately milled in the
mortar for 10 min and then they were mixed and the mixture was
milled for another 30 min until they turn completely black. Then
the paste was washed with diluted water and ethanol for several
times. The precipitation was finally dried under vacuum at 323 K.

0.34 g alloy powders, CuO additives (0.5 wt.%, 1.0 wt.%, 1.5 wt.%,
2.0wt.%, 2.5wt.% and 3.0wt.% of the alloys) and 0.06 g carbonyl
nickel powders were mixed with two drops of 3wt.% poly vinyl
alcohol (PVA) solution. The slurry was pasted onto both side of
a foamed nickel (1.8 cm x 1.8 cm), dried completely in vacuum at
333K, and finally cold pressed under 10 MPa. Electrochemical tests
were performed in a half-cell consisting of metal hydride as work-
ing electrode, Ni(OH),/NiOOH as counter electrode and 6 mol L1
KOH solution as electrolyte on DC-5 battery testing instrument at
298 K. The electrodes were fully charged (over-charged ratio was
approximately 50%) at current density of 7Z2mAg~!, and then dis-
charged at the same current density to cut-off voltage of 1.0 V during
charge/discharge test. Discharge capacities were measured at dif-
ferent discharge current densities when high rate dischargeabilty
(HRD) was measured. The interval between charge and discharge is
10 min.

X-ray diffraction (XRD) patterns were obtained on a D/Max-
2500/PC X-ray diffractometer (Cu Ko radiation). Phase identifica-
tion was carried out using Jade-5.0 software. Morphology of the
alloys was observed by KYKY-2800 scanning electron microscopy
and KEVEX-SIGMA LEVEL4 energy dispersive spectrometry. Cyclic
voltammograms were obtained on a ZF-9 potentiostat by scanning
electrode potential at the rate of 50mV min~! from -1200mV to
400 mV (vs. Hg/HgO reference electrode).

3. Results and discussion

Fig. 1 shows XRD pattern of the as-prepared LagggMgp12Niz g5
Mng 19Cog 55Al0.10 alloy and CuO compound. It can be seen that the
alloy consists of CaCus-type LaNis phase, PuNi3-type LaNi3 phase
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Fig. 2. Activation curves of electrodes with and without CuO additive.

and some minor LaNi impurity. As for the patterns of CuO com-
pound, XRD analysis shows thatitis identical with the CuO patterns,
no diffraction peaks for CuCl, or Cu,0 can be detected.

Capacities of the electrodes with and without CuO during activa-
tion are shown in Fig. 2. It can be noticed that the electrode without
additive need eight cycles to be activated and the maximum dis-
charge capacity is 314 mAh g~1. The CuO additive not only reduces
the cycle number for activation, but increases the discharge capac-
ity. When 0.5 wt.% CuO is added the activation cycle number is 7 and
the maximum discharge capacity is 326 mAh g~!. When 1.0 wt.% or
more CuO is added the activation number is 4 or 5, and the maxi-
mum discharge capacity is more than 335mAhg-!, when 3.0 wt.%
CuO is added the discharge capacity increases to 341 mAhg-1.

Fig. 3 shows SEM image and EDX analysis of the electrode with
2.0wt.% CuO addition after 100 cycles. It can be seen some fine
spherical particles appear at surface of the alloy particles. Micro-
area A corresponds to the alloy basis, B to the spherical particles
and C to the particles around the alloy particles. The EDX analysis
results are also shown in Fig. 3. It is shown that the element compo-
sition of micro-area A is close to that of the alloy except for Mn and
Mg element. Mn and Mg element cannot be detected by EDX for they
easily enter into the electrolyte during charging/discharging. How-
ever, in this micro-area, 13.12 wt.% elemental O can be detected,
indicating the alloy is seriously oxidized during the 100 cycles. In
micro-area B, a spherical particle can be seen and the Cu content
is more obvious, up to 34.78 wt.%. The particle can be considered
as Cu reduced from CuO. In Micro-area B a little of Mn can also
be detected than the alloy basis, which may result from protection
from Cu deposition to the alloy dissolution and in this area no ele-
mental O is detected. Many similar particles as in micro-area B can
be found in the SEM image, even between particles and in the cracks
of the alloy particles. These particles may be helpful to enhance the
electric and heat conductivity between alloy particles and is ben-
eficial to protecting the electrodes from fast capacity degradation.
Micro-area C is mainly carbonyl nickel added into the electrode as
conductor and linker between alloy particles. As for the elemental
K, it can be considered as residual electrolyte solution at the alloy
surface.

Fig. 4 shows the cyclic voltammogram of CuO. It can be seen
that cyclic voltammogram of CuO shows five noticeable current
peaks which correspond to redox reactions in alkaline solution.
Two anodic current peaks of Eg; (—0.36V) and Eg; (—0.02V) and
three cathodic current peaks of Eg; (—0.70V), Egz (—0.95 V) and Egs
(—=1.19V) are observed in the figure. The reduction process of cupric
oxide in alkaline solution consisted of two steps [15,20], which can
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Fig. 3. SEM image and EDX analysis of electrodes with 2.0 wt.% CuO addition.

be described by the following reactions.
2Cu0 + Hy0 + 2e~ — Cu,0 + 20H- (1)
Cuy0 + H0 + 2™ — 2Cu + 20H™ (2)

Therefore the cathodic current peak of Eg; is attributed to the
reduction reaction of CuO to Cuy0 Eq. (1) and the cathodic cur-
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Fig. 4. Cyclic voltammograms of as-prepared CuO.

rent peak of Eg, is attributed to the reduction reaction of Cuy;O
to Cu Eq. (2). Correspondingly, the two anodic current peaks are
attributed to the oxidation reaction of Cu to Cu,0 (Eg7) and Cu,0
to CuO (Epy). In the potential range—1.2V to —0.6 V, only reduction
reaction of CuO can occur, so in the first charging, Cu particles form
in the hydride electrode, while the as-deposited Cu particles will
not transfer into CuO again. It is well known that Cu has good heat
and electronic conductivity, which can reduce polarization of the
anodic electrode reaction, and therefore the maximum discharge
capacity is increased.

Fig. 5 shows high rate dischargeability (HRD) of electrodes
with and without CuO additives. It is noticed that CuO additives
improve the HRD when the discharge current density is larger than
720mAg-1. Atdischarge current density of 1440 mA g1, the HRD is
noticeably higher than that of electrode without CuO additives. As
the case of CuO additive being 0.5 wt.%, HRD of the electrode reaches
up to 59.9%. The increase in high rate dischargeability of CuO-added
electrode may be due to good electronic and heat conductivity of
as-deposited Cu particles during the charging process.

Fig. 6 shows decrease in discharge capacity of electrodes varying
with cycle number. The ratio of discharge capacity at the 40th cycle
to maximum discharge capacity (C40/Cmax ) for the CuO-added elec-
trodes is smaller than that of the electrode without CuO addition,
indicating faster capacity degradation at the first 40 cycles. How-
ever, C120/Ca0 and Cygo/Ci20 for the CuO-added electrodes is higher
than that of the electrode without addition, suggesting that capac-
ity degradation in CuO-added electrodes becomes slower after
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Fig. 5. HRD of electrodes with and without CuO.
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Fig. 6. Cycling stability of electrodes with and without CuO.

40 charge/discharge cycles. This leads directly to improvement in
cycling stability, and the discharge capacity retention at the 200th
cycle increases from 71.6% (blank electrode) to 77.2% (2.5 wt.% CuO
electrode).

As can be seen from SEM and EDX analysis in Fig. 3 CuO transfers
to fine Cu particles and Cu particles deposit at surface of the alloy,
protecting constituent elements, such as La, Mg and Mn from corro-
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Fig. 7. HTD of electrodes with and without CuO.

sion by the strong alkaline electrolyte, and thus reduces discharge
capacity degradation of the electrodes.

Fig. 7 shows high temperature dischargeability (HTD) of the elec-
trodes with and without CuO additives. CuO additives improve HTD
of the electrodes, especially with temperature higher than 328 K.
The electrode with 2.5 wt.% CuO additive has much better HTD than
the others and its HTD at 333 Kreaches 86.0%, 11.6% higher than that
of the blank electrode (74.4%).

4. Conclusions

The Lao_ggMgo_QNiz.gs Ml‘lo_10C00_55A10_10 alloy consists of CaCus-
type LaNis phase, PuNi3-type LaNi; phase and some minor LaNi
impurity. CuO was added to the ABs-type alloy electrodes in
order to improve the electrochemical properties. SEM and cyclic
voltammogram show that CuO can be reduced to fine Cu particles
during charge processing, depositing at surface of alloy parti-
cles. The maximum discharge capacity increases from 314 mAh g~!
(blank electrode) to 341 mAh g~! (3.0 wt.% CuO). The high rate dis-
chargeability increases after CuO is added, and the electrode with
0.5wt.% CuO addition exhibits HRD of 59.9% at 1440 mAg~!. The
cycling stability is greatly improved by CuO addition. When the
charge/discharge cycle number is more than 40, capacity of elec-
trodes with 1.0 wt.% or more CuO addition decreases more slowly
that of the blank one. And the discharge capacity retention rate
at the 200th cycle increases from 71.6% (blank electrode) to 77.2%
(2.5wt.% CuO electrode). CuO additive also improves high temper-
ature dischargeability of the electrodes.
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