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ABSTRACT

CoB alloy prepared by arc melting possesses excellent cyclic stability but low discharge capacity, while
AB3 hydrogen storage alloy prepared by inductive melting exhibits high discharge capacity but poor
cyclic stability as negative electrode materials of alkaline rechargeable nickel-based batteries. A series of
CoB-x wt.% AB3 mixtures were synthesized by simple mixing of CoB alloy powders and AB3 alloy powders.
Electrochemical measurements revealed that the reversible discharge capacity and cycle stability of the
mixture electrodes were largely improved, compared with CoB alloy electrode and AB; alloy electrode.
The CoB-x wt.% AB3 (x=20) electrode displays the highest discharge capacity of the 40th cycle and the
CoB-x wt.% AB; (x=10) electrode displays the highest discharge capacity of the 100th cycle among all the
mixture electrodes. The electrochemical effect of AB5 alloy on CoB alloy in mixture electrodes was also
systematically investigated.

X-ray diffraction

Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

1. Introduction

Recently, Co-B alloy has attracted increasing attention as a
negative electrode material of alkaline rechargeable nickel-based
batteries [1-7]. And much progress has been made to improve its
discharge capacity in alkaline electrolyte [8-10]. Han et al. pre-
pared Co-B-Si alloys with and obtained a discharge capacity of
270mAh g1 after 100 cycles [11]. Lu et al. introduced sulfur into
the Co-B-S system and the electrochemical properties of the Co-B
alloys were greatly improved [12]. In our previous work, we pre-
pared Co-B alloy by annealing the products of chemical reduction
method, and obtained a capacity of 400 mAhg-1 [13]. It is obvious
that the introduction of some dissoluble compositions, which could
enlarge the contact area of Co-B with alkaline electrolyte may have
effect on the improvement of the Co-B alloys.

Itis well known that AB3 type R-Mg-Ni system hydrogen storage
alloys have been intensively studied as one of the most promis-
ing negative electrode candidates for Ni-MH secondary batteries
[14-17]. However, AB3 hydrogen storage alloys have higher dis-
charge capacities but lower cyclic stabilities. Although there has
been a lot of work to improve the cyclic stability of these alloys
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in recent years, they are still far from commercial requirements
[18-20].

In order to get a kind of material with high discharge capacity
and excellent cyclic stability, a series of CoB-x wt.% AB3 mixtures
were synthesized and electrochemically used as anode materials
for alkaline rechargeable nickel-based battery. The electrochemical
effect of AB3 alloy on CoB alloy in mixture electrodes are discussed.

2. Experimental
2.1. Synthesis

CoB alloy and AB; (LaggoMgp20Niz.4Mng 10Cogs5Al0.10) alloy were prepared by
arc melting and inductive melting, respectively. The two alloy ingots were mechani-
cally crushed to powders, and then CoB-x wt.% AB; (x=10, 20, 30,40, 50, 60) mixtures
were synthesized by simple mixing of CoB powders and AB; powders at different
ratios and ground with a mortar.

2.2. Characterization

The structures of mixtures were characterized by powder X-ray diffraction
(Rigaku DMax-2500, Cu K« radiation, graphite monochromator).

Powder X-ray photoelectron spectra (XPS) measurements were performed
on Kratos Axis Ultra system, employing a monochromatic Al-Ka X-ray source
(hv=1486.6eV), hybrid (magnetic/electrostatic) optics and a multi-channel plate
and delay line detector (DLD).
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Fig. 1. The cycle stability curves of CoB alloy, ABs alloy and CoB-x wt.% AB3; mixtures
electrodes.

2.3. Electrochemical measurements

The electrodes for test were prepared as follows: 0.8 g of the mixture of as-
prepared powder and nickel powder (mass ratio 1:3) was pressed into pellet (10 mm
in diameter) at 30 MPa. A sandwich of the pellet between two foam nickel disks
(20 mm in diameter) was pressed at 10 MPa, on which a nickel strip was soldered.

Electrochemical measurements were conducted in a three-compartment cell
using a Land battery test instrument. NiOOH/Ni(OH), and Hg/HgO were used
as the counter electrode and the reference electrode, respectively. In each
charge-discharge cycle test, the negative electrode was charged for6 hat 100 mA g~!
and discharged at 25 mA g~! up to the cut-off voltage set at —0.5 V (vs. Hg/HgO). The
electrolyte solution was a 6 M KOH aqueous solution. The interval between charge
and discharge was 5 min. Zahner IM6e electrochemical workstation was used for
cyclic voltammetry (CV) (scan rate: 0.2mVs~!, —1.2 to —0.4V vs. Hg/HgO). All the
experiments were conducted at room temperature.

3. Results and discussion
3.1. Electrochemical performance

Fig. 1 shows the cycle stability curves of CoB alloy, AB3 alloy
and CoB-x wt.% AB3 mixtures electrodes at a current density of
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Fig. 2. The 10th cycle discharge curves of CoB alloy, AB3 alloy and CoB-x wt.% AB3
mixtures electrodes.

25mAg~1. It shows that the cycle stability of CoB-x wt.% AB; mix-
ture electrode is improved. As shown in Fig. 1a, CoB alloy electrode
has an excellent cyclic stability but low discharge capacities, while
ABj3 alloy electrode displays higher discharge capacities but a poor
cyclic stability. Therefore, we conclude that the cycle curves of
CoB-x wt.% AB3 mixture electrodes vary with the mass content of
AB3 alloy. According to the specific information given in Fig. 1b
and Table 1, the maximum discharge capacity of CoB-x wt.% AB3
(x=40) mixture electrode reaches 476.2mAhg~!. The CoB-x wt.%
AB3 (x=20) electrode displays the highest discharge capacity of
the 40th cycle and the CoB-x wt.% AB3 (x=10) electrode displays
the highest discharge capacity of the 100th cycle among all the
mixtures electrodes, which are much higher than pure CoB alloy
electrode and pure ABj3 alloy electrode. Among all the mixtures
electrodes, CoB-x wt.% AB3 (x=10) mixture electrode displays the
best cycle stability (Cqgoth/Caotn% =96.86%), which is close to that
of pure CoB alloy electrode (Cygoth/Caoth%=97.38%). By compar-
ing the discharge capacities of the 40th and 100th cycles and the
results of Cqgoth/Caoth %, the electrodes with less AB3 alloy exhibit
better cycle stabilities in the charge-discharge process. This is
because the CoB alloy dominates the cycle performance of the elec-
trodes.

The 10th cycle discharge curves of CoB alloy, AB; alloy and CoB-
x wt.% AB3; mixtures electrodes are compared in Fig. 2. There are
two potential plateaus in each mixtures electrode curve. The first
potential plateau at —0.87V (vs. Hg/HgO) can be attributed to AB3
alloy, and the second potential plateau at —0.78 V (vs. Hg/HgO) is
positively related to CoB alloy. When the mass content of AB3 is 20%,
the discharge capacity of the first potential plateau is exact 20% of
pure ABj alloy electrode, but that of the second potential plateau is
higher than 80% of pure CoB alloy electrode. The similar results can
also be found in other CoB-x wt.% AB3 mixture electrodes. Conse-
quently, the increased discharge capacity of CoB in CoB-x wt.% AB3
mixture electrodes is the reason that the mixtures electrodes have
higher discharge capacity.

Table 1
Cycle stability of CoB, AB; alloy and CoB-x wt.% AB; mixtures electrodes.
CoB x=10 x=20 x=30 x=40 x=50 x=60 AB3
Cist 229.5 374.7 451.9 467.2 476.1 419.5 453.5 360.0
Caoth 186.8 267.7 3184 3024 290.2 278.0 275.0 260.2
Cio0th 181.9 259.3 237.0 2124 203.3 194.2 185.5 204.0
Ci00th/Caoth % 97.38 96.86 74.44 70.24 70.06 69.86 67.45 78.40
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Fig. 3. XRD patterns of CoB-x wt.% AB; (x=50) mixture: (a) CoB alloy, (b) AB5 alloy,
(c) CoB-x wt.% AB3 (x=50) mixture, (d) CoB-x wt.% AB3 (x=50) mixture electrode
after the 1st cycle, (e) CoB-x wt.% AB; (x=50) mixture electrode after the 2nd cycle.

3.2. Material characterization

To further investigate the effect of AB3 alloy on CoB alloy, XRD
patterns of CoB-x wt.% AB3 (x=50) mixture are showed in Fig. 3.
Three Ni peaks are attributed to the doped Ni powder in elec-
trode. The main phases of AB3 alloy are LaNi3 phase and LaNis
phase, and the main phase of CoB alloy is CoB phase. The similar
diffractions are observed in CoB-x wt.% AB3 (x=50) mixture. After
the 1st charge-discharge cycle, CoB peaks disappear and Co(OH),
peaks appear. After the 2nd cycle, the intensity of Co(OH), peaks
increases, while those of ABs3 alloy have little change. However,
which is eroded to Co(OH),, the whole CoB alloy or only those on
the surface?

XPS spectra of CoB alloy with Co 2p are shown to explain the
above question (Fig. 4). In the initial alloy, Co 2p peak appears at
778.3 eV, indicating that the Co exists in the form of CoB. After the
1st cycle, a peak appears at 780eV and only a small Co 2p peak
appears at 778.3 eV, indicating that most CoB turns to Co(OH), on
the surface. After the 2nd cycle, there is only one peak appearing
at 780 eV. It indicates that all CoB transforms to be Co(OH);, on the
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Fig. 4. XPS spectra of CoB alloy with Co 2p.
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Fig. 5. XPS spectra of CoB alloy with B 1s.

electrode surface. However, after etched for 15 min, there is Co 2p
peak appearing at 778.2 eV, showing that most Co inside the alloy
still exists in metallic state. There is also Co 2p peak at 780eV can
be found, indicating that only a little Co inside the alloy has been
eroded. In this case, the Co(OH), exist as on the surface of the alloy
during charge-discharge process and CoB is still the main phase
inside the alloy.

Fig. 5 shows the XPS spectra of CoB alloy with B 1s after the 1st
cycle. The B 1s peak appearing at around 192.2 eV, indicates the
existence of B,03. And specially, no peak of B in 0 oxidation can be
found (including B in CoB or B element, at about 188 eV).

In the previous study [21], a charge-discharge mechanism of
CoB alloy was proposed. In the discharge process, firstly, B and Co
on the surface are oxidized in the KOH solution, all the boron is
oxidized to form B, 03, Co is oxidized to form Co(OH), film on the
surface of the CoB. Secondly, all the B,03 and part of the Co(OH),
on the surface dissolves gradually into the KOH solution. Thirdly,
the dissolution creates the new surface inside the alloy. The KOH
solution comes into and reacts on the new surface. And the above
reaction occurs again. It forms a full loop. And the charge reaction
is the transformation from Co(OH), to Co.

The whole charge-discharge reaction can be expressed as the
faradaic redox mechanism.
discharge

= Co(OH), +2e (1)

charge

Co+20H™

So the discharge capacity of CoB alloy is due to the faradaic
redox transformation of Co(OH),/Co on the surface, and inner CoB
contributes little.

3.3. Cyclic voltammetry test

Fig. 6 shows the cyclic voltammetry (CV) curves of AB3 alloy,
CoB alloy and CoB-x wt.% AB3 (x=10, 20, 60) mixture electrodes.
The curve shape and peak voltage of CoB alloy electrode are dif-
ferent from those of AB3 alloy electrode. A pair of obvious redox
peaks is detected in CoB alloy electrode curve, confirming that
the reversible capacity is mainly based on the faradaic redox reac-
tion. While ABj3 alloy electrode displays wide oxidation peak and
unconspicuous reduction peak, which are the typical feature of
absorbtion-desorption hydrogen reaction. It is observed that the
oxidation peaks of the CoB-x wt.% AB3 mixture electrodes widen
with the increase of AB3 alloy and the reduction peaks shift pos-
itively. The CV curve of CoB-x wt.% AB3; (x=10, 20, 60) mixture
electrode resembles that of CoB alloy electrode and that of AB3 alloy
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Fig. 6. Cyclic voltammetry (CV) curves of AB3 alloy, CoB alloy and CoB-x wt.% AB3
(x=10, 20, 60) mixtures electrodes.
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Scheme 1. The function schematic representation of AB3 alloy on CoB alloy in mix-
ture electrodes.

electrode, indicating that both the absorbtion-desorption hydro-
gen reaction and the faradaic redox reaction occur in CoB-x wt.%
ABs3 mixtures electrode, during the charge-discharge process.

Similar to CoB alloy electrode, the charge-discharge reaction of
pure Co powder electrode is also faradaic redox reaction. The dis-
charging capacity of Co potential plateau also increases after mixing
with AB5 alloy.

3.4. Function mechanism of AB3 alloy on CoB alloy

Based on the above analysis, both the absorbtion-desorption
hydrogen reaction of AB3 alloy and the faradaic redox reaction of
CoB alloy exist during the charge-discharge process of CoB-x wt.%
AB3; mixture electrodes. For CoB alloy, the discharge capacity is inti-
mately dependent on the utilization of the active material, which
is largely influenced by the contact area between CoB and alkaline
solution. According to our previous work [21], the possible func-
tion mechanism of AB3 alloy on CoB alloy in mixture electrodes
can be schematically shown in Scheme 1. As-prepared ABj3 alloy
particles and CoB alloy particles are both irregular massive, so the
CoB-x wt.% AB3 mixture electrodes possess lots of interspaces. In

the process of electrode preparation, the interspaces could not be
removed, resulting in large surface areas of CoB alloy. During the
charge-discharge process, the interspaces are impregnated with
alkaline solution and increase the contact area between CoB alloy
particles and alkaline solution, which is in favor of the surface elec-
trochemical redox to improve the capacity utilization. In addition,
the addition of AB3 alloy particles leads to well dispersion of CoB
alloy particles. Thus, the discharge capacity of CoB alloy is largely
enhanced.

4. Conclusions

A series of CoB-x wt.% AB3 mixtures are synthesized by sim-
ple mixing of CoB alloy powders and AB3 alloy powders. The
mixture electrodes display high discharge capacities and good
cycle stability. The discharge capacities are attributed to the
absorbtion-desorption hydrogen reaction of AB3 alloy and the
faradaic redox reaction of CoB alloy. The possible function mecha-
nism of AB3 alloy on CoB alloy in mixture electrode is proposed. This
discovery provides a new way to improve electrochemical prop-
erties of CoB negative electrode of alkaline rechargeable Ni-based
batteries.
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