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Abstract: Hydrogen storage composite alloy Tig 9Zrg15Vo35Cr0.10Nig30-10% LaNi; was prepared by two-step arc-melting to
improve the electro-catalytic activity and the kinetic performance of Ti—V-based solid solution alloy. The electrochemical properties
and synergetic effect of the composite alloy electrode were systematically investigated by using X-ray diffractometry, field emission
scanning electron microscopy, energy-dispersive spectrometry, electrochemical impedance spectroscopy and galvanostatic
charge/discharge test. It is found that the main phase of the composite alloy is composed of V-based solid solution phase with a BCC
structure and C14 Laves phase with hexagonal structure, while the secondary phase is formed in the composite alloy. The
comprehensive electrochemical properties of the composite alloy electrode are significantly improved. The activation cycle number,
the maximum discharge capacity and the low temperature dischargeability of the composite alloy are 5 cycles, 362.5 mA-h/g and
65.84% at 233 K, respectively. It is suggested that distinct synergetic effect occurs in the activation process, composite process,
cyclic process and discharge process at a low or high temperature under different current densities, in the charge—transfer resistance

and exchange current density.
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1 Introduction

The nickel-metal hydride battery still dominates the
hybrid electric vehicle (HEV) markets due to both its
high rate charge/discharge capability and high reliability,
despite that Li-ion battery technology has made great
progress in recent years. In the requirements for HEV
battery, energy efficiency is strongly affected by the high
rate charge and discharge performance. The high rate
performance of Ni—-MH battery is closely associated with
the activation of the active materials and the hydrogen
storage alloy [1]. Ti—V-based systems with BCC
structure are considered promising third-generation
hydrogen storage materials due to their high hydrogen
storage capacity of 3% [2,3]. However, these alloys
suffer from disadvantages like difficult activation
treatment, poor kinetics, large hysteresis, low cyclic
stability and high cost [4,5]. Therefore, some novel

composites were manufactured for reducing the high cost
and improving the overall performance of the alloys
[6—10].

It has been proved that the as-prepared LaNi; alloy
was easily activated at room temperature under a
hydrogen pressure of 3.3 MPa [11], despite the
shortcoming of low hydrogen storage capacity and poor
cyclic stability [12]. Recently, It was reported that
additional LaNi; alloy with better electro-catalyst was
helpful to decrease the dehydriding peak temperature and
improve the kinetic property of Mg-based hydrogen
storage alloys [13]. CHU et al[8] reported that the AB; -
La—Mg-based alloy as a surface modifier not only
increased the discharge capacity but also improved the
charge—discharge kinetics of composite electrode greatly.
LIU et al [9] found that the electrode made of
quasicrystal Ti; 4VogNi alloy and conventional AB; alloy
composite holds better high-rate discharge ability
than Ti; 4V Ni. Presently, most of composite hydrogen
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storage materials are obtained by mechanically alloying.
However, there are two disadvantages such as long
mechanically alloying time and short cycle stability. In
addition, phases cannot be joined closely with each other
together in the mechanically alloying process, and
particle surface is easy to be oxidized and polluted, as
well as some impurity is also easy to be introduced into
alloy in the processing. In advance,
Tig.10Z10.15V0.35Cro.10Nig30—LaNi3; composite hydrogen
storage alloy was prepared by two-step arc-melting, and
influences of LaNi; content on the microstructure and
electrochemical characteristics of the composite alloy
were investigated systematically. It was found that
overall electrochemical properties of the composite alloy
were significantly improved when LaNi; content was
10%. In this work, electrochemical hydrogen storage
characteristics of Tig 9Zro.15V035Crg 10Nig30—10%LaNi;
composite prepared by two-step arc-melting and its
synergetic effect were investigated systematically.

2 Experimental

Tig.10Z10,15V035Cr0.10Nig30 (represented as TVS
hereafter) alloy, LaNi; alloy and TVS—10% LaNi;
composite alloy (represented as COM hereafter) were
prepared by arc-melting the constituent elements on a
water-cooled copper hearth under an argon atmosphere,
respectively. The samples were all inverted and re-melted
three times to ensure good homogeneity. The sample
alloys were crushed mechanically in air and ground to
powder within mortar. The sample powders with a size
of 48-75 um were wused for -electrochemical
measurements, and those with a size of 38 pm were used
for XRD analysis with Cu K, radiation on D/Max-rB
X-ray diffractometer (XRD). The morphology of COM
alloy was observed using field emission scanning
electron microscopy (FESEM) analysis on XL30 ESEM
FEG scanning electron microscope and composition of
the phases was analyzed on a Kevex-sigma Level 4
energy-dispersive spectrometer (EDS), respectively.

The electrochemical properties were measured in a
standard three-electrode cell consisting of working
electrode (the metal hydride electrode), a counter
electrode (Ni(OH),/NiOOH electrode) with excess
capacity and a reference electrode (Hg/HgO). The
electrolyte in the cell was 6 mol/L KOH solution. The
metal hydride electrode was prepared by mixing the
alloy powder with carbonyl nickel powder in a mass ratio
of 1:5 and cold-pressing the mixture to form pellets
under a pressure of 15 MPa with 10 mm in diameter and
about 1.5 mm in thickness. The charge/discharge tests
were carried out with DC—5 battery testing instrument

under computer control. The Ilow temperature

dischargeability(LTD) was measured after being fully
charged at constant temperature using a low- temperature
equipment (WGD701). During the -charge/discharge
tests, the electrodes were fully charged (the over-charged
ratio approximately 30%) at a current density of 60 mA/g,
and then discharged to —0.6 V versus Hg/HgO at 60
mA/g.

After the test electrodes were completely activated,
the electrochemical impedance spectroscopy(EIS)
measurements were conducted at 50% depth of discharge
(DOD) using a Solartron 1287 Potentiostat/Galvanostat
and a Solartron 1255 frequency response analyzer with
Z—-POLT software in the frequency range of 0.1 Hz to
1 MHz with an ac amplitude perturbation of 5 mV under
open circuit condition. The measurement of
electrochemical properties was similar to that described
in our previous paper [10].

3 Results and discussion

3.1 Structure characteristics

XRD patterns of as-cast COM, TVS and LaNij
alloys are shown in Fig. 1. It indicates that the matrix
phase structure of TVS alloy composing of V-based
solid solution phase with a BCC structure and C14 Laves
phase with MgZn,-type hexagonal structure has not been
changed after LaNi; alloy is added. However, the
secondary phase exhibits as small additional peaks and
the PuNi; phase of LaNi; alloy cannot be detected in
COM alloy. The lattice parameters of the BCC phase and
Cl4 Laves phase in as-prepared composites were
calculated using the MDI Jade 5.0 software, and the
results are listed in Table 1. It is found that the lattice
parameter and cell volume of the BCC phase and C14
Lave phase in COM alloy are both larger than those of
TVS alloy, respectively, and the larger cell volume would
make for a larger hydrogen storage capacity.
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Fig. 1 XRD patterns of as-cast COM, TVS and LaNij; alloys
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Table 1 Lattice parameters of BCC and C14 Laves phase in
COM alloy

Lattice parameter  Cell volume/

Sample Phase 3
a/nm c/nm nm
BCC 0.2969 0.02617
TVS alloy
Cl4 Laves  0.4948  0.8093 0.1716
BCC 0.2979 0.02644
COM alloy
Cl4 Laves  0.4951 0.8075 0.1718

Figure 2 presents the FESEM morphologies of
COM alloy. Comparing with the SEM morphology of
TVS alloy [14], it is found that COM alloy is composed
of V-based solid solution phase with a dendritic shape
and a continuous C14 Laves phase with a network shape,
and the white lard phase embedded in C14 Laves phase
with irregular shape is the secondary phase formed
during composite process.

Fig. 2 FESEM morphologies of COM alloy

Table 2 summarizes the EDS results obtained from
the main phase and the secondary phase of COM alloy. It
indicates that the V-based solid solution phase consists of
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V, Cr and Ni, the C14 Laves phase consists of Zr, Ti, V
and Ni, the secondary phase is Zr-rich phase, which
shows that the additive LaNi; alloy is decomposed
during composite process, and La can be only detected in
the secondary phase of alloy.

Table 2 Phase composition of COM alloy

phase XTI X@D/ X(VY X(Cr)/ X(NiY x(La

% % % Y% % %
BCC 524 520 60.08 23.12 636 —
Cl4Laves 15.16 2445 3133 999 1606 —
Secondary ¢ 45 7388 808 094 599 261
phase

3.2 Activation performance and synergetic effect
Figure 3 shows the activation performance of COM,
TVS and LaNi; alloy electrode, wherein calculated curve
is obtained according to the value measured and
composite ratio of TVS and LaNij alloy. Firstly, it can be
seen that the curve measured is in a position higher than
that calculated for COM alloy electrode. It is suggested
that distinct synergetic effect exists in activation process.

400

T?n 350
-~
< 300F
£
250+ =— TVS
g * — LaNi;
§ 200+ +— COM
o v— Calculated
E 150+
2
A 100+

50 L 1 1 1

0 4 8 12 16 20

Cycle number

Fig. 3 Activation performance of COM , TVS and LaNi; alloy
electrode

Secondly, it is found that the activation of COM
alloy electrode needs only 5 cycles, fewer 13 cycles than
that of TVS alloy electrode, which implies that additive
LaNi; beneficial for improving the
electrochemical activity of TVS alloy. Commonly,
diffusion through grain boundary having an open
structure is easier than that in grain having a perfect
lattice [15]. As mentioned above, there are three phases
in COM alloy, namely BCC phase, C14 Laves phase and
the secondary phase. It is presumed that the phase
boundary in COM alloy is more than that in TVS alloy.
Furthermore, the secondary phase may become the active
sites [16] and pathways for hydrogen diffusion. Thus, the

alloy is
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activation performance of COM alloy is evidently better
than that of TVS alloy.

3.3 Maximum discharge capacity and synergetic

effect

Figure 3 also presents the maximum discharge
capacity of COM, TVS and LaNi; alloy electrode. It is
found that the value measured and the value calculated
for the maximum discharge capacity of COM alloy
electrode are 362.5 and 303.6 mA-h/g, respectively. The
results illuminate that the real maximum discharge
capacity of COM alloy electrode is not equal to the sum
of all the discharge capacity of the constituent alloys,
which suggests that synergetic effect appears in the
composite process. The maximum discharge capacity of
COM increases significantly after compositing with TVS
and LaNi; alloy, which is similar to the composite with
MgNi;.x—CNT [17]. This is believed to be caused by an
increase in the number of active sites for hydrogen
absorption [18]. As mentioned above, the secondary
phase in COM alloy may act as active sites.

3.4 Cyclic stability and synergetic effect

The capacity retention (S;) used to represent the
cycling stability can be calculated in the following
equation:

Sy=(Cn/Crnax) X 100% (1)

where S, is the capacity retention at n cycles, C, is the
discharge capacity at n cycles and C,,,, is the maximum
discharge capacity.

Figure 4 indicates the dependence of discharge
capacity on cycle number for COM, TVS and LaNij
alloy electrodes. It is evident that the curve measured is
above that calculated for COM alloy electrode, which
suggests that distinct synergetic effect appears in cyclic
process. In addition, the cyclic stability of COM alloy
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Fig. 4 Dependence of discharge capacity on cycle number for
COM , TVS and LaNij; alloy electrodes

electrode is superior to that of TVS alloy electrode. For
example, S;go of COM alloy electrode is 98.29%, 10.14%
higher than that of TVS alloy electrode. It is presumed
that additional LaNi; is helpful for restraining the
dissolution of V, Zr and Ti elements in KOH electrolyte
and for improving charge—discharge cyclic stability of
TVS matrix alloy [10].

3.5 Temperature effect and synergetic effect

Dischargeability of COM, TVS and LaNi; alloy
electrodes at different temperatures is shown in Fig. 5.
The dischargeability at different temperatures is defined
as the ratio of the discharge capacity Cr at a certain
temperature to the discharge capacity C;(; at temperature
of 303 K. It is found that the curve measured is at a
position higher than that calculated in a low temperature
range, and the circumstance is opposite in a high
temperature range for COM alloy electrode, which
suggests that distinct synergetic effect exists in the
discharge process at a low or high temperature.
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Fig. 5 Dischargeability of COM, TVS and LaNi; alloy

electrodes at different temperatures

It can also be seen that though the high temperature
dischargeability (HTD) of COM alloy electrode is a little
lower than that of TVS alloy, whereas the low
temperature dischargeability (LTD) of COM alloy
electrode is remarkably higher than that of TVS alloy
electrode. For example, LTD of COM alloy electrode at
233 K is 65.84%, which is about 5.35 times higher that
of TVS alloy electrode. This indicates that addition of
LaNi; alloy is beneficial for improving LTD of TVS
alloy electrode. It is well known that LTD is mainly
controlled by hydrogen diffusion, and hydrogen can
diffuse more easily in the bulk of alloys with a larger cell
volume and more grain boundaries having an open
structure than in grain. Therefore, the increase of cell
volume and grain boundaries of composite alloy
doubtlessly results in its superior LTD. However, HTD is
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perhaps attributed to the equilibrium hydrogen pressures
of desorption[19]. The hydrogen desorption plateau
pressure of COM alloy electrode is higher than that of
TVS alloy electrode, and the hydrogen desorption
plateau pressure increases with increasing temperature,
and thereby the rates of dehydriding of COM alloy and
diffusion of hydrogen through COM alloy electrode
increase, which inevitably increases the reversible
capacity loss and decreases HTD.

3.6 High-rate dischargeability and synergetic effect
High-rate dischargeability (HRD) can be calculated
by the following equation:

HRD=(Ci/Cy)*100% Q)

where Cg is the discharge capacity at both the
charge/discharge current density of 60 mA/g, and C; is
the discharge capacity at certain discharge current
density (60—1500 mA/g).

Figure 6 shows high-rate dischargeability as a
function of discharge current density for COM, TVS and
LaNi; alloy electrodes. Firstly, it is obvious that HRD of
COM alloy electrode is improved remarkably after 10%
LaNi; alloy is added. For example, HRD of COM alloy
electrode is about 2.25 times higher that of TVS alloy
electrode at a discharge current density of 1500 mA/g.
Secondly, it can be seen that the real HRD is markedly
higher than that calculated with increasing the discharge
current density for COM alloy electrode. For example,
the real HRD of COM alloy electrode is 39.54% higher
than that calculated at a discharge current density of
1500 mA/g, which suggests that distinct synergetic effect
exists in the discharge process at different current
densities.
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Fig. 6 High-rate dischargeability as function of exchange
current density for COM, TVS and LaNi; alloy electrodes

3.7 Charge-transfer resistance, exchange current
density and synergetic effect
Figure 7 presents the electrochemical impedance

spectra of COM, TVS and LaNi; alloy electrodes at 50%
DOD and 303 K. On the basis of the model proposed by
KURIYAMA et al [20], the charge—transfer resistance R
is obtained by means of the fitting program Z—view, the
exchange current density J, is calculated by the

following equation when overpotential is very small:
Jo=(RT/F)(1/R) 3)

where R is the gas constant, T is the thermodynamic
temperature and F is the Faraday constant. The obtained
R, and J, are listed in Table 3. On one hand, it shows
that the real R, is 68.57 mQ smaller than that calculated
and the real J, is 258.84 mA/g higher than that calculated
for COM alloy electrode, which suggests that distinct
effect
resistance and the exchange current density. According to
the concept of synergetic systems of composite proposed
by SAVADOGO [18], the characteristics of a synergetic
system may be arranged according to the variations of

synergetic appears in the charge—transfer

the exchange current density with the parameters of the
electrocatalyst (i.e. concentration, electro-chemically
active surface area, etc.). Here, the exchange current
density is determined with charge—transfer resistance. In
addition, XRD and FESEM morphologies indicate that
the secondary phase is formed during the compositing
process. As a result, it is proposed that the white lard
phase is a good
charge—transfer reaction on the alloy electrodes, which

assumably electrocatalyst for

will result in distinct synergetic effect in the charge—
transfer resistance and exchange current density.
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Fig. 7 Electrochemical impedance spectra of COM, TVS and
LaNij; alloy electrodes

Table 3 Electrochemical parameters for TVS, COM and LaNi;
alloy electrode

Sample Re/mQ Jo/(mA-g ™"
COM 55.38 471.69
TVS 119.27 219.02
LaNi; 166.04 157.32

Calculated 123.95 212.85
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On the other hand, R, of COM alloy electrode is
63.89 mQ smaller than that of TVS alloy, and J, of COM
alloy electrode is 252.67 mA/g higher than that of TVS
alloy, which implies that COM alloy electrode has a
higher electrochemical activity than TVS alloy electrode,
and then results in its superior HRD.

4 Conclusions

1) The main phase of the solid solution alloy
remains unchanged when LaNi; alloy is added, while the
secondary phase is formed in COM alloy.

2) The activation performance, the real maximum
discharge capacity, the cyclic stability, LTD and the
dynamic performances of COM alloy are remarkably
superior to those of TVS alloy.

3) The real maximum discharge capacity of COM
alloy electrode is not equal to the sum of all the
discharge capacity of the constituent alloys. It is
suggested that distinct synergetic effect exists in the
compositing process.

4) It is suggested that distinct synergetic effect
appears in the activation, cyclic and discharge process at
a low or high temperature and at different current
densities, in the charge—transfer resistance and exchange
current density.
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