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bstract

In the present study, hydrogen storage composite electrodes were prepared by mechanical milling the powder mixtures of Ni-free Laves phase
lloy Ti0.9Zr0.2Mn1.5Cr0.3V0.3 (AB2) with LaNi3.8Mn0.3Al0.4Co0.5 (AB5) and La0.7Mg0.25Zr0.05Ni2.975Co0.525 (AB3.5), respectively. X-ray diffraction
XRD) measurements found that the basic phase structure (hexagonal C14) was still maintained in TiMn2-based alloy after short-time mechanical
illing with additional La-based alloys. The fine particles of La-based alloy were found dispersing over the bulk particle of TiMn2-based alloy

y observations of scanning electron microscopy (SEM) with energy dispersive spectrometer (EDS). The electrochemical studies showed that
he additional La-based alloys greatly improved the discharge capacity of the composite electrode. The maximum discharge capacity reached
10.4 mAh/g and 314.0 mAh/g for AB2–10 wt.% AB5 and AB2–10 wt.% AB3.5 electrodes, respectively, which was much higher than the maximum
8.6 mAh/g of original Ti Zr Mn Cr V alloy electrode. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV)
0.9 0.2 1.5 0.3 0.3

easurements suggests that AB3.5-type alloy as a surface-modifier is beneficial to the decrease of the charge-transfer reaction resistance. The
echanical milling with AB5-type alloy was found improving the hydrogen diffusion in the bulk of the alloy from the results of anodic polarization
easurement.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Among the hydrogen storage alloys that have been exten-
ively investigated, Ti-based AB2-type Laves phase hydrogen
torage alloys are potential candidates for negative electrode
aterials in Ni-MH batteries due to their larger hydrogen absorp-

ion capacities at ambient temperature [1]. Up to date, many

i-contained Ti-based alloys have been extensively investigated

2–5] since Ni element is essentially important in Ti-based alloy
lectrodes because of its catalytic effect for the electrodes during
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lectrochemical reactions. For example, the theoretical capacity
f some Ti-based Laves phase alloy electrodes was reported to
e about 540 mAh/g [6] and it could be activated easily within
everal charge–discharge cycles. Nevertheless, Ni-free-type Ti-
ased Laves alloys are rarely investigated in electrochemical
ystems although they exhibit even more hydrogen storage
apacity in solid–gas reactions.

In recent years, the mechanical milling treatment is regarded
s an effective method in surface modification and improving
ome electrochemical properties of the hydrogen storage alloys
uch as discharge capacity, cyclic stability or kinetics [7–9],

tc. For example, the previous studies showed that mechanical
illing with the LaNi5 alloy could improve the activation behav-

or of Mg2Ni [10] and Zr0.5Ti0.5V0.75Ni1.25 [11] alloy electrodes
nd also increase the electrochemical discharge capacity of
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and white particles on the surface of the bulk alloy were the
La0.7Mg0.25Zr0.05Ni2.975Co0.525 alloy particles which adhered
to the bulk of Ti0.9Zr0.2Mn1.5Cr0.3V0.3 alloy particles. This
phenomenon resulted from the different hardness and ductility
H. Chu et al. / Journal of Alloys an

i–V-based BCC phase alloy [8]. Therefore, the mechanical
illing method can be applied in this study to improve the

lectrochemical properties of our designed Ni-free TiMn2-based
ydrogen storage alloy electrode.

Up to now, many studies showed that some of new series
f R–Mg–Ni-based (where R is a rare earth or Y, Ca) alloys
ith higher hydrogen storage capacity were developed. Pan et

l. [12,13] investigated La–Mg-based La0.7Mg0.3(Ni0.85Co0.15)x

x = 2.5–5.0) alloys that consisted of LaNi5 phase and
LaMg)Ni3 phase, and revealed that the maximum electrochemi-
al discharge capacity was 395.6 mAh/g, which was much higher
han that of the commercially used LaNi5-type alloys. Further-

ore, its cyclic stability, activation properties and the high-rate
ischargeability were superior to those of most Ti-based alloy
lectrodes. Therefore, it can be expected that the discharge
apacity and electrochemical hydrogen reaction kinetics of our
esigned Ni-free Ti0.9Zr0.2Mn1.5Cr0.3V0.3 alloy electrode could
e improved by mechanical milling with this kind of La–Mg-
ased alloy.

As mentioned above, the structure of La–Mg-based alloy is
ifferent from that of AB5-type alloy and its electrochemical
roperties are superior to those of AB5-type alloy. Therefore, in
his study, AB5-type alloy LaNi3.8Mn0.3Al0.4Co0.5 and La–Mg-
ased AB3.5-type alloy La0.7Mg0.25Zr0.05Ni2.975Co0.525 were
elected as surface modifiers for Ni-free Laves phase
i0.9Zr0.2Mn1.5Cr0.3V0.3 alloy. The AB2–AB5 and AB2–AB3.5
omposites were prepared by mechanical milling method. Their
tructures and respective effects on the electrochemical perfor-
ances were investigated systematically in the present work.

. Experimental

Nonstoichiometric Ni-free AB2-type Laves phase alloy Ti0.9Zr0.2Mn1.5

r0.3V0.3, AB5-type alloy LaNi3.8Mn0.3Al0.4Co0.5 and AB3.5-type alloy
a0.7Mg0.25Zr0.05Ni2.975Co0.525 were prepared by vacuum magnetic levitation
elting under argon atmosphere. The ingots were turned over and re-melted

hree times for homogeneity. The purity of starting elemental metals was higher
han 99%. Then the ingots were mechanically crushed and ground into the
owder of 200-mesh size for mechanical milling treatment. These alloys were
epresented as AB2 alloy, AB5 alloy and AB3.5 alloy hereafter, respectively.

The alloy powder of AB2 was mixed homogenously in the weight ratio of
.0:1.0 with AB5 and AB3.5 alloy powder, respectively, and ground by QM-
SP planetary ball miller under 0.2–0.3 MPa argon atmosphere for 2 h. In each
tainless milling pot, the ball-to-powder weight ratio was 20:1. As compared,
he AB2 alloy was ball milled under the same condition. The crystal structure
f the alloys was characterized by XRD (Rigaku D/max-2500, Cu K�, 40 kV,
50 mA). The surface morphologies of the alloys were observed using scanning
lectron microscopy (SEM, JSM6360LV) linked with energy dispersive X-ray
pectrometer (EDS, Oxford INCA). A N4 plus laser scattering particle meter
as used to measure particle size distribution of alloy powder.

The tested electrodes for electrochemical measurements were fabricated by
ixing 100 mg the prepared alloy powder with 300 mg electrolytic Ni powder.
he mixture was then pressed into a pellet of 10 mm in diameter under a pressure
f 30 MPa. Both sides of the electrode pellet were coated with two foam nickel
heets, then pressed at 6 MPa and tightly spot-welded. A nickel lead wire was
ttached to this pressed foam nickel sheet by spot welding. Electrochemical mea-
urements were performed at 303 K in a standard open tri-electrode electrolysis

ell consisting of a working electrode (the MH pellet electrode for studying),
sintered Ni(OH)2/NiOOH counter electrode, and a Hg/HgO reference elec-

rode immersed in the 6 M KOH electrolyte. Charge–discharge cycles of alloy
lectrodes were conducted by an automatic LAND battery test instrument. The
lectrodes were charged for 2 h at a current density of 300 mA/g, rested for 5 min
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nd then discharged to the cut-off potential of −0.6 V versus Hg/HgO reference
lectrode at a current density of 100 mA/g.

The electrochemical impedance spectroscopy (EIS), cyclic voltammograms
CV) and anodic polarization (AP) measurements were conducted on Zahner
lektrik IM6e electrochemical workstation at 50% depth of discharge (DOD) at
03 K. The scan rate of CV measurements was 50 mV/s within the scan potential
ange from −1.2 V to 0 V. The frequency range of EIS was from 10 kHz to 5 mHz
ith an amplitude of 5 mV versus open circuit potential. Before the EIS and CV
easurements, the alloy electrodes were first activated by charge–discharge

or three cycles. The anodic polarization curves were measured by scanning
he electrode potential with the rate of 5 mV/s from 0 mV to 600 mV (versus
pen circuit potential). The hydrogen diffusion coefficient was determined by
otential step method, which was performed under the constant potential of
500 mV for 3600 s at the fully charged state of the fourth charge–discharge
ycle.

. Results and discussion

.1. The microstructure and morphology

Fig. 1 shows that X-ray diffraction patterns of ball-milled
B2 alloy, AB2–AB5 and AB2–AB3.5 composite alloys. It was

ound that the Ti–Mn-based AB2 alloy could be indexed as
he hexagonal C14 Laves phase and some impurity of metal-
ic vanadium. It was also found that mechanical milling with
0 wt.% rare-earth alloys did not change the basic structure
hexagonal C14 Laves phase) of the original AB2 alloy. Fig. 2
llustrates that SEM images and EDS patterns of ball-milled
B2 alloy and AB2–AB3.5 composites. It was found that both
B2 alloy particles and rare-earth alloy particles were reduced

n size. The surface of the milled alloy particles became much
ougher after mechanical milling. This means that some fresh
urfaces have been generated during the process of mechanical
illing. In the case of ball-milled AB2–10 wt.% AB3.5 com-

osite alloy, as seen from Fig. 2(b), the differences of EDS
atterns between micro-area (I) and (II) revealed that the small
ig. 1. The XRD patterns of ball-milled AB2 alloy and AB2–10 wt.% AB5,
B2–10 wt.% AB3.5 composites.
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reached 310.4 mAh/g and 314.0 mAh/g, respectively. Further-
more, it was found that a flatter discharge plateau was observed
at the potential of about −0.90 V for each discharge curve. The
appreciable increase of the discharge capacity is ascribed to

Table 1
The electrochemical properties of the ball-milled AB2, AB2–AB5 and AB2–
AB3.5 composite electrodes

Samples Na
a Cmax (mAh/g) C20 (mAh/g) C20/Cmax (%)
Fig. 2. SEM images and EDS patterns of composites

etween the two alloys. The rare-earth alloy particles might
e pulverized more easily and adhered to the surface of the
arger Ti0.9Zr0.2Mn1.5Cr0.3V0.3 alloy particles according to the
etection of EDS.

.2. The dischargeability of the composite electrodes

Fig. 3 presents the discharge curves of ball-milled AB2,
B2–AB5 and AB2–AB3.5 alloy electrodes at the largest
ischarge capacity and some electrochemical properties are
ummarized in Table 1. As seen from Fig. 3, a discharge

apacity of 48.6 mAh/g without an apparent discharge plateau
as observed for ball-milled AB2 alloy electrode, which was

scribed to the absence of Ni element that had a catalytic
ffect on the charge transfer reaction [14] in the AB2 alloy.

B
B
B

all-milled AB2; (b) ball-milled AB2–10 wt.% AB3.5.

owever, as concerns to AB2–AB5 and AB2–AB3.5 composite
lloys, the discharge capacity had been greatly improved, which
M-AB2 1 48.6 28.9 59.5
M-(AB2–AB5) 2 310.4 113.2 36.5
M-(AB2–AB3.5) 2 314.0 123.8 39.4

a The cycle numbers needed to activate the composite electrodes.
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ig. 3. Discharge potential curves of ball-milled AB2, AB2–AB5 and
B2–AB3.5 composite electrodes at the largest discharge capacity at 303 K.

he incorporated rare-earth alloy particles on the surface layer
f the ball-milled AB2–AB5 and AB2–AB3.5 composite sam-
les. It can be suggested that the La-based alloy particles not
nly act as an electro-catalyst and a micro-current collector on
he surface for hydrogen evolution reaction, but also provide
ydrogen diffusion pathways during electrochemical reaction.
his is beneficial to the improvement of reaction kinetics and
harge–discharge capacity of the composite electrodes. Fig. 4
llustrates the discharge capacity versus cycle number of the
all-milled AB2, AB2–AB5 and AB2–AB3.5 alloy electrodes.
e noticed that, although the ball-milled AB2 alloy electrode

ad an improved cycling stability (see Table 1), it still could not
eet the requirements of practical application due to its lower

ischarge capacity. For ball-milled AB2–AB5 and AB2–AB3.5
omposite electrodes, it needs only two charge–discharge cycles
see Table 1) to be fully activated. However, the discharge capac-

ty rapidly decreased to 113.2 mAh/g and 123.8 mAh/g after 20
harge–discharge cycles for AB2–AB5 and AB2–AB3.5 com-
osites, respectively. Further investigations on improving the

ig. 4. Discharge capacity as a function of cycle number of ball-milled AB2,
B2–AB5 and AB2–AB3.5 composite electrodes at 303 K.
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ig. 5. Electrochemical impedance spectra (EIS) of ball-milled AB2, AB2–AB5

nd AB2–AB3.5 composite electrodes at 50% DOD at 303 K.

ycling stability of the alloy electrodes are underway in our
aboratory.

.3. The reaction kinetics of the composite electrodes

Fig. 5 illustrates the electrochemical impedance spectra of
all-milled AB2, AB2–AB5 and AB2–AB3.5 alloy electrodes
t 50% DOD at 303 K. It was found that all the EIS spec-
ra of these alloy electrodes consisted of a small semicircle in
he high-frequency region and a large semicircle in the low-
requency region. Kuriyama et al. [15] explained that the large
emicircle in the low-frequency region was attributed to the
hare-transfer reaction resistance at the electrode surface. As
hown in Fig. 5, the radius of large semicircle in the low-
requency region of ball-milled AB2 alloy electrode was greatly
arger than that of AB2–AB5 and AB2–AB3.5 composite alloy
lectrodes, which indicated that the charge-transfer resistance
ecreased to a great extent after mechanical milling AB2 alloy
ith rare-earth alloys AB5 and AB3.5, respectively. Thus, it was
elieved that the rare-earth alloys AB5 and AB3.5 played an
mportant role in improving the hydrogen reaction kinetics, espe-
ially in decreasing the charge-transfer resistance on the surface
f alloy electrodes. Furthermore, the radius of large semicircle in
he low-frequency region of AB2–AB3.5 composite alloy elec-
rode was smaller than that of AB2–AB5 (see the inset in Fig. 5),
hich indicated that mechanical milling with AB3.5 alloy was
etter than mechanical milling with AB5 alloy in decreasing the
harge-transfer resistance.

Fig. 6 illustrates cyclic voltammograms of the ball-milled
B2, AB2–AB5 and AB2–AB3.5 alloy electrodes at the 50%
OD at 303 K. It was shown that for each alloy sample, the
xidation peak appeared at the potential of around −500 mV
versus Hg/HgO). However, in the investigated potential range
he reduction peak did not appear, which might be due to the

apid and hardly detective hydrogen absorption during charge
rocess as reported in Ref. [16]. The previous study [17] showed
hat the oxidation peak corresponded to the hydrogen desorption
rom the interior to the surface of the alloy particles, the height of
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Table 2
The limiting current density and the hydrogen diffusion coefficient of the ball-
milled AB2, AB2–AB5 and AB2–AB3.5 composite electrodes

Samples IL (mA/g) aa (nm) D (×10−14 cm2/s)

BM-AB2 889.6 266 0.62
BM-(AB2–AB5) 1423.0 252 3.19
B

f
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ig. 6. Cyclic voltammograms of the ball-milled AB2, AB2–AB5 and
B2–AB3.5 composite electrodes at 50% DOD at 303 K.

he oxidation peak reflected the kinetics of the alloy electrodes
nd the peak area indicated the capacity of hydrogen desorption.
n addition, the oxidation current density was mainly influenced
y the hydrogen release from the interior of the alloy powder to
he surface. As seen from Fig. 6, the height and area of oxida-
ion peak increased to a certain extent after mechanical milling
B2 alloy with rare-earth alloy AB5 and AB3.5, which indicated

hat the electrochemical kinetics and the discharge capacity had
een improved. Moreover, it was also found that the effect of
B3.5 alloy on improving the discharge capacity and the reac-

ion kinetics was better than that of AB5 alloy. This result was in
ood agreement with that obtained from the maximum discharge
apacity and EIS measurements.

Fig. 7 shows the anodic polarization curves of the ball-milled
B2, AB2–AB5 and AB2–AB3.5 alloy electrodes at the 50%
OD and 303 K. It can be seen that, for all the anodic polar-
zation curves, the anodic current density increased first with
ncreasing overpotential and finally reached a maximum defined
s the limiting current density IL. The limiting current density
L indicated that an oxidation reaction took place on the sur-

ig. 7. Anodic polarization curves of the ball-milled AB2, AB2–AB5 and
B2–AB3.5 composite electrodes at 50% DOD at 303 K.

g
a
s

F
m

M-(AB2–AB3.5) 1412.2 248 2.35

a The average particle radius of samples after mechanical milling treatment.

ace of the negative electrode and the general oxidation product
revented further penetration of the hydrogen atoms [18]. In
ddition, the limiting current density IL was mainly controlled
y the hydrogen diffusion in the bulk of alloys [19] and partly
nfluenced by the resistance of the alloy surface. It is generally
ccepted that the larger the limiting current density IL value,
he faster is the diffusion of the hydrogen atoms in the alloys.
he limiting current densities obtained from anodic polariza-

ion curves are shown in Table 2. The limiting current density
L was 889.6 mA/g, 1423.0 mA/g and 1412.2 mA/g for AB2,
B2–AB5 and AB2–AB3.5 alloy electrode, respectively. The
ariation of the IL values indicated that the hydrogen diffusivity
n the alloy electrodes increased after mechanical milling with
are-earth alloys. Moreover, the effect of AB5 alloy on improv-
ng the behavior of hydrogen diffusion was better than that of
B3.5 alloy.
Fig. 8 shows the semilogarithmic curves of the anodic cur-

ent versus time responses of the ball-milled AB2, AB2–AB5 and
B2–AB3.5 alloy electrodes. According to the model proposed
y Nishina at al. [20], the current responses can be distinguished
n two regions. The first one is the shorter time region in which
he current decreases rapidly, and the other is the longer time
egion in which the current decreases slowly in a linear fashion.
n this case, hydrogen was supplied from the bulk of the alloy,
hich was proportional to the concentration gradient of hydro-

en atoms with time. The diffusion coefficient of the hydrogen
toms in the bulk of the alloy could be estimated through the
lope of the linear region of the corresponding plots according

ig. 8. Semilogarithmic curves of anodic current vs. time response of the ball-
illed AB2, AB2–AB5 and AB2–AB3.5 composite electrodes at 303 K.
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ig. 9. The particle size distribution of the Ti0.9Zr0.2Mn1.5Cr0.3V0.3 alloy after
all milling for 2 h.

o the following expression [21]:

og i = log

(
6FD

da2 (C0 − Cs)

)
− π2

2.303

D

a2 t (1)

here i (A/g) is the diffusion current density, D (cm2/s) the
ydrogen diffusion coefficient, C0 (mol/cm3) the initial hydro-
en concentration in the bulk of the alloy, Cs (mol/cm3) the
ydrogen concentration on the surface of the alloy particles, a
cm) the alloy particle radius, d (g/cm3) the density of the hydro-
en storage alloy and t (s) is the discharge time. From the particle
ize measurement as mentioned in Section 2, Fig. 9 shows that
he average particle radius of Ti0.9Zr0.2Mn1.5Cr0.3V0.3 alloy is
66 nm after mechanical milling treatment for 2 h. According
o our careful experiments, the particle size of the alloy after
he addition of La–Mg-based alloy is almost the same as that
f the sample without the La–Mg-based additive (see Table 2).
he hydrogen diffusion coefficient D values calculated by Eq.

1) are summarized in Table 2. It was found that the hydrogen
iffusion coefficient D increased about one order of magni-
ude after mechanical milling with La-based alloys in which
he maximum of the hydrogen diffusion coefficient D reached
.19 × 10−14 cm2/s for the ball-milled AB2–AB5 alloy elec-
rode. This result was consistent with that of anodic polarization
urves in Fig. 7. It can be suggested that the additional La-based
lloy particles with better electrochemical hydrogen storage
apacity provide hydrogen diffusion pathways in the present
omposite electrode as mentioned above, which is helpful to
mprove both the hydrogen reaction kinetics and the discharge
apacity.

. Conclusions

In order to improve the electrochemical characteristic of AB2
aves phase alloy, AB2–10 wt.% AB5 and AB2–10 wt.% AB3.5

omposite samples were prepared by mechanical milling Ti0.9
r0.2Mn1.5Cr0.3V0.3 with small amount of rare-earth-based
B5-type LaNi3.8Mn0.3Al0.4Co0.5 alloy and AB3.5-type La0.7
g0.25Zr0.05Ni2.975Co0.525 alloy, respectively. X-ray diffraction

[

[
[
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nalysis showed that the addition of rare-earth-based alloys did
ot change the basic hexagonal C14 Laves phase structure of the
riginal AB2 alloy. SEM images and EDS patterns indicated that
are-earth alloy particles adhered to the bulk of AB2 alloy. Com-
ared with ball-milled AB2 Laves phase alloy, the dramatically
mproved electrochemical discharge capacity was obtained after

echanical milling AB2 with rare-earth-based alloys, which
mounted to 310.4 mAh/g and 314.0 mAh/g for AB2–10 wt.%
B5 and AB2–10 wt.% AB3.5, respectively. However, the cycle

ife of these composite electrodes needed to be further investiga-
ions. The results of EIS and CV indicated that the mechanical

illing with AB3.5-type La0.7Mg0.25Zr0.05Ni2.975Co0.525 alloy
elped to decrease the charge-transfer resistance at the elec-
rode surface. However, mechanical milling with AB5-type
aNi3.8Mn0.3Al0.4Co0.5 alloy was beneficial to improving the
ydrogen diffusion behavior in the bulk of the composites.
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