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bstract

Ti45−xZr35−xNi17+2xCu3 (x = 0, 2, 4, 6 and 8) icosahedral quasicrystalline phase (I-phase) alloy powders are synthesized by mechanical alloying
nd subsequent annealing techniques, and the crystallographic and electrochemical characteristics are investigated. The alloy powders are I-phase,
nd the quasi-lattice constant decreases with increasing x value. The maximum discharge capacity of the I-phase alloy electrodes first increases
nd then decreases with increasing x value, and the Ti39Zr26Ni29Cu3 I-phase electrode exhibits the highest discharge capacity of 274 mAh g−1.

he high-rate dischargeability at the discharge current density of 240 mA g−1 increases from 55.31% (x = 0) to 74.24% (x = 8). Cycling stability
lso increases with increasing x value. The improvement in electrochemical characteristics may be ascribed to the added nickel, which not only
mproves the electrochemical activity, but also makes the alloy more resistant to oxidation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Icosahedral quasicrystalline phase (I-phase) showing the
otational symmetry of icosahedral point group is likely domi-
ated by local tetrahedral [1]. The dominance of polytetrahedral
rder makes I-phase potentially used for hydrogen storage
pplication. Ti-base I-phase alloys are regarded as a promising
ydrogen storage material due to low cost, thermodynamic
tability [2,3] and high hydrogen storage capacity [4]. However,
he practical application of Ti-based I-phase is inhibited by low
quilibrium pressure [5] and surface barrier due to compact
xide film [6]. Some works [7,8] have been done to solve
he above-mentioned problems, but it is almost impossible to
esorb hydrogen at either one atmosphere pressure or room

emperature. Yamaura et al. [9] have reported that very low
tmospheric pressure can be obtained by the electrochemical
ethod at room temperature. The hydride of Ti-based I-phase

lloy may be dissociated in moderate condition by electro-
hemical method. Thus, it is very promising that Ti-based

∗ Corresponding author. Tel.: +86 431 526 2447; fax: +86 431 526 2447.
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-phase alloy is investigated as negative electrode materials of
ickel–metal hydride (Ni–MH) batteries.

In our previous works, Ti45Zr35Ni17Cu3 I-phase is stable
uring electrochemical charging/discharging cycles [10], which
ndicates that it is feasible to be used as the negative elec-
rode of Ni–MH batteries. Unfortunately, the I-phase exhibits
oor electrochemical characteristics at room temperature [11].
n general, the electrochemical characteristic is related to the
icrostructure and the chemical composition. Jurczyk et al. [12]

ave reported that TiFe, LaNi5 and Mg2Ni alloys prepared by
echanical alloying and subsequent annealing exhibited excel-

ent electrochemical hydrogen storage properties. Moreover,
elton et al. [13] pointed out that the adsorption and desorp-

ion characteristics are improved for Ti-based I-phase alloy. In
ddition, metallic nickel is very good electrocatalyst and can
ffectively improve the charge-transfer reaction [14]. Therefore,
t is expected that the electrochemical hydrogen storage char-
cteristics should be improved for Ti–Zr–Ni–Cu I-phase with

igh nickel content. In present study, Ti45−xZr35−xNi17+2xCu3
x = 0, 2, 4, 6 and 8) alloys are synthesized by ball-milling and
ubsequently annealing, and electrochemical characteristics are
nvestigated in detail.
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phase alloy electrode was ascribed to the high stability and poor
electrochemical kinetics. Gao et al. [17] have reported the sta-
bility of alloy hydride decreased with the increase of instable
hydride elements. The larger content of Ni addition can decrease

Table 1
Quasi-lattice constant and electrode performance of I-phase alloy electrodes

Sample aQ (Å) Cmax (mAh g−1) HRD (%)a Na
b S15 (%)

x = 0 5.173 143 55.31 2 57.3
x = 2 5.134 202 56.05 1 57.9
x = 4 5.126 235 57.61 1 61.7
x = 6 5.104 274 61.47 1 63.6
14 B. Liu et al. / Journal of Pow

. Experimental procedures

Elemental powders of Ti (100 mesh, 99.9%), Zr (100 mesh,
9.9%), Ni (150 mesh, 99.9 %), Cu (250 mesh, 99.9%) were
sed as starting materials in this study. A powder mixture with
desired composition of Ti45−xZr35−xNi17+2xCu3 (x = 0, 2, 4,
and 8) was poured into the milling container. Mechanical

lloying (MA) was carried out in a spex800 ball miller with
he protection of an argon atmosphere. The ball to powder mass
atio was 20:1, and the ball-milling time is 30 h. The powders
fter MA were sealed under dynamic vacuum (<10−1 Pa) in a
used silica tube, and then annealed at 853 K for 30 min.

For electrochemical measurement, a half-cell was con-
tructed using a Ni(OH)2/NiOOH electrode as counter elec-
rode and Hg/HgO electrode as a reference electrode in the
M KOH electrolyte. The charge–discharge was controlled by

he potential of working electrodes, which were fabricated by
ompressing 0.9 g mixture of 0.15 g alloy powder and 0.75 g
i carbonyl powder into a pellet of 10 mm diameter under a
ressure of 15 MPa, with respect to the reference electrode with
n automatic galvanostatic charge–discharge apparatus (DC-5).
he electrode was charged at 60 mA g−1 for 7 h and discharged
t 30 mA g−1 to the cut-off voltage of –0.6 V (versus Hg/HgO).
fter every charging/discharging, the rest time was 5 min. In

valuating the high rate dischargeability, discharge capacity of
he alloy electrode at different discharge current density were

easured. The high-rate dischargeability HRD (%) defined as
n × 100/(Cn + C30), was determined from the ratio of the dis-
harge capacity Cn (n = 60, 90,120, 180 and 240, respectively)
o the total discharge capacity defined as the sum of Cn and

30, which was additional capacity measured subsequently at
0 mA g−1 after Cn was measured.

The phase compositions and microstructures were also
haracterized by X-ray diffraction (XRD) and transmission
lectron microscope (TEM). The electrochemical impedance
pectroscopy (EIS) analysis was carried out on a Solartron
287 Potentiostat/Galvanostat and a Solartron 1255 frequency
esponse analyzer with Z-POLT software for WINDOWS. The
lectrodes were all tested at 10% depth of discharge (DOD)
t the fifth cycle, and the frequency range was from 0.1 Hz
o 1 MHz. The potentiostatic discharge technique was used to
valuate the diffusion coefficient of hydrogen in the bulk of the
lloy. After being fully charged followed by 30 min open-circuit
ay-aside, the test electrodes were discharged with +500 mV
otential-step for 3000 s on the EG&G PARC Model 273Poten-
iostatic/Galvanostat, using the M352 corrosion software.

. Results and discussion

.1. Phase structure

Fig. 1 shows XRD patterns of Ti45−xZr35−xNi17+2xCu3 alloy
owders. It can be seen that all alloy powders exhibit the diffrac-

ion peaks corresponding to I-phase. The prominent I-phase is
ndexed following the scheme originally proposed by Bancel
t al. [15]. The peaks shift to larger angle with increasing x
alue, which implies quasi-lattice constant of I-phase becomes

x

2

Fig. 1. XRD patterns of Ti45−xZr35−xNi17+2xCu3 alloy powders.

maller. According to report [16], the quasi-lattice constants (aQ)
f the I-phase alloys are calculated and listed in Table 1. The aQ

ecreases from 5.173 Å (x = 0) to 5.093 Å (x = 8). Fig. 2 shows
right-field TEM image and selected diffraction pattern of the
i39Zr29Ni29Cu3 alloy powder. The particles in the diameter
ange below 80 nm are seen over whole area for the powder. The
elected diffraction pattern (b) is identified as I-phase. Consid-
ring the XRD results, it is concluded that the Ti39Zr29Ni29Cu3
lloy powder is an I-phase.

.2. Maximum discharge capacity and activation property

The numbers of cycles needed to activate the electrodes are
iven in Table 1. It is noted that all the alloy electrodes can be
ctivated at two charging/discharging cycles. This indicates that
-phase alloys exhibit excellent activation property. The max-
mum discharge capacities of the I-phase alloy electrodes are
lso presented in Table 1. It can be seen that the maximum dis-
harge capacities have a maximum value with increasing Ni
ontent, namely, the Ti39Zr29Ni29Cu3 I-phase alloy has the high-
st discharge capacity of 274 mAh g−1. As our previous reported
10,11], the low discharge capacity of the Ti45Zr38Ni17Cu3 I-
= 8 5.093 269 74.24 1 76.9

a The high-rate dischargeability at the discharge current density of
40 mA g−1.
b The number of cycles needed to activate the electrodes.
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Fig. 4 shows the EIS of the I-phase alloy electrodes at 10%
DOD at the fifth cycle and their equivalent circuit. On the basis
of the circuit and by means of fitting program Z-VIEW, Rct are
obtained. Table 2 gives Rct and I0 obtained by the following
Fig. 2. TEM image and selected diffraction pattern of the Ti39Zr29

he stability to a larger extent, and contributes to enhancing the
ischarge capacity of the LaMg12 alloy. The bond strength of
i–H is weaker than that of Ti–H and Zr–H. The increase of Ni

ontent will decrease the stability of Ti–Zr–Ni–Cu alloy hydride.
vshinsky et al. [18] have reported the combination of Ni with
i or Zr contributes to the resistance of the alloy to oxidation
nd produces oxide films at the electrode/electrolyte interface
hat contain metallic region, which help provide the electri-
al conductivity and catalytic activity. Increasing Ni content
t the surface contributes to the improvement of the charge-
ransfer reaction and makes the hydrogen diffusion more easily
hrough the electrode/electrolyte interface. On the other hand,
rateng et al. [19] pointed out that discharge capacity has a lin-
ar relationship with the cell volume. The less the cell volume
s, the less the discharge capacity. The decrease of quasi-lattice
onstant is detrimental to the discharge capacity. Takasaki and
elton [20] have investigated the thermal desorption of hydro-
en for Ti–Zr–Ni I-phase alloy, and pointed out that the decrease
f the quasi-lattice content strengthens the physical interaction
etween the hydrogen and the neighboring metal atoms. The
ecrease of quasi-lattice constant will cause hydrogen diffusion
n the bulk alloy more difficult. Obviously, the decrease of the
ydride stability and the improvement of electrochemical kinet-
cs resulted from the increase of Ni content are favorable for the

aximum discharge capacity, but the decrease of quasi-lattice
onstant is unfavorable. Therefore, it is reasonable to assume
hat, with Ni content of lower than a certain amount, the favorable
ffect of Ni is dominant and will cause an increase of the maxi-
um discharge capacity. However, when Ni content exceeds the

ritical content, the unfavorable effect will become dominant and
ill give rise to the decrease of the maximum discharge capac-

ty. The critical content amount of Ni addition is x = 6 for the
i45−xZr35−xNi17+2xCu3 I-phase alloys.

.3. High-rate dischargeability (HRD) and electrochemical
inetics
As an important kinetics property of the hydride electrode in
attery, it is very important to minimize the decrease in discharge
apacity even at the high discharge current density [21]. Fig. 3

F
t

u3 alloy powder. (a) Bright-field; (b) selected diffraction pattern.

hows the relationship between the high-rate dischargeability
nd the discharge current density of Ti45−xZr35−xNi17+2xCu3
-phase alloy electrodes. The HRD of the alloy electrodes
ncreases with the increase of x value. The HRD at the discharge
urrent density of 240 mA g−1 is also listed in Table 1. It can be
een that HRD increases from 55.31% (x = 0) to 74.24% (x = 8).
t is well known that the HRD of the metal-hydride electrodes
s dominated by the electrochemical kinetics of the charge-
ransfer reaction at the electrode/electrolyte interface and the
ydrogen diffusion rate within the bulky alloy electrode, which
re reflected in the value of the charge-transfer resistance (Rct)
nd/or surface exchange current density (I0), being a measure of
he catalytic activity of an alloy, as well as in the hydrogen dif-
usion coefficient (D), which characterizes the mass transport
roperties of an alloy electrode [22]. In order to examine the
lectrochemical kinetic properties, electrochemical impedance
nd potential-step experiment are performed on the investigated
-phase alloy electrodes.
ig. 3. High-rate dischargeability of Ti45−xZr35−xNi17+2xCu3 I-phase alloy elec-
rodes.
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ig. 4. EIS of Ti45−xZr35−xNi17+2xCu3 I-phase alloy electrodes at 10% DOD
nd their equivalent circuit.

quation assuming the surface state of the alloy electrodes is
ame [23]:

0 =
(

RT

F

) (
1

Rct

)

here R is the gas constant, T the absolute temperature and
is the Faraday constant. It is clear that the Rct decreases

nd I0 increases with increasing x value. The calculated results
how that the Rct of Ti45−xZr35−xNi17+2xCu3 I-phase alloy elec-
rode decreases from 139.5 m� g (x = 0) to 57.9 m� g (x = 8),
nd accordingly the I0 increases from 199.5 mA g−1 (x = 0) to
80.7 mA g−1 (x = 8). It is well known that metallic nickel is
ery good electrocatalyst and very important to improve the
lectrochemical kinetics at the electrode/electrolyte interface.
he improvement of the charge-transfer reactions, namely the
ecrease of the charge-transfer resistance and the increase of the
xchange current density, is ascribed to the increasing Ni content
t the surface.
The diffusion coefficient of hydrogen in the I-phase alloy
lectrodes is determined with the potential-step method. Fig. 5
hows the semi-logarithmic plots of the anodic current versus
he time response. According to the model [24] and assum-

able 2
lectrochemical kinetic parameters of Ti45−xZr35−xNi17+2xCu3 I-phase alloy
lectrodes

ample Rct (m� g) I0 (mA g−1) D (×10−10 cm2 s−1)

= 0 139.5 199.5 5.8
= 2 121.5 229.1 6.3
= 4 92.4 301.2 7.4
= 6 71.2 390.9 8.4
= 8 57.9 480.7 10.5

i
2
d
d
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t
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n

ig. 5. Anodic current–time responses of Ti45−xZr35−xNi17+2xCu3 I-phase alloy
lectrodes.

ng that the alloy electrodes have a similar particle distribution
ith an average particle radius of 5 �m. The hydrogen diffu-

ion coefficient D in the bulk of alloy electrodes is estimated
nd also listed in Table 2. The D of Ti45−xZr35−xNi17+2xCu3
-phase alloy electrodes increases from 5.8 × 10−10 cm2 s−1

x = 0) to 10.5 × 10−10 cm2 s−1 (x = 8). As mentioned above, the
ncrease of Ni content produces more metal region at the elec-
rode/electrolyte interface, which helps provide the electrical
onductivity and catalytic activity so that the hydrogen atoms
iffuse through the surface oxide films more easily. Unfortu-
ately, increasing nickel content leads to the decrease of the
uasi-lattice constant, and then strengthens the physical interac-
ion between the hydrogen and the neighboring metal atoms,
hich is unfavorable for the hydrogen diffusion in the bulk

-phase electrodes. Therefore, it is reasonable to assume that
he hydrogen diffusion through the surface oxide films is more
mportant for the I-phase alloy electrodes in present work.

Iwakura et al. [25,26] have reported that if the electrochemical
inetics at the electrode/electrolyte interface is rate-determine,
linear dependence of the high-rate dischargeability on the

xchange current density should be observed. In contrast, if
he diffusion of hydrogen in the bulk I-phase alloy is rate-
etermine, a linear dependence of the high-rate dischargeability
n the hydrogen diffusion coefficient should be found. As shown
n Fig. 6, it is clear that the HRD at the current density of
40 mA g−1 increases with the increase of the exchange current
ensity and hydrogen diffusion coefficient. The linear depen-
ence of the high-rate dischargeability on both the exchange
urrent density and the hydrogen diffusion coefficient can be
bserved, which implies that both charge-transfer reaction at
he electrode/electrolyte interface and the hydrogen diffusion in
he bulk I-phase alloy electrode should be responsible for the
mprovement of high-rate dischargeability in present work.
.4. Cycling stability

Fig. 7 shows discharge capacities as a function of cycle
umber for the I-phase alloy electrodes. It can be noted that
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ig. 6. HRD at 240 mA g−1 as a function of exchange current density and hydro-
en diffusion coefficient for Ti45−xZr35−xNi17+2xCu3 I-phase alloy electrodes.

ncreasing nickel content obviously improves cycling stability.
fter 15 cycles, the discharge capacity of the Ti37Zr27Ni34Cu3 I-
hase alloy electrode is 207 mAh g−1, which is 2.5 times higher
han that of Ti45Zr35Ni17Cu3 electrode. The cycling capacity
etention rate, expressed as S15 (%) = C15/Cmax × 100 (where
max is the maximum discharge capacity, C15 is the discharge
apacity at the 15th cycle), is listed in Table 1. The calculated
esults of Ti45−xZr35−xNi17+2xCu3 I-phase alloy electrodes show
15 increases noticeable from 57.3% to 76.9% with increasing x
alue from 0 to 8. As reported previously [27,28], the formation
f passive layer of Ti and Zr on the alloy surface is ascribed as the

ain cause of cycling capacity degradation, because such a layer

ecreases the electrochemical kinetic and the electronic conduc-
ivity, and thus reduces discharge capacity of Ti/Zr-based alloy

ig. 7. Discharge capacities as a function of cycle number for
i45−xZr35−xNi17+2xCu3 I-phase alloy electrodes.

R

[
[

[
[

[

[

urces 162 (2006) 713–718 717

lectrodes. It is well known that metallic nickel is resistant to
xidation in alkali solution. Metallic nickel at the surface oxide
lms will increase with increasing x value. Metallic nickel at the
urface not only plays a catalyst role in the electrode reaction,
ut also raises the electronic conductivity. It can be believed the
mprovement of cycling stability is ascribed to the increasing
ickel content in the alloys.

. Conclusions

Ti45−xZr35−xNi17+2xCu3 (x = 0, 2, 4, 6 and 8) I-phase pow-
ers are synthesized successfully by using mechanical alloying
nd subsequent annealing techniques. The quasi-lattice constant
aQ) of the I-phase decreases from 5.173 Å (x = 0) to 5.093 Å
x = 8). The maximum discharge capacity of I-phase alloy elec-
rodes first increases form 143 mAh g−1 (x = 0) to 273 mAh g−1

x = 6), and then decreases to 269 mAh g−1 (x = 8). The HRD
t the discharge current density of 240 mA g−1 increases from
5.31% (x = 0) to 74.24% (x = 8) and is under combined con-
rol of the electrochemical kinetics and the hydrogen diffusion.
n addition, cycling stability is also improved and S15 increases
oticeable from 57.3% (x = 0) to 76.9% (x = 8). The improve-
ent in electrochemical property should be ascribed to the

ncreasing nickel content, which improves the electrochemical
inetic properties and prevents the oxidation of the alloy elec-
rodes.
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