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bstract

In this paper, phase structure and electrochemical properties of the overstoichiometric hydrogen storage electrode alloys Zr1−xTix

Mn0.7V0.2Co0.1Ni1.2) have been investigated. The results showed that when the Ti content increased, the content of the C15 Laves phase decreased
hile that of the C14 Laves phase increased. At same time, the high Ti content inhibited the appearance of secondary phase Zr7M10 in the alloys.

hen x = 0. 2, the storage hydrogen electrode alloy Zr0.8Ti0.2 (Mn0.7V0.2Co0.1Ni1.2) possessed the maximum discharge capacity 354 mAh/g, and

reserved 91% of total capacity at current 300 mA/g. Due to a few La additation, the alloy Zr0.75Ti0.2La0.05Mn0.7V0.2Co0.1Ni1.2 reached the maximum
apacity 372 mAh/g after 4 cycles, compared to 14 cycles for the alloy without La, and preserved 93% of the maximum capacity after 30 cycles.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The development of electric vehicle has been paid much more
ttentions for reducing the environmental pollution of exhaust
mission in urban area. Nickel-metal hydride (Ni/MH) bat-
eries using hydrogen storage alloys as the negative electrode
ave been developed and commercialized to meet strong mar-
et demand for portable power source. In the past decade, being
sed as an active material of negative electrode for Ni/MH bat-
ery, Zr-based AB2 type Laves phase hydrogen storage alloys
ave been extensively investigated due to its higher theoretical
harging–discharging capacity (∼500 mAh/g) and good cycling
urability. However, some issues, such as poor activate process,
nsufficient high rate dischargeability and discharging capacity,
re still remained to be improved for the commercial applica-
ion of electric vehicle. It is well known that multi-component

ubstitution in alloys is an effective method to improve the elec-
rochemical properties of hydrogen storage alloys and that a
eries of Zr-based AB2 type stoichiometric multicomponent
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lloys have been derived and developed from binary ZrV2,
rMn2 and ZrCr2 [1–3]. It is reported that the introduction
f non-stoichiometry into Zr-based Laves phase alloys does
ot change alloy’s structure, but changes the lattice parameters
lightly and their hydrogen storage properties considerably, such
s plateau pressure, plateau slope and kinetics of sorption and
lectrochemical discharge capacity [4]. Furthermore, the intro-
uction of rear earth element into Zr-based Laves alloys alters
he activation behaviors [3]. For the Zr-based stoichiometric AB2
lloys, some effects of the substitution of Ti for Zr on electro-
hemical performances of the alloys are strongly dependant on
he alloy systems. Shu et al. [5] reported that the Ti substitu-
ion for Zr(NiVMnCr)2 has no effect on the microstructure and
he activation process, but can improve their discharge capacity
nd cycle life. Du et al. [6] found that the discharge capacity
f Zr1−xTix(NiVMnCo)2 alloys has the maximum value with
ncreasing Ti content. In the Ti additive alloys system the high
ate dischargeability had been improved and the cycle life was
eteriorated with Ti content. In our previously reported alloy

r1−xTixCr0.4Mn0.2V0.1Ni1.3 [7], Ti substitution (x = 0.1) for Zr

n the alloys improves the discharge capacity and rate discharge-
bility. When x > 0.1, both activation and discharge capacity
f Zr1−xTixCr0.4Mn0.2V0.1Ni1.3 (x = 0.1–0.3) alloys decrease.

mailto:sunjc@dlmu.edu.cn
dx.doi.org/10.1016/j.jallcom.2007.03.108
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of the cell volume shrinkage for both C15 and C14 is similar.

In order to further identify the composition of the alloys, we
analyze surface composition of the alloys by means of EPMA.

Table 1
Lattice parameter and crystalline volume of the alloys Zr1−xTix
(Mn0.7V0.2Co0.1Ni1.2)

Composition C15 C14

a (nm) V (nm3) a (nm) c (nm) V (cm3)

x = 0.0 0.7037 0.3485
x = 0.1 0.7025 0.3467
J.C. Sun et al. / Journal of Alloys an

ith Zr substituted by Ti in Zr-based AB2 alloys, the discharge
apacity of alloys can be improved because the atomic weight
f Ti is less than that of Zr. Meanwhile, decreasing the stability
f alloy hydride with substitution of Zr by Ti also results in the
ncrease of the dynamic of hydrogen desorption of alloys. Both
f stated factors are positive effect on the discharge capacity of
he alloys. On the other hand, the volume of hydrogen storage
nterstitial site can be contracted because the radius of Ti atom is
maller than that of Zr atom. The electrochemical performances
f the alloys may be closely related to the above factors. For
he non-stoichiometric AB2-type Laves phase alloys, the non-
toichiometry at different positions on Zr–Ti–Mn–Co–Ni and
r–Ti–Mn–Co–Fe alloys has evidently changed the hydrogen
torage properties and electrochemical performances [4,8]. So
t is important to determine the substituted amounts of Zr ele-

ent with Ti element in a specific alloy system and to clarify the
ffect of substitution Ti and La for Zr on the surface properties
f the alloys.

In our previous works, the effects of substitution of Ti for
r on structures and electrochemical properties were clarified
nd reported in the alloy ZrCr0.4Mn0.2V0.1Ni1.3 from Zr–Cr–Ni
lloy system [7]. In the present study, the over-stoichiometric
lloy Zr(Mn0.7V0.2Co0.1Ni1.2) as a parent alloy from Zr–Mn–Ni
ystem was developed, which showed large hydrogen storage
apacity. To improve its activation behavior and rate discharge-
apability, the effects of the substitution of Ti and La for Zr
n over-stoichiometric alloys Zr(Mn0.7V0.2Co0.1Ni1.2) on phase
tructure and electrochemical characteristic have been investi-
ated.

. Experimental

The alloys were synthesized from pure element 99.9% (except Mn 99.7%)
y arc melting in an argon atmosphere. To ensure homogeneity, these alloys were
emelted four times and mechanically pulverized in air and sieved to 275 meshes.

The hydride electrodes were prepared by cold pressing the mixtures of alloy
owders with powdered electrolytic copper (200 mesh) in the weight ratio of
:2 to form porous 10 mm diameter pellets in copper holders. Electrochem-
cal charge–discharge tests were carried out in a standard open tri-electrode
lectrolysis cell, in which the counter electrode was nickel oxyhydroxide, the
eference electrode was Hg/HgO/6 M KOH, and the electrolyte was 6 M KOH
olution. The discharge capacities of hydride electrodes were determined by the
alvanostatic charge–discharge method. The electrodes were fully charged at
current density of 100 mA g−1 for 6 h and discharged at 50 mA g−1 to the

ut-off potential −0.6 V (versus Hg/HgO). The rate dischargeability can be
efined as HRDn = Cn/(Cn + C50) × 100%, where Cn is the discharge capac-
ty under current densities (n mA/g), and C50 is the residual discharge capacity
t 50 mA/g after the electrode potential fell to −0.6 V (versus Hg/HgO) under
he discharge current of n mA/g. The HRD measurements are carried out after
he alloy electrodes are fully activated.

Powder X-ray diffraction measurements were performed using a D/MAX-
A diffractometer with Co K� radiation. The morphology of the alloys was
bserved in Philips XL-3 scanning electron microscopy (SEM), using the sam-
les polished and then etched with a solution of 80 ml CH3CH2OH + 10 ml
Cl + 10HF. Electron probe microanalysis (EPMA) (JCXA-733) was performed

o identify the phases and the elemental distribution of the alloys.
. Result and discussion

The X-ray diffraction patterns of the sample of Zr1−xTix
Mn0.7V0.2Co0.1Ni1.2) with x = 0.0–0.5 are shown in Fig. 1. It

x
x
x
x

Fig. 1. XRD patterns of the alloys Zr1−xTix (Mn0.7V0.2Co0.1Ni1.2).

an be seen that the parent alloy is consisted of cubic C15 Laves
hase and minor second phase Zr7Ni10. With increasing Ti con-
ent, the intensity of diffraction peaks of C14 phase increases
radually and that of the second phase Zr7Ni10 decreases and
isappears entirely with x > 0.3. These results indicate that the
bundance of hexagon C14 Laves phase increases and that
f cubic C15 Laves phase and secondary phase (Zr7Ni10)
ecreases. Fig. 2 shows the SEM image of the alloys Zr1−xTix
Mn0.7V0.2Co0.1Ni1.2). It can be seen that the C15 and C14 Laves
hases are dendritic and second phases are segregated between
rms of the dentrites. The dark and bright region corresponded to
aves phase (C15 and C14) and secondary phase Zr7Ni10. The

esults are in good agreement with that of the XRD analysis.
Table 1 shows the lattice parameter and cell volume of the

lloys Zr1−xTix (Mn0.7V0.2Co0.1Ni1.2). It can be found that the
attice parameter and cell volume of both C15 and C14 decrease
ith the increasing Ti content. The results indicate the substi-

ution of Ti for Zr atom lead to the shrinkage of cell volume of
he alloys due to the smaller atomic radius of Ti than that of Zr.
n the other hand, the results demonstrated Ti atoms enter into
oth C15 and C14 Laves phase at random, because the tendency
= 0.2 0.7014 0.3451 0.4960 0.8129 0.1732
= 0.3 0.6993 0.3420 0.4950 0.8089 0.1717
= 0.4 0.6945 0.3350 0.4935 0.8063 0.1701
= 0.5 0.6939 0.3341 0.4912 0.8023 0.1676
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ig. 2. SEM photograph of the alloy Zr0.8Ti0.2 (Mn0.7V0.2Co0.1Ni1.2) (a) 250×;
b) 1000×.

he nominal compositions of alloys are calculated and listed in
he Table 2. For the parent AB2.2 alloy, it is consisted of cubic
15 type Laves phase (ZrMn0.76V0.26Co0.12Ni1.3) and minor

econdary phase Zr7M10 (ZrMn0.1V0.01Co0.03Ni1.32). The C15
hase is corresponding to the formula AB2.4 composition with
ore content of manganese compared to the nominal com-

osition of parent alloy. With the increasing Ti content in

= 0.1–0.2, the abundance of the secondary phase (Zr7M10 and
iNi) increase slightly. When x = 0.4–0.5, the alloys only consist
f cubic C15 and hexagon C14 Laves phases without secondary

able 2
he real composition of different phases in the alloys Zr1−xTix

Mn0.7V0.2Co0.1Ni1.2)

ample Real composition

= 0.0 Black ZrMn0.76V0.26Co0.12Ni1.3

White ZrMn0.1V0.01Co0.03Ni1.32

= 0.1 Black Zr0.93Ti0.07Mn0.73V0.33Co0.11Ni1.4

White (ZrMn0.15V0.03Co0.03Ni1.19) (TiNi)0.05

= 0.2 Black Zr0.80Ti0.20Mn0.70V0.24Co0.1Ni1.3

White ZrMn0.2V0.4Co0.01Ni1.28(TiNi)0.35

= 0.4 Black Zr0.61Ti0.39Mn0.77V0.32Co0.11Ni1.23

White Zr0.6Ti0.4Mn0.57V0.2Co0.004Ni1.15

= 0.5 Black Zr0.52Ti0.48Mn0.56V0.19Ni1.33

White Zr0.55Ti0.45Mn0.79V0.35Co0.03Ni1.25
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ig. 3. Discharge capacity of hydride electrodes Zr1−xTix (Mn0.7V0.2

o0.1Ni1.2) as a function of cycle number.

on-Laves phase, where Ti atoms are dispersed at random. These
bove results coincide with the results of XRD pattern.

Fig. 3 shows discharge capacity of hydrogen storage alloys
s a function of cycle numbers. The discharge capacity of parent
lloy exhibits maximum value 328 mAh/g at current density of
0 mA/g after 18 cycles. While the alloy with x = 0.2 reaches its
aximum discharge capacity 354 mAh/g after 13 cycles. With

he increasing the Ti content, the discharge capacity of the alloys
ecreases. The discharge capacity of alloy with x = 0.5 exhibits
nly 232 mAh/g. It should be noted that when the substitution
f Ti for Zr increases, there is a maximum discharge capacity. It
s well known that the discharge capacity of the alloy is not only
elate to its hydrogen storage capacity but also its electrochem-
cal kinetics of hydrogen discharging. Hout et al. [9] reported
hat C15 Laves phase in (Zr,Ti) (MNi) alloys could absorb a
arge amounts of hydrogen, while the C14 Laves phase exhib-
ted better kinetics with a lower hydrogen storage capacity than
hat of C15 phase. When the substitution of Ti for Zr in the
lloys increases, the content of C15 Laves phase decreases and
hat of C14 Laves phase increases. Although the total hydrogen
torage capacity of the alloy is decreased, the electrochemical
inetics is improved. Furthermore, the substitution of Ti reduces
he stability of the alloys and improves the surface electrocat-
lytic activity, which induces the hydrogen atom release easily.
n the other hand, the secondary phase (Zr7M10 and TiNi) may
lay an important role in the electrocatalytic activity. The parent
lloy, which possesses better hydrogen storage capacity, exhibits
ower discharge capacity due to surface poor electrocatalytic
ctivity. Whereas the alloys with x = 0.4–0.5 also exhibit lower
ischarge capacity because of remarkable increase of C14 phase
nd evident decrease of the total hydrogen storage capacity. It
s obviously noted that there should be an optimum Ti content
n the alloys and that the alloy with x = 0.2 exhibits maximum
ischarge capacity 354 mAh/g.

Considering the activation process, it can also be seen that

he activation behavior of the alloys is improved with the sub-
titution of Ti and the activation cycling numbers reduce for all
lloys with x = 0.1–0.5. These altering tendencies of activation
ehaviors with Ti substitution content in this work are contrary to
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cycles with maximum discharge capacity of 372 mAh/g,
compared to the alloy Zr0.8Ti0.2(Mn0.7V0.2Co0.1Ni1.2) of 14
cycles with 354 mAh/g (Fig. 7). The high rate discharge-
ig. 4. The discharge capacity of Zr0.8Ti0.2Mn0.6V0.2Co0.1Ni1.2 alloy as a func-
ion of cycling numbers before and after annealing at 1373 K for 5 h.

ur previously reported results for Zr1−xTixCr0.4Mn0.2V0.1Ni1.3
toichiometric alloys, where the increase of Ti substitution con-
ent for Zr prolongs the activation cycling numbers [7]. In order
o classifying the influence of secondary Zr–Ni phase on the dis-
harging properties, the as-melted Ti-substituted alloy (x = 0.2)
ad been annealed in 1373 K for 6 h to homogenize composi-
ion and to diminish the secondary phase. After heat treatment,
he secondary Zr–Ni phase in this work alloys is considerably
iminished; the discharge capacity decreases and the activation
ycling numbers increase, as shown in Fig. 4, which is coin-
ided with the results reported by Vicintin et al. [10]. But Knosp
t al. [11] reported that the secondary Zr–Ni phase does not alter
he activation process. Since different results were obtained by
sing different composition alloys, hence, there are still other
actors to influence on the activation process and discharging
roperties in addition to the secondary Zr–Ni phase. Generally,
he activation process is controlled by the surface oxide feature
f AB2 alloys. And a dense surface oxide film leads to the poor
ctivation behavior of the Zr-based hydride alloys. In this work,
he substitution of Ti for Zr in Zr–Mn–Ni electrode alloy system
ith higher Mn and V content not only alters the quantity and
issolution of Mn, V and Zr oxides (as seen in Table 2, Mn and

is segregated on surface) and charge conductivity of surface
xide film, but also enhances the brittleness and easy cracking
f the alloy, which is different from the Zr–Cr–Ni alloy system
ith lower Mn and V content in Ref. [7]. Therefore, the activa-

ion process of over-stoichiometric AB2-type Laves phase alloys
ay be controlled and dominated by surface composition and

hase structure simultaneously in a specific alloy system and
lloy’s composition.

The high rate dischargeability (HRD) of Ti-substituted alloys
x = 0.0–0.5) is closely related to the activation behaviors. Corre-
ponding to x = 2, the specific alloy possesses a maximum HRD.
ig. 5 shows the of the electrode alloys Zr(Mn0.7V0.2Co0.1Ni1.2)
nd Zr0.8Ti0.2(Mn0.7V0.2Co0.1Ni1.2). It can be seen that the
ischarge capacity of the parent alloy Exhibits 76% of the max-

mum capacity (50 mA/g) at the current 300 mA/g, while the
ischarge capacity of alloy can show 91% of the maximum
apacity (50 mA/g) at the same condition. From above XRD
ig. 5. The high-rate dischargeability of the electrode alloys Zr1−xTix
Mn0.7V0.2Co0.1Ni1.2).

esults, it can be found that there are C15 and C14 Laves phases
oexisting with amounts of second phase (Zr7M10 and TiNi) in
oth alloys. As increasing Ti substitution for Zr in x = 0.0–0.2,
he more C14 Laves phase and second phase (Zr7M10 and TiNi)
ith a better electrocatalytic activity [12] enhance the HRD.
owever, in x = 0.3–0.5, more Ti substitution for Zr deteriorates

he HRD. The above results also prove that the effects of Ti sub-
titution for Zr should be considered as the synergistic function
f each phase in the alloy and surface state.

In order to improve the activation behaviors fur-
her, a small amount of La was added into the alloy
r0.8Ti0.2(Mn0.7V0.2Co0.1Ni1.2), whose surface morphology
as shown in Fig. 6. It is seen from the micrograph

hat much micro-cracks and some caves on the surface
ccurred with multi-phase structure. These micro-cracks
nd caves will provide the alloys with a good activation
roperty. The activation cycling number of La-added alloy
r0.75Ti0.2La0.05(Mn0.7V0.2Co0.1Ni1.2) was decreased to four
Fig. 6. SEM image of the alloy Zr0.75Ti0.2La0.05 (Mn0.7V0.2Co0.1Ni1.2).
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ig. 7. the discharge capacities of Zr0.8Ti0.2(Mn0.6V0.2Co0.1Ni1.2) and
r0.75Ti0.2La0.05(Mn0.6V0.2Co0.1Ni1.2) alloys vs. cycling number.

bility is improved (as shown in Fig. 5). After 30 cycle
f charge–discharge, the 93% of maximum capacity still
emains. This results show that the substitution of La for Zr
n Zr0.8Ti0.2(Mn0.7V0.2Co0.1Ni1.2) alloy has enhanced the acti-
ation performances, discharge capacity and HRD.

. Conclusion

With increasing substitution of Ti for Zr, the content of cubic

15 Laves phase and that of hexagonal C14 Laves phase of the
lloys Zr1−xTix (Mn0.7V0.2Co0.1Ni1.2) decreases and increase,
espectively. It has been found that there is minor second phase,
uch as Zr7M10 and TiNi, in the alloys with x = 0.1–0.2. How-

[

[

mpounds 446–447 (2007) 630–634

ver, the minor second phase disappears entirely for the alloys
ith x = 0.4–0.5. After substitution of Ti for Zr, the Ti atoms

re dispersed into C15 and C14 Laves phase of the alloys at
andom, which induce the shrinkage of lattice parameter of
oth Laves phase simultaneously. The substitution of a small
mount of Ti for Zr is effective to improve the discharge capac-
ty, rate capability. The alloy exhibits the most discharge capacity
54 mAh/g after 13 cycles and preserves 91% of the maximum
apacity at the current density of 300 mA/g. As a few La substi-
ution, the alloy Zr0.75Ti0.2La0.05Mn0.7V0.2Co0.1Ni1.2 reached
he maximum capacity 372 mAh/g after four cycles, compared
o 14 cycles for the alloy without La, and preserved 93% of the

aximum capacity after 30 cycles.
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