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a b s t r a c t

In this work, the mechanisms of improving the cyclic stability of V–Ti-based hydrogen storage electrode
alloys were investigated systemically. Several key factors for example corrosion resistance, pulverization
resistance and oxidation resistance were evaluated individually. The V-based solid solution phase has
much lower anti-corrosion ability than C14 Laves phase in KOH solution, and the addition of Cr in V–Ti-
based alloys can suppress the dissolution of the main hydrogen absorption elements of the V-based phase
eywords:
–Ti-based alloys
ydrogen storage electrode alloys
yclic stability
ulverization

in the alkaline solution. During the charge/discharge cycling, the alloy particles crack or break into several
pieces, which accelerates their corrosion/oxidation and increases the contact resistance of the alloy elec-
trodes. Proper decreasing the Vickers hardness and enhancing the fracture toughness can increase the
pulverization resistance of the alloy particles. The oxidation layer thickness on the alloy particle surface
obviously increases during charge/discharge cycling. This deteriorates their electro-catalyst activation to
the electrochemical reaction, and leads to a quick degradation. Therefore, enhancing the oxide resistance

e cyc
can obviously improve th

. Introduction

Among all the hydrogen storage electrode alloys being
eveloped today, rare earth based AB5 type alloys have been com-
ercialized successfully. Considering the somewhat low discharge

apacity of AB5 type alloys [1], usually less than 320 mAh g−1, some
ew types of hydrogen storage electrode alloys with higher dis-
harge capacity such as AB3 type [2,3], V-based [4], Mg-based [5,6]
nd V–Ti-based [7] alloys were developed.

V–Ti-based multiphase hydrogen storage alloys, namely ‘Laves
hase related BCC solid solution’, with high discharge capacities are
xtensively being investigated for the commercial usage as nega-
ive electrode for Ni/MH batteries [8–11]. This type of alloys mainly
onsist of a V-based solid solution BCC (body centered cubic) phase
s the main hydrogen absorption phase and a network of TiNi BCC
hase or C14 Laves phase as the secondary phase of electro-catalyst
nd micro-current collector. However, some drawbacks such as the
igh cost and poor cyclic stability prevent them from the practical
pplication. Our previous work indicated that the proper substitu-

ion of Fe for Cr can effectively lower their price and improve the
verall electrochemical properties [12]. But the poor cyclic stability
f this type of alloys is still a serious problem for their commercial
sage.
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lic stability of V–Ti-based hydrogen storage electrode alloys.
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The cyclic stability of hydrogen storage electrode alloys is
affected by many factors [13], and considerable studies have been
carried out on the capacity degradation mechanisms of hydrogen
storage electrode alloys. The results indicated that the capacity
degradation of AB5 type alloys was mainly caused by the oxida-
tion/corrosion of active elements in alloys and the pulverization of
alloy particles caused by the lattice expansion/contraction due to
hydride formation/decomposition [14]. For Mg-based and V-based
alloys, the dissolutions of Mg or V into the KOH solution were
responsible for their capacity degradation [15,16]. For Ti-based
AB2 type alloys, the capacity degradation was attributed mainly
to the deterioration of surface properties due to the formation of
titanium-oxide on the surface of alloy particles [17].

In order to determine the degradation factors of the V–Ti-based
hydrogen storage electrode alloys, Pan and co-workers [18–21]
studied their degradation mechanisms during charge/discharge
cycling in alkaline electrolyte extensively. And their results showed
that the factors that affected the capacity degradation of V–Ti-
based hydrogen storage electrode alloys could be divided into
intrinsic factors and extrinsic factors. The oxidation/corrosion of
the active components and the appearance of the irreversible
hydrogen were two dominating intrinsic factors. The pulver-

ization of the alloy particles during charge/discharge cycling
was a key extrinsic factor. In practice, these two factors could
not work independently. For example, the pulverization of the
alloy particles accelerated the oxidation/corrosion of the active
components.

dx.doi.org/10.1016/j.jallcom.2010.08.132
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:miaohe@nimte.ac.cn
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Fig. 1. Cyclic stability plots of alloy A, B, C and D at 303 K.

Recently, some studies indicated that proper anneal-
ng treatment [22] and the addition of Pd [23] or Ni [13]
n the alloys could improve the cyclic stability of V–Ti-

ased hydrogen storage alloys effectively. But the further
xplanations on the mechanisms of improving the cyclic sta-
ility were not given in these papers. In this paper, based
n our previous work, Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.25Fe0.2

ig. 2. EDS element maps of alloy C dipped in the 6 M KOH solution for 720 h stilly: (a) t
lement Mn.
d Compounds 508 (2010) 592–598 593

alloy anneal treated with water cooling [24], as-
cast alloys of Ti0.8Zr0.2V2.7Mn0.5Cr0.6Ni1.15Co0.1Fe0.2
[21], Ti0.8Zr0.2V2.7Mn0.5Cr0.4Ni1.25Fe0.4 [12] and
Ti0.8Zr0.2V2.7Mn0.5Ni1.25Fe0.8 [12] were selected and named
as A, B, C and D, respectively. And then the mechanisms of improv-
ing the cyclic stability of V–Ti-based hydrogen storage electrode
alloys were systemically investigated.

2. Experimental

The preparations of alloy B, C and D were the same as reported in our previous
study [12], and the details of the preparation of alloy A were described in Ref. [24].
The alloy samples were mechanically crushed and ground to powder of 300 mesh
size (≤50 �m) for X-ray diffraction (XRD) and the electrochemical measurements.
XRD data of alloy C was collected by a step-scanning method using an ARL X-ray
diffractometer with Cu K� radiation in a power of 4 kV × 40 mA, and a step interval
of 0.04◦ and a count time of 3 s per step were used. The microstructure of alloy C was
observed by a FEI-SLRION scanning electron microscope (SEM) after the sample was
mechanically polished and etched by a reagent of 10% HF, 10% HCl and 80% C2H5OH
(by volume). Element distribution in the phases of alloy C was detected by energy
dispersive spectroscopy (EDS) by using SEM.

The test electrodes were prepared by mixing 0.1 g alloy powder with 0.4 g car-
bonyl nickel powder and then cold pressing the mixture under a pressure of 800 MPa
into a pellet with the diameter of 10 mm and thickness of about 1 mm. The cyclic sta-
bility measurements were performed in a half-cell consisting of a working electrode
(MH electrode), a sintered Ni(OH)2/NiOOH counter electrode and a Hg/HgO refer-
cycle life of the alloy electrodes was tested by charging the electrode at 100 m Ag−1

for 5 h followed by a 10 min break, and then discharging the electrode at 60 mA g−1

to the cut-off potential of −0.6 V vs. the Hg/HgO reference electrode. The cyclic sta-
bility of the alloy electrodes is evaluated by the retention of the discharge capacity
after 100 charge/discharge cycles (C100/Cmax).

he detected area; (b) element V; (c) element Ti; (d) element Zr; (e) element Ni; (f)
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Fig. 3. Microstructure characters of alloy C: (a) SEM image; (b) XRD pattern.
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To investigate the dissolution of V and Ti elements in the alkaline electrolyte
fter 100 charge/discharge cycles, the KOH solution was analyzed by a 721-type
pectrophotometer. To investigate the pulverization extent of the alloy parti-
les after 100 charge/discharge cycles, the morphology of the alloy particles was
bserved by SEM. To study the corrosion behaviors of this series of alloys, the pel-
ets of alloy A, B, C and D were dipped into the 6 M KOH solution stilly for 720 or
000 h, and then the morphology of the alloy particles and the dissolution amount of
and Ti were investigated by SEM and 721-type spectrophotometer, respectively.

lement distribution in the alloy particles after the dipping process was detected by
DS by using SEM.

Toughness and hardness of alloy A, B, C and D was estimated by a Vickers inden-
ation method, in which a diamond pyramid indenter and a load of 49 N were used.
or Auger electron spectroscopy (AES) analysis, the test electrode was prepared by
old pressing 500 mg pure alloy power under a pressure of 800 MPa into a pellet
f 10 mm diameter and about 1.5 mm thickness. AES depth profiles were measured
or investigating the elemental distribution on the surface of the electrodes before
ycling and after 100 charge/discharge cycles by using a PHI-550 type electron
pectrometer with an electron beam at 3 kV and 10 �A. The electrode surface was
puttered with Ar+ on an area of 1.5 × 1.5 mm2 at 4 kV and 15 mA, and the sputter
ate was 2 nm/min.
able 1
ompositions of the two phases of alloy C.

Samples Phase Composition (at.%)

Ti Zr V Mn Ni Cr Fe

Alloy C C14 26.9 6.1 15.6 5.3 37.0 1.5 5.6
bcc 5.0 0.5 61.0 9.1 8.0 7.8 8.6
Fig. 4. Dissolution amounts of V and Ti of A, B, C and D alloys in the 6 M KOH solution:
(a) after dipping for 1000 h stilly; (b) after 100 charge/discharge cycles (total time
is about 1000 h).

3. Results and discussion

3.1. Cyclic stability

Fig. 1 shows the discharge capacity vs. cycle number of A, B,
C and D alloy electrodes. In the present study, the cyclic stability
can be evaluated by the retention of the discharge capacity after
100 charge/discharge cycles (C100/Cmax). From Fig. 1, it can be seen
clearly that the values of C100/Cmax of alloy electrode A, B and C are
almost same, which are in the range of 86.7–88.7%. Whereas, the
value of C100/Cmax of alloy electrode D is 65.6%, which is about 22%
lower than that of alloy electrode A, B and C.

Liu et al. reported [13] that the cyclic stability of the V–Ti-based
electrode alloy was related to its corrosion resistance, pulveriza-
tion resistance and oxidation resistance. The following section will
further discuss the mechanisms of improving the cyclic stability of
V–Ti-based hydrogen storage electrode alloys in terms of their cor-
rosion behaviors, pulverization behaviors and oxidation behaviors
individually.

3.2. Corrosion behaviors
Fig. 2 shows the SEM image and EDS element maps of alloy C
dipped in the 6 M KOH solution for 720 h stilly. Obviously, some
concaves can be found on the surface of this alloy. These concaves
must belong to some phase of the alloy which has much lower cor-
rosion resistance. In addition, EDS results indicate that this phase

sdgvsdgf
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Fig. 5. SEM micrographs of A, B, C and D alloy particles after 100 charge/discharge
cycles.
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(concaves) consists of much more V and less Ti, Zr and Ni than
that of the other phase (the convexes). Fig. 3 shows the microstruc-
ture characters of alloy C. XRD result indicates that the alloy is
composed of a C14 Laves phase with hexagonal structure and a
V-based solid solution phase with a bcc structure. The C14 Laves
phase is the light gray 3D interpenetrating structure, and the V-
based solid solution phase is the dark gray dendritic structure. The
compositions of the two phases are listed in Table 1. Apparently,
much more V and less Ti, Zr and Ni in the V-based solid solution
phase than in C14 Laves phase. Comparing the results obtained from
Figs. 2 and 3 and Table 1, it can be concluded that the V-based phase
becomes concave and the C14 Laves phase becomes convex during
dipping process, which indicates that the V-based BCC phase has
less corrosion resistant than the C14 Laves phase.

Fig. 4 shows the dissolution amounts of V and Ti of A, B, C and
D alloys in the 6 M KOH solution after dipping for 1000 h stilly and
100 charge/discharge cycles (total time is about 1000 h). It can be
seen from Fig. 4(a) that the dissolution amounts of V of A, B and
C alloys are in the range of 9.9–14.4 mg/cm3, whereas, the disso-
lution amount of V of alloy D reach 32.1 mg/cm3 after dipping for
1000 h. This indicates that the corrosion resistances of alloy A, B
and C are somewhat higher than that of alloy D. It was reported
that the addition of Cr in the Laves phase alloys can effectively
improve their cyclic stability due to the formation of Cr2O3 film on
the alloy surface which can suppress the dissolution of the major
components of the alloys into the KOH solution [25]. Moreover, for
V–Ti-based alloys, a majority of Cr exists in V-based solid solution
phase (Table 1), and this can further improve the anti-corrosion
ability of this phase. For alloy D, no Cr existing may be one of the
explanations for its low corrosion resistance in alkaline solution.

As can be seen from Fig. 4(b), the dissolution amounts of V of A, B
and C alloys after 100 discharge/discharge cycles are in the range of
90.4–94.3 mg/cm3, while the dissolution amounts of V of alloy D is
161.4 mg/cm3. Apparently, the dissolution amounts of V of A, B and
C alloys are less than that of alloy D after 100 discharge/discharge
cycles. This tendency is almost same with that from Fig. 4(a). More-
over, comparing the results from Fig. 4(a) and (b), the dissolutions of
V of all the alloys are accelerated due to the charge/discharge cycles
which lead to the pulverization of the alloy particles. The following
section will systemically discuss the pulverization behaviors of the
alloy particles during charge/discharge cycling.
3.3. Pulverization behaviors

Fig. 5 shows the SEM micrographs of A, B, C and D alloy particles
after 100 charge/discharge cycles. Obviously, some cracks appear
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Fig. 7. Images of Vickers indentation of A, B, C and D alloys under a load of 49 N.
96 H. Miao, W.G. Wang / Journal of All

n the surface of A, B and C alloy particles, while D alloy particles
reak into several pieces after 100 charge/discharge cycles. This
eans that the pulverization resistance of alloy A, B and C is much

igher than that of alloy D.
It was reported that the pulverization resistance of the hydro-

en storage electrode alloys could be related to their hardness as
ell as fracture toughness [20,26,27]. As can be seen in Fig. 6, the
ickers Hardness values of A, B and C alloys are in the range of
.4–2.5 GPa, while that of alloy D is 2.8 GPa. The alloy D is much
arder than the other three. Fig. 7 displays the images of the Vick-
rs indentation under the load of 49 N on the surface of A, B, C and
alloys. Certainly, the indentation size of alloys A, B and C is a little

arger than that of alloy D. Moreover, there are very short indenta-
ion cracks in the A, B and C alloys, whereas, there are much longer
ndentation cracks in alloy D. It is no doubt that the fracture tough-
ess values of alloy A, B and C are much higher than that of the
lloy D.

It is well known that hydrogenation and dehydrogenation of
ydrogen storage alloys result in a serious expansion and con-
raction of the hydrogen storage phases, respectively, and then
he residual stress generates and accumulates during hydro-
enation/dehydrogenation cycling [14]. When the residual stress
ccumulates to some extent, the particles of hydrogen storage
lloys crack, and the pulverization behavior takes place. Tsuka-
ara et al. [26] reported that the pulverization rate of V–Ti-based
lloys could be closely related to its hardness, and a higher hardness
aused a severer pulverization. Moreover, Yu et al. [27] indicated
hat enhancing the mechanical strength could effectively improve
he anti-pulverization ability of the V-based solid solution alloys.
o the poor anti-pulverization ability of alloy D can be attributed to
ts high hardness and low mechanical strength, such as the fracture
oughness.

.4. Oxidation behaviors

On the purpose of clarifying the correlation between the
yclic stability and oxidation resistance of this series of hydro-
en storage electrode alloys, the elemental distributions on the
urface of the electrode alloys were investigated by AES. The
ES depth profiles of A, B, C and D alloy electrodes before
ycling and after 100 charge/discharge cycles were displayed in
ig. 8. The content of oxygen decreases, while the content of
anadium increases gradually with the distance from the outer
urface to the bulk of alloy electrodes. Then, the content of
xygen and vanadium keeps almost unchanged when the sput-
er time attains some value. The corresponding sputter distance
an be related to the thickness of oxidation layer of the alloy
lectrodes.

For all the alloys, it can be seen obviously that the oxidation
ayers of the alloy electrodes after 100 cycles are much thicker
han that before cycling, which means that the charge/discharge
ycling accelerates the oxidation the alloy electrodes. For exam-
le, the oxidation layer thickness of the alloy A is 20 nm before
ycling, and it increases to 90 nm after 100 charge/discharge cycles.
oreover, the oxidation layer thickness of alloy A, B and C, which

s about 17–28 nm and 83–90 nm before cycling and after 100
ycles, respectively, is much thinner than that of alloy D, which
s 46 and 124 nm before cycling and after 100 cycles, respec-
ively. This result signifies that the anti-oxidation ability of alloy

is much weaker than that of alloy A, B and C. This can be
elated to its poor anti-pulverization ability. The oxide of the alloy

lectrode weakens its electro-catalysis activation to the electrode
eaction, and results in the capacity degradation. So enhancing
he anti-oxide ability is one of the effective methods for V–Ti-
ased hydrogen storage electrode alloys to improve their cyclic
tability.
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ig. 8. AES depth profiles of A, B, C and D alloy electrode before cycling and after 1
fter 100 cycles (d) of alloy B; before (e) and after 100 cycles (f) of alloy C; before (g

. Conclusions

In this paper, the mechanisms of improving the cyclic stability
f V–Ti-based hydrogen storage electrode alloys were investigated
n terms of their corrosion behaviors, pulverization behaviors, and

xidation behaviors during charge/discharge cycling. And the fol-
owing conclusions can be obtained:

. For V–Ti-based alloys, the corrosion resistance of the V-based
solid solution phase is much lower than that of C14 Laves phase.
arge/discharge cycles: before (a) and after 100 cycles (b) of alloy A; before (c) and
after 100 cycles (h) of alloy D.

And the addition of Cr in the alloys, which distributes mostly
in the V-based phase, can effectively increase the anti-corrosion
ability of this series of alloys.

. The pulverization of alloy D particles, which is very serious after
100 charge/discharge cycles, can be attributed to the high Vickers

hardness and low fracture toughness. In addition, this pulveriza-
tion behavior accelerates the corrosion and oxidation of the alloy
electrodes. Decreasing the Vickers hardness and enhancing the
fracture toughness can improve the cyclic stability of V–Ti-based
alloys.
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. The nano-scale oxidation layer exists on the surface of the alloy
particles before charge/discharge cycling, and this oxidation
layer obviously increases after 100 charge/discharge cycles. Ele-
vating the oxidation resistance is an effective method to improve
the cyclic stability of the V–Ti-based alloys.
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