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Activation behavior of the Zr-based Laves phase alloy electrode
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Abstract

The poor activation of the Zr-based AB, Laves phase alloy hydride electrode is one of the problems retarding their commercialization. A
surface treatment technique was carried out here to improve the poor activation of the alloys Zr(Vo; Mng3Nige)2, Zr(Vo.1Mng3Nig 6.
Cog.05)2, ZrTip 1(Vo.1Mng3NigC0p.0s5)2 and ZrTig 1(V1Mng 3Nig¢C0g05Croos)>. We pre-treated the alloy powders by immersing and
stirring them in solution of NH4F/NiCl, to make the alloy surface clean and form a layer of nickel-rich, which has been regarded as an
indispensable factor for the electrochemical activity of the alloy. It was found that the activation of the alloy electrode has been greatly
improved by this method. The discharge capacity of the electrodes made from the treated alloy powder is over 345 mA hg ' at the
discharge current density of 100 mA gfl. Especially, the alloy electrode of the treated ZrTig (Vo 1Mng3NigcC000sCroos)> gives a
discharge capacity of 390 mA h g™ at the first cycle, however, the discharge capacity of the untreated alloy electrode is only 42 mA h g™
at the first cycle. The analysis of X-ray diffraction (XRD) shows that the alloy of crystal structure is a cubic AB, Laves phase. The different
activation property of the alloy electrode was analyzed on the basis of surface examination by scanning electron microscope (SEM), specific
surface area (SSA) and X-ray photoelectron spectroscopy (XPS). © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

As an excellent negative electrode material in nickel-
metal hydride battery, hydrogen storage alloys attracting
considerable attention all over the world have been inves-
tigated intensively and commercialized to meet the social
needs because they have high energy density and are
friendly to the environment and so on [1-3]. At present,
the most widely developed and commercialized electrode
materials in such battery belong to the ABs-type hydrogen
storage alloy. However, another kind of hydrogen storage
alloys, AB,-type (A = Zr, Ti; B = Ni, Mn, Cr, etc.). Laves
phase alloys possessing larger hydrogen storage capacity
than the ABs-type alloy, have been regarded as a new
generation of hydrogen storage alloy. Generally speaking,
the main problems hindering the practical application of
Laves phase alloys are slow activation and low high-rate
capability because of a formation of the oxide layer on the
alloy surface. Among them, the slow activation is a very
important factor that should be solved at first. In general, the
reason of poor activation is that a thin but dense and passive
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oxide layer exists on the alloy surface and it decreases the
electrocatalytic activity for hydrogen absorption—desorption
(charging—discharging).

In order to overcome the shortcoming, some modifica-
tions have been carried out recent years. Gao et al. [4] have
reported that the F-treated Zr(Vo,Mng »2Nig ¢ ,C0,)2 4 €lec-
trode showed excellent activation and a high initial dis-
charge capacity owing to the increase of specific surface area
(SSA) and the formation of nickel-rich surface layer in the F-
treated alloy. Choi et al. [5] investigated the properties of
Zr9Tig 1Nij Cog1Mng Vo, by immersing the electrode in
a boiling KOH solution. They found that a thicker Ni layer
was identified on the pre-treated alloy electrode as a catalyst
and determines the electrode performance. Sun et al. [6]
used the mechanical ball-milling to coat nickel particles on
the surface of Zr(Cry4Nig ), and they found the activation
process for the electrode was apparently shorted after coat-
ing Ni on the alloy. McCormack et al. [7] have reported the
activation of ZrCrNi was greatly accelerated by a pulse
activation process consisting of altering applying potential
pulses at voltages expected to result in hydriding—dehydrid-
ing of the electrode because of the formation of microcracks.
Iwakura et al. [8] improved the activation of ZrVy sMng sNi
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alloy electrodes by immersing the electrode in an alkaline
solution containing KBH, as a reducing agent. They
observed absorption of hydrogen atom released from
BH,;~, which produce a new surface of the alloy owing
to expansion. Jung et al. [9] studied the activation of
Zro7Tig3Cry3Mng 3V 4Ni by immersing electrodes in hot
alkaline and charging simultaneously, resulting in the for-
mation of cracks and a new clean surface. Furthermore, they
observed that Ni with high catalytic activity was enriched on
the alloy surface. Sun et al. [10] added a small quantity of
lanthanum or cerium in ZrNi; ,Mng ¢V ,Crg to improve
the activation behaviors. It is found that La or Ce does not
dissolve in the cubic C15 Laves phase, but combines pre-
ferentially with nickel to form LaNi or CeNi that act as
‘active sites’, where hydrogen atoms penetrate through the
oxide layer and form LaNiH, or CeNiH, hydride. Wang et al.
[11] observed that the activity properties of ZrTiV alloy
electrode were improved by an oxidation treatment that
resulted in the segregation of zirconium and titanium on
the alloy surface, while metallic nickel and vanadium pre-
cipitated in the subsurface.

Generally, most activation process is accompanied with
the appearance of both a new and clean surface and a layer of
nickel-rich on the surface or subsurface of the hydrogen
storage alloy. So, an effective modified surface treatment
technique was adopted to make the alloy surface clean and
enrich metallic Ni on the alloy surface. In order to get a
thicker layer of nickel-rich that has good catalytic effect on
electrochemical reaction, NiCl, was added into the NH4F
solution to improve the activation property well. Four kinds
of Laves phase alloy ZI’(VOAIMHO._gNiOﬁ)z, ZI‘(VO'IMH()&—
Nig.6C00.05)2, ZrTig.1(Vo.1Mng 3NigCog.05)> and ZrTi ;-
(Vo.1Mng 3Nig 6Cog 05Cro05)2 were chosen and treated by
this way to shorten their activation number.

2. Experimental

The Laves phase alloy samples in this investigation,
namely, Zr(Vo.1Mng3Nigg)a, Zr(Vo.1Mng 3Nig 6C00.05)2,
ZrTig,1(Vo.1Mng 3Nig 6C0g.05)2 and ZrTig ;(Vo.1Mng 3Nig .
Co0.05Cro.05)2, were synthesized by arc-melting technique
in an argon atmosphere from the starting elements (3 N
purity). Each ingot was turned over and remelted four times
to ensure the homogeneity of the alloys. Then, the alloys
were annealed in an argon atmosphere at 1050°C for 7 h. In
100 ml solution containing NH4F (0.216 mol 17" and NiCl,
(0.0168 mol 1), 4 g alloy powder was treated at 70°C for
30 min after the alloy was pulverized.

Crystal structure was characterized by Rigakudmax X-ray
diffraction (XRD) using Cu Ko radiation. The SSA was
measured by the method of BET (Braunauer—-Emmett—
Teller). The elements in a NH4F/NiCl, solution both before
and after treatment were analyzed by the means of induc-
tively coupled plasma spectroscopy (ICPS). Surface mor-
phology of the alloy samples before and after treatment was

analyzed by scanning electron microscopy (SEM). The
surface chemical state and composition of the sample were
measured by means of X-ray photoelectron spectroscopy
(XPS).

The alloy electrodes were prepared by cold pressing the
mixture of different sample and nickel powder in the weight
of 1:3 to form a pellet of 10 mm in diameter and 1.4 mm in
thickness under a mechanic load of 3 MPa. The electrode
was tested in a standard open trielectrode electrolysis cell, in
which an alloy electrode acted as a working electrode, a Hg/
HgO (in 6 N KOH) electrode acted as a reference electrode,
a Ni(OH),/NiOOH electrode acted as a counter electrode.
The discharge capacity of the alloy electrodes was measured
using a galvanostatic charge—discharge apparatus. The elec-
trode was charged with a current density of 100 mA g~ for
5 h and discharged with the same current density to the cut-
off potential set at —0.6 V.

3. Results and discussions

Fig. 1 shows that the XRD patterns of the treated alloy
powders are identical with those of untreated. From the
results obtained, it can be seen that the alloys
Zr(Vo.1Mng 3Nig C00.05)2,  Zr(Tig.1 Vo.1Mng 3Nig 6C00.05)2
and ZrTio_I(VO,1Mn0.3Ni0_6C00V05Cr0.05)2 were identified to
be single phase and have a C15 cubic Laves phase structure.
On the other hand, the alloy Zr(Vo Mng3Nig¢)> shows a
multiphase structure. The main phase of it also exhibits a
C15 cubic Laves phase structure and the extra peak on
20 = 37.8° belongs to orthorhombic Zr;Nijq.

Fig. 2 shows the discharge capacity of the eight kinds of
electrodes versus discharge cycle. It can be seen that the
discharge capacity of the untreated alloy electrodes slowly
increases with cycling. The untreated alloy ZrTig 1(Vo.1Mng 3.
Nip 6C00.05Crg.05)> shows the poorest activation property,
which only offers a capacity of 42 mAhg™" at the first
cycle. However, the treated alloy electrodes showed an
excellent kinetics without activation process and reached
the large discharge capacity at the first cycle. In particular,
the treated alloy ZrTig 1(Vo.1Mng 3Nig ¢C0¢.05Cro.05)2 shows
the best activation property giving discharge capacity of
390 mA h g~ " at the first cycle.

Table 1 shows the concentration of the elements in the
NH4F/NiCl, solution measured by ICPS both before and
after treating the alloy Zr(Vy 1Mng 3Nig ¢C0q 0s5)-- It can be
seen that the elements of the alloy have been dissolved into
the NH4F/NiCl, solution partly, the relative concentration of

Table 1
The concentration of the elements in the NH4F/NiCl, solution before and
after treating the alloy Zr(Vo ;Mng 3Nig 6C00.05)> (g ml~")

Solution Ni Zr \ Mn Co

Before treatment 931.85
After treatment 17.84 847.25 38.12 314.00 11.26




C. Jiansheng et al./Journal of Power Sources 93 (2001) 141-144 143

il
i
Tl

010

I |

L

140000
I 120000
100000
2
- E
60000
- 40000
- 20000
T 71
T 7 2
7 3
A L/4
A A/5
. 7 6
| /7
< 8

10 20 30 40 5 60

26

Fig. 1. The X-ray diffraction patterns of the alloy powders. (1, 3, 5, 7: untreated alloy; 2, 4, 6, 8: treated alloy) 1, 2: Zr(Vo.1Mng3Nigg)s; 3, 4:
Zr(Vo.1Mng 3Nig.6C00.05)2; 5, 6: ZrTig.1(Vo.1Mng 3Ni.6C00.05)2; 7, 8: ZrTig.1(Vo.1Mng 3Nig.6C00.05Cr0.05)2-

dissolved Zr, Mn, Co and V is 847.25, 314.00, 11.26 and
38.12 ug ml~', respectively. It is interesting to find that the
concentration of Ni*" jon decreases drastically from
931.85 ugml~' before treatment to 17.84 ugml~' after
treatment. This phenomenon indicated that the Ni metal
has been enriched on the surface of the alloy powder. The
basic mechanism of Ni deposition was discussed here.
The alloy surface formed an oxide layer of all the metal
elements after pulverized [12]. And it became a surface of
metal elements after NH4F reacted on all kinds of oxides.
Then, all the metal elements on the alloy (except Ni)
displaced the Ni*" in NiCl, because that the potential
of Ni*"/Ni is higher than the potentials of others such as
Zr*"/Zr, Mn*"/Mn, etc. [13]. So, Ni was deposited on the
alloy surface.

Fig. 3 shows the SEM photographs of the treated and

Cog.05Crp 05)>. It has been observed that the surface of the
treated alloy powders became rougher very much than the
untreated and there are many microcracks on the surface of
the alloy powder. This kind of morphology implied that a
fresh and clean surface formed when using surface treat-
ment. It is important to point out that the surface is a nickel-
rich layer having a high catalytic activity, which was
deduced from the following XPS data. It can be assumed
naturally that the SSA of the alloy powder must have
become larger than the untreated one. ZrTig (Vo1 Mng ;.
Nig 6C00.05Cro.05)> Was chosen as an example to evaluate the
SSA of the untreated alloy powder by the method of BET
and its SSA was 0.25 m* g~ '. Nevertheless, the SSA of the
powders of the treated alloys Zr(VoMng3Nigg)a,
Zr(Vo.1Mng 3Nip 6C00.05)2,  ZrTig.1(Vo.1Mng 3Nig 6C0p.05)2
and ZrTiovl(Vo_1Mn0.3Ni0_6C00'05CI'0_05)2 is 034, 041,

untreated alloy powder of ZrTip(Vo.1Mng3Nige. 0.63 and 0.60 m? g_l, respectively. The SSA of the powder
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Fig. 2. The discharge capacity of the eight kinds of electrodes versus discharge cycles. 1: Zr(VoMng3Nigg)s; 2: Zr(Vo.1Mng3NipCogs)2; 3:

ZrTio.1(Vo.1Mng 3Ni.6C00.05)2; 4: ZrTip.1(Vo.1Mng 3Nig.6C00.05Cr0.05)2-
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(a)

(b)

Fig. 3. The SEM photographs of the untreated (a) and treated (b) alloy powder of ZrTig ;(Vo.1Mng 3Nip.cC00.05Cro.05)2-

Table 2
The relative atomic concentration on the surface of the alloy
ZrTig.1(Vo.1Mng 3Nig 6C00.05Cro.05)2 (%)

Alloy Ni Zr Ti \ Mn Cr Co
Untreated powder  1.72 68.04 5.53 5.64 1212 431 259
Treated powder 31.0 1643 9.11 2246 585 844 6.76

of the treated alloy ZI'TiO'1(VO'1MHO_3NiO.6C00_05CI‘0'05)2 is
2.4 times larger than that of the untreated.

XPS analysis was carried out in order to investigate the
effect of the surface treatment on the surface of the alloy.
Table 2 shows the relative atomic concentration on the
surface of the alloy ZI'TiO.1(VOV1MIl()_3Ni0.6C00_05CI'0_05)2.
It was found that Zr decreased from 68.04 to 16.45%, but
Ni increases from 1.72 to 31.00%. This result means the
dense Zr oxide layer is broken and a nickel-rich layer is
formed. It is believed that abundant Ni on the alloy surface
activates the alloy easily. And the result obtained here is of
agreement with that of ICPS we have discussed in the former
section.

4. Conclusions

The poor activation property of the hydride electrodes
made of Zr-based AB, Laves phase alloys Zr(V ;Mng 3Nig ¢)2,
Zr(Vo.1Mng 3Nip 6C00.05)2,  ZrTig.1(Vo.1Mng 3Nig.6C00.05)2
and ZrTig 1(Vo.1Mng3NigCog 05Cros)2 has been greatly
improved by the method of immersing and stirring the alloy
powder in NH4F/NiCl, solution. The result obtained was
attributed to the formation of a new and clean surface and a
nickel-rich layer on the treated alloy observed by the
analysis of XRD, SEM, SSA and XPS on the both treated

and untreated alloys. This kind of surface treatment might be
used for the other hydrogen storage alloys that have slow
activation property to shorten their hydriding—dehydriding
(charge—discharge) cycling for activation.
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