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Abstract

In order to improve the electrochemical performance of rare-earth-basedyfB electrode alloy, the ABtype Mm(NiMnSiAl)4.3-
Cops-_xFe: (x=0,0.1,0.2,0.3, 0.4, 0.5, 0.6) electrode alloys were quenched by melt-spinning. The phase structures and microstructure
morphologies of the as-cast and quenched alloys were analyzed by XRD, SEM and TEM. The effects of the rapid quenching on the
microstructures and electrochemical performances of the alloys were investigated in detail. The obtained results show that the as-quenched
alloys have an excellent activation performance and can be completely activated through two to five charge—discharge cycles. The effect of
the rapid quenching on the capacities of the alloys with Fe comterd.2 is minor, and the capacities and high rate discharge abilities of
the alloys with Fe content> 0.2 decrease significantly with the increase of quenching rate. The cycle lives of the alloys increase greatly
with the increase of the quenching rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and reduce the production cost of the hydrogen storage
alloys. According to the typical ABtype alloy formula,
Ni—MH battery has been widely used because of its large e.g. MmNgs5Cay75Mng 4Alg3, Co content takes up about
capacity, good resistance to overcharge and overdischargelOwt.% and 40-50% share of the total cost of the raw
high charge/discharge rate and pollution ff&k therefore, materials, and the price of Co is increasingly going up in in-
it has been keeping to replacing Ni—Cd battery in many ternational market. In view of Co reserve, it is unrealistic to
existing applications since it becomes commercially avail- expect the great slump of Co price. Thus, researchers have
able. But in recent years, Ni-MH cell has encountered a naturally paid much attention to the decrease of Co content
serious challenge from Li-ion cell since Li-ion cell shows a in the alloys[2—-10], but the function of Co on the cycle
higher energy density than Ni—-MH cell in view of per unit stability of ABs-type hydrogen storage alloy is extremely
weight or volume, and it prevails in applications where light important[11]. Therefore, how to enhance electrochemi-
weight is preferred. On the other hand, the production cost cal cycle stability of low Co AB-type hydrogen storage
of Ni-MH battery based on the current hydride technology alloy has become the focus in research and development.
also limits the widespread applications as power sources of The low-Co ABs-type hydrogen storage alloy with special
electric vehicles or hybrid cars because low-cost Pb-acid microstructure composed of microcrystal, nanocrystal and
batteries are still dominating the segment. Therefore, it amorphous phases can be prepared by composition adjust-
is critical to improve the electrochemical performances ment and rapid quenchiri@2]. The hydrogen storage alloy
thus prepared has an excellent initial activation performance
and outstanding electrochemical cycle stability. In our in-
fax: +86.10-62182206, vestlgat|or_1, Co in the ABtype_hydrogen_ storage. alloy
E-mail addresses. zyh59@yahoo.com.cn, ljlgrace@vip.sina.com was substituted with Fe and rapid quenching technique was
(Y.-h. Zhang). used. The obtained results indicate that the capacities of the
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alloys with Fe contenk < 0.2 decrease slightly, but their hol (PVA) solution as binder, and then compressed under a
cycle stability is enhanced significantly with the increase of pressure of 35 MPa for 5 min. After drying for 4 h, the elec-

the quenching rate. trode pellets were immersed in 6 M KOH solution for 24 h
in order to wet the electrodes before electrochemical mea-
surement.

2. Experimental The electrochemical properties of the specimen elec-
trodes were tested in a tri-electrode open cell which con-

2.1. Alloy preparation sists of a working electrode (metal hydride electrode), a

counter electrode (Ni(OHJNIOOH) and a reference elec-
The experimental alloys were melted in an induction fur- trode (Hg/HgO), and 6 M KOH solution as electrolyte. The
nace in an argon atmosphere and cooled in a water-coolingvoltage between the working electrode and the reference
copper mould, and the parts of the as-cast alloys wereelectrode was defined as the discharge voltage. Every cy-
re-melted and quenched by melt-spinning with a rotating cle was overcharged to about 50% with constant current,
copper wheel, obtaining flakes of the as-quenched alloysresting 15 min and-0.500V cut-off voltage. The activation
with quenching rates of 10, 16, 22 and 28 m/s. The quench-performance and the maximum discharge capacity were
ing rate is expressed by the linear velocity of the rotating measured with a current density of 60 mA/g, and the cycle
copper wheel. The chemical compositions of the specimen life was measured with a current density of 300 mA/g. The
alloys are Mm(NiMnSiAl} 3Cop6-_<Fe, (x =0, 0.1, 0.2, environmental temperature of the measurement was kept at
0.3, 0.4, 0.5, 0.6). Corresponding with Fe contgnthe 30°C.
alloys are represented with §;d-e1, Fe, Fes3, Fe, Fg and
Fes;. The purity of all the component metals (Ni, Co, Si,
Al, Fe) is at least 99.7%. Mm denotes Ce-rich Mischmetal 3. Results and discussion
(23.70wt.% La, 55.29wt.% Ce, 5.31wt.% Pr, 15.70wt.%
Nd). The purity of Mm is 99.85 wt.%. 3.1. Effects of rapid quenching on the electrochemical
performances
2.2. Microstructure determination and mor phology
observation 3.1.1. Activation capability
The activation capability is characterized by the initial ac-
The samples of the as-cast alloys were directly polished, tivation number. The initial activation number denotedrby
and flakes of the as-quenched alloys were inlaid in epoxy is defined as the number of charge—discharge cycle required
resin for polishing. The samples thus prepared were etchedfor attaining the maximum discharge capacity through a
with a 60% HF solution and the morphologies of the as-cast charge—discharge cycle at a constant current. The cycle num-
and quenched alloys were observed by SEM. The samplesber dependence of the discharge capacities of the as-cast
of the as-cast and quenched alloys were pulverized by me-and quenched keand Fg alloys was illustrated irFig. 1
chanical grinding to the size less than&®. The phase It can be seen fronfrig. 1 that the activation capabilities
structures and lattice parameters of the as-cast and quenchedf the Fe and Fe alloys decreased slightly with the in-
alloys were determined by XRD, and the type of X-ray crease of the quenching rate. The as-cast alloys can be acti-
diffractometer used in this experiment is D/max/2400. The vated completely through 2 charge—discharge cycles, but the
diffraction was performed with Cu &1 radiation filtered as-quenched alloys required four to five charge—discharge
by graphite. The experimental parameters for determining cycles to be activated.
phase structure were 160 mA, 40kV and’/bdin, respec-
tively. The powder samples were dispersed in anhydrous al-3.1.2. Discharge capacity
cohol for observing grain morphology with TEM. In order The maximum discharge capacities of the as-cast and
to study the mechanism of the efficiency loss of the alloy quenched alloys were measured with charge—discharge cur-
electrode, the granular morphologies and the change in therent density of 60 and 300 mA/g, respectively. The quench-
chemical composition on the surface of the electrodes beforeing rate dependence of the discharge capacity of the alloys
and after electrochemical cycle were observed and analyzedwas illustrated irFig. 2 The results irFig. 2 show that the

by SEM. capacities of the alloys with Fe contenk 0.2 at 60 mA/g
have a maximum value with the change of the quenching

2.3. Electrode preparation and electrochemical rate. The capacities of the alloys increase with the increase

measurement of the quenching rate when the quenching rate is below

10 m/s, but the capacities decrease with the increase of the
The alloy samples were mechanically ground into pow- quenching rate when the quenching rate is over 10 m/s. It is
der below 250 mesh. The experimental electrode peltets ( worthy of remarking that the capacities of the alloys with
= 15mm) were prepared by mixing 1g alloy powder and Fe contentx < 0.2 decrease slightly with the increase of
1g Ni powder as well as a small amount of polyvinyl alco- the quenching rate and the capacities of the as-quenched al-
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Fig. 1. The relationships between the cycle number and the discharge capacity of the alloys: d#gyFand (b) Fe alloy.
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Fig. 2. The relationship between the guenching rate and the discharge capacity of the alloys: (a) 60 mA/g and (b) 300 mA/g.

loys are still close to that of the as-cast alloy even if the sons responsible for the decrease of the high rate discharge
quenching rate reaches 28 m/s. The capacities of the al-ability of the alloy with the increase of the quenching rate
[13]. Another important factor contributing to the decrease
the increase of the quenching rate. It is probably becauseof the high rate discharge ability might be that substitution
substitution Co with Fe leads to larger lattice stress in the Co with Fe has increased the diffusion activation energy of
as-quenched alloys. The capacities of the as-quenched alhydrogen atom§l4]. Generally, the more the Co was sub-

loys with Fe contenk > 0.2 decrease monotonously with

loys decrease with the increase of the quenching rate when

charge—discharge current density is 300 mA/g. The more the 88
Co was substituted with Fe, the more rapidly the capacity
decreased. It shows that the substitution Co with Fe is un- 84

favourable for high rate discharge of the as-quenched alloys.

3.1.3. High rate discharge ability (HRD)
The relationship between the quenching rate and the 1C
rate discharge abilities of the alloys was illustratefig. 3.

Fig. 3indicates that the 1C rate discharge abilities of the al- 2ol \0 * ¢
loys decrease with the increase of the quenching rate. The &% m
high rate discharge ability, which is a dynamical problem \

of the alloy electrode discharge, mainly depends on the dif- o8 ™~ &

fusion velocity of hydrogen atoms in the alloys. If rapid ! ! ! ! .
quenching leads to the increase of both the lattice stress 0 5 10 1 20 25 30

and the internal energy of the alloy system, it is the rapid rig. 3. The relationship between the quenching rate and the 1C rate

quenching that it probably becomes one of the main rea- discharge capacity.
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stituted with Fe, the lower the high rate discharge abilities 100
of the as-quenched alloys. 95 | /5
2 | ;37(3
3.1.4. Cyclelife gs | /3
The capacity retaining ratdRf), which is introduced to ool v
evaluate accurately the cycle stability of the alloy, is defined _
asRh = (C300,300/C300:max) x 100%, whereCzoo,max is the E‘_ nr
maximum discharge capacity afioo,300 is the discharge 70 -
capacity of the 300th cycle at 300 mA/g, respectively. 65 - —0— re, —4— F,
The quenching rate dependence of the capacity retaining 60 I [ VT
rate of the as-cast and quenched alloys was illustrated in 55| :
Fig. 4 It can be seen frorfig. 4 that the capacity retaining o 5 10 15 20 25 30
rates Ry) increase with the increase of the quenching rate. Quenching rate (m/s)

When the quenching rate increased from 0 to 28 m/s (the

as-cast is defined as having the quenching rate of 0 m/s)

the capacity retaining rate of fralloy increased from 58.78

to 90.78%, and that of kealloy increased from 58.30 to

95.71%. This indicates that cycle lives of the as-quenched non-stoichiometric composition of the alloy. The fact that

alloys can be further improved by substitution Co with Fe. the CeNi;-type phase exists in the as-quenched alloy in-
dicates that the G&liz-type phase was probably formed

Fig. 4. The relationship between the quenching rate and capacity retention

rate Rn).

3.2. Effects of rapid quenching on the microstructure through a eutectic reaction. The difference of the diffraction
peak intensity of (10 1) and (1 1 1) crystal planes varies with
3.2.1. Phase composition and structure the change of Fe content. The rapid quenching decreased

The phase composition and structure of the as-cast andthe amount of CgNiz secondary phase in the alloy and had
guenched alloys were determined by XRD. The results a slight influence on the phase structure of the alloy, but the
were illustrated inFig. 5. Fig. 5 shows that the as-cast and influence of the rapid quenching on the crystalline orienta-
guenched alloys have a two-phase structure composed of dion of the alloys was significant. The lattice constants of
CaCu-type main phase and a small amount 0fSig-type the as-cast and quenched alloys were calculated from the
secondary phase. The presence ofNie phase is due to  diffraction peaks of (101), (110), (200),(111)and (002)
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Fig. 5. The X-ray diffraction diagrams of the as-cast and quenched alloys: (a) as-cost and (b) as-quenghed (Fe
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Table 1
Lattice constants and cell volumes of the main phase in the as-cast and quenched alloys
Alloy Feg Fe Fe

a(® c(A) v (A)* a(d c (A) Vv (A)° a (A c () Vv (A)?
As-cast 4.9908 4.0525 87.4141 4.9949 4.0626 87.7760 5.0056 4.0643 88.1893
10 (m/s) 4.9979 4.0524 87.6608 5.0194 4.0597 88.5759 5.0118 4.0774 88.6829
16 (m/s) 4.9969 4.0620 87.8333 5.0254 4.0513 88.6040 5.0089 4.0612 88.2383
22 (m/s) 4.9878 4.0578 87.4232 5.0050 4.0582 88.0358 4.9943 4.0608 87.7616
28 (m/s) 4.9927 4.0644 87.7375 4.9948 4.0566 87.6428 5.0083 4.0563 88.1107

crystal planes of the main phase of the alloys by a method determined with SAD. The results were illustratedig. 7.

of least squares, and cell volumes of the alloys were calcu-It can be seen fronFig. 7 that the compositions of the
lated with formulaV = a?csin60. The calculated results as-quenched lgeand Fq alloys with the quenching rate
were listed inTable 1 It can be derived fronTable 1that of 22 m/s are very homogenous. And the as-quenchgd Fe
the rapid quenching slightly increased the lattice constantsand Fg alloy had a microcrystalline structure and an obvi-

and cell volumes of the alloys. ous tendency to form amorphous phase. A proper amount
of amorphous phase existed in the as-quenchedaley
3.2.2. Microstructure morphology at a quenching rate of 28 m/s. A complete crystalline mor-

The microstructure morphologies of the as-cast and phology can not be seen Fig. 7(c) which indicates that
quenched alloys were observed by SEM and the resultsthe quenching rate of 28 m/s has already approached to the
were illustrated irFig. 6. Fig. 6 shows that the grains of the critical quenching rate for the formation of an amorphous
as-cast alloys are very coarse and the composition homo-phase. The rapid quenching significantly changed the mi-
geneity is very poor. The rapid quenching made the grains crostructures of the alloys, decreased the amount of the sec-
of the as-cast alloys significantly refined, and the grain sizesondary phase, produced both homogenous phase structure
of the as-quenched alloys decreased with the increase of Feand alloy composition, increased slightly the cell volume
content. of the alloy, refined the grain, increased the lattice stress

The microstructure morphologies of the as-quenched al- and formed amorphous phase at higher quenching rates. The
loys were observed by TEM and their crystalline states were above-mentioned factors are fundamental reasons why rapid

¥ A bie 3 »\14.-;1‘?:’;“"\ '._ : .. I
pav 10 Ll QMg s §
— !."ﬂrg 3

Fig. 6. The morphologies of the as-cast and quenchedaRd Fq alloys (SEM): (a and b) as-castd~and Fe alloys; (c and d) as-quenched~and
Fey alloys (22 mls).
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100nm 100nm 100nm

Fig. 7. The morphologies and SAD of the as-quenched alloys taken by TEM: (a—c) morphologies of the as-quesicheddrel Fg alloys (22 m/s),
(d—f) SAD of the as-quenched feFe; and Fe alloys (22 m/s).

quenching could lead to the change of the electrochemicalcapacity of the alloy depends on the relative predominance
characteristics of the alloy. of the above-mentioned factors. We consider that the effect
Mishima et al. [15] reported that the capacities of of an amorphous phase is much stronger. Li et[&F]

LaNig eAlo4 and LaNyCoy gAlg .4 alloys could be enhanced investigated the hydrogen absorbing capability of La—Ni al-
by rapid quenching. These authors considered that the rapidoy amorphous film, and the results showed the capacity of
quenching process refined grains of the alloy, thus produc-the amorphous film was half as large as that of the crystal
ing an additional amount of grain boundaries that provide alloy. Therefore, it can be concluded that the main reason
good channels for the diffusion of hydrogen atoms. In ad- why rapid quenching leads to the decrease of the discharge
dition, fine grains can improve the cycle life of the alloy. capacity of the alloy is mainly due to the formation of
Lei et al.[16] reported that the rapid quenching increased an amorphous phase. The effects of the rapid quenching
capacity of MI(NiCoMnTi} alloy because the microstruc- on the activation capability and the rate discharge ability
ture and composition of the as-quenched alloy were more of the alloy depend on the functions of the microstruc-
homogeneous. The experimental results show that the rapidures on the diffusion of hydrogen atoms in the alloy. The
guenching led to the grain refinement of the alléyg( 6). increase of the cell volume and the grain refinement are
However, the results of the electrochemical measurementboth favourable for the diffusion of hydrogen atoms. The
show that the rapid quenching decreased capacities of thesmaller the grain size, the larger the crystal boundary area,
alloys. In addition, the difference in the capacities of the which provides good channels for the diffusion of hydro-
as-quenched eand Fq alloys was very large although the gen atoms. Thus, the above mentioned factors that increase
same rapid quenching technique was used. Obviously, thethe diffusion capability of hydrogen atoms improve the
influence of the rapid quenching on the capacity is com- activation capability and the rate discharge capabilities of
plicated. We consider that the increase of the cell volume the alloys. In addition, the increase of the lattice stress and
and the grain refinement resulted from rapid quenching arethe formation of an amorphous phase are unfavourable for
both favourable for the capacity, but the formation of an the diffusion of hydrogen atoms. Therefore, the initial ac-
amorphous phase and the increase of the lattice stress protivation capability and the rate discharge capability of the
duced by the rapid quenching are unfavourable. Therefore,alloy decrease. The failure of a battery is characterized by
whether the rapid quenching would increase or decrease thehe decay of the discharge capacity. The investigated results
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Fig. 8. The granular morphologies of as-cast and quenchedali@ys before and after electrochemical cycle (SEM): (a and c) the as-castillibg
before and after cycle, (b and d) the as-quenched (22 m/spl®y before and after cycle.

in the literatures[11,18] confirmed that the fundamental and toughness of the alloy. The grain refinement and the
reasons for the capacity decay of an electrode alloy are theformation of an amorphous phase can increase the strength
oxidation and pulverization of the alloy in the process of and toughness of the alloy. So, the anti-pulverization ca-
charge—discharge cycle. In order to reveal the mechanismpability and the cycle life of the alloy can be enhanced
of the efficiency loss of the alloy electrode, the morpholo- significantly. In addition, the amorphous phase can enhance
gies of the as-cast and quenched alloy particles before andhe anti-corrosion ability of the alloy in corrosive electrolyte
after electrochemical cycle were observed by SEi4(9). and further enhance the cycle life of the alloy.

It can be seen that the shapes of the as-cast and quenched

Fe» alloy particles before electrochemical cycle are irreg-

ular and sharp-angled, the difference in the particle sizes4. Conclusion

of the alloys is very large, and the maximum size of the
particle is about 7@m and the minimum about }&m. 1.
After the as-cast alloys passed 332 charge—discharge cycles
and the as-quenched alloys passed 1245 charge—discharge
cycles respectively, the morphologies of the alloy particles
showed a great change, which displayed the disappearance
of the pointednesses of the particles and the decrease of

The as-cast MM(NiMnSiAl;Co s Fe, (x =0, 0.1,

0.2, 0.3, 0.4, 0.5, 0.6) hydrogen storage alloys had
a two-phase structure composed of a CaGmpe
main-phase and a small amount of ,8l&; secondary
phase. The amount of the secondary phase decreased
after rapid quenching treatment with different quenching

the particle sizes. It confirms that the main reasons of the
capacity decay of the alloy electrodes is the pulverization

in the process of charge—discharge cycle. It is worthy of 2.

mentioning that the cycle number of as-quenched alloy is
913 more than that of the as-cast alloy, whereas the particle
sizes of the as-quenched alloy are almost identical to those
of the as-cast alloy. Therefore, it can be concluded that
the anti-pulverization capability of the as-quenched alloy is

much stronger than that of the as-cast alloy. The main cause

that has contributed to a longer cycle life of the as-quenched
alloy is that rapid quenching resulted in the grain re-

finement and the formation of an amorphous phase. The3.

anti-pulverization capability depends mainly on the strength

rates. The rapid quenching slightly increased the lattice
constants and cell volume.

The as-cast and quenched alloys had an excellent acti-
vation performance, and all the alloys can be completely
activated through two to five charge—discharge cycles.
The capacities of the as-quenched alloys with Fe con-
tentx < 0.2 changed with the quenching rate and had
a maximum value at the quenching rate of 10m/s. The
discharge capacities of the alloys with Fe content0.2
monotonously decreased with the increase of the quench-
ing rate.

The rapid quenching can dramatically enhance the cycle
life of the alloy. The cycle lives of the alloys significantly
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