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Abstract

In order to enhance the electrochemical capacity of the Co-fregtyie electrode alloy, Mm in the alloys was substituted with La and
Co-free LaMm;_,(NiMnSiAlFe), o (x = 0, 0.45, 0.75, 1.0) hydrogen storage alloys were prepared by casting and rapid quenching. The
effects of the substituting Mm with La on the electrochemical performances of the as-cast and quenched alloys were investigated in detail.
The obtained results show that substituting Mm with La can enhance markedly the capacities of the as-cast and quenched alloys. When
the amount of substituting Mm with La,increased from 0 to 1.0, the maximum capacity of the as-cast alloys@tréit@ increased from
273.45 to 304.47 mAhd, and the capacity retaining rat&,j increased from 59.16 to 59.86%. The capacity of the as-quenched alloys with
a quenching rate of 10 ntsincreased from 236.83 to 300.31 mAh'gand the capacity retaining rate,j decreased from 78.69 to 62.29%.

The substituting Mm with La had an insignificant effect on the activation capabilities of the as-cast and quenched alloys.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction terials. Therefore, researchers have naturally paid much at-
tention on the decrease of Co content in the al[dys8], but
In recent years, the rechargeable Ni-MH cells are en- the function of Co on the cycle stability of ABtype hydro-
countering serious competition from Li-ion cells since the gen storage alloy is extremely importdd{. So, the study
Li-ion cells show higher energy density than the Ni-MH emphasis is how to enhance electrochemical cycle stability
cells per unit weight or volume. On the other hand, the of the low-Co and Co-free hydrogen storage alloys. In order
production cost of Ni-MH battery based on the current hy- to maintain the satisfactory cycle stability of low-Co or Co-
dride technology also limits the widespread applications as free ABs-type alloy, a great lot of efforts have been carried
power sources of electric vehicles or hybrid cars becauseout at many laboratories around the wgd@-12] However,
low-cost Pb-acid batteries are still dominating over the seg- the electrochemical cycle stability of the low-Co or Co-free
ment. According to the typical ABtype alloy formula, AB:s-type alloy was unsatisfactof¥3,14] The low-Co ABs-
e.g. MmNg sCag 75Mng 4Alp 3, Co content takes up about type hydrogen storage alloy with special microstructure com-
10wt.% and 40-50% share of the total cost of the raw ma- posed of microcrystal, nanocrystal and amorphous phase can
be prepared by rapid quenching and the alloy thus prepared
—_— _ has an excellent initial activation capability and outstanding
* Corresponding author. Tel.: +86 10 62187570; fax: +86 10 62182296.
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(Y.-h. Zhang). ification generally decreases the discharge capd2ity6].
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In order to enhance the capacities of the Co-free,Ape as a small amount of polyvinyl alcohol (PVA) solution as
LaxMm1_x(NiMnSiAlFe)s.9 (x=0-1.0) hydrogen storage al-  binder, and then compressed under a pressure of 35 MPa for
loys prepared by rapid quenching, the different amount of 5min. After drying for 4 h, the electrode pellets were im-
Mm in the alloys was substituted with La. The obtained re- mersed in 6M KOH solution for 24 h in order to wet fully
sults indicate that the Co-free ABype hydrogen storage al-  the electrodes before the electrochemical measurement. The
loy with excellent synthetical electrochemical performances experimental electrodes were tested in a tri-electrode open
can be prepared by adjusting the amount of the substitu-cell, consisting of a working electrode (metal hydride elec-
tion Mm with La and employing appropriate rapid quenching trode), acounter electrode (Ni(OHNIOOH) and areference
technique. electrode (Hg/HgO) and 6 M KOH solution as electrolyte.
The voltage between the working electrode and the reference
electrode was defined as the discharge voltage. Every cycle

2. Experimental details was overcharged to about 30% with constant current, resting
15 min and-0.500V cut-off voltage. The activation perfor-
2.1. Alloy preparation mance and the maximum discharge capacity were measured

with a current density of 60 mAd, and the cycle life with

The chemical compositions of the experimental alloys are a current density of 300 mAd. The environmental temper-
LayMm;_x(NiMnSiAlFe)49 (x = 0, 0.45, 0.75, 1.0). Corre-  ature of the measurement was kept atG0
sponding with the amount of La substitutian the alloys
are represented with balag 45, Lag 75 La;. The purity of 2.3. Microstructure determination and morphology
all the components (Ni, Mn, Al, Fe, La and Si) is at least observation
99.7%. Mm denotes Ce-rich Mischmetal (23.70wt.% La,
55.29wt.% Ce, 5.31wt.% Pr, 15.70wt.% Nd) and its pu-  The samples of the as-cast alloys were directly polished,
rity is 99.85wt.%. The experimental alloys were melted in and the flakes of the as-quenched alloys were inlaid in epoxy
an induction furnace in a argon atmosphere and cooled in aresin for polishing. The samples thus prepared were etched
water-cooling copper mould, and the parts of the as-cast al-with a 60% HF solution. The morphologies of the as-cast
loys were re-melted and quenched by melt-spinning with a and quenched alloys were observed by S.E.M. The samples
rotating copper wheel, obtaining flakes of the as-quenchedof as-cast and quenched alloys were pulverized by mechan-
alloys with the thickness of 20—48m. The quenching rates ical grinding, and the sizes of the powder samples are less

used in the experiment are 10, 16, 22 and 28 svhich than 50um. The phase structures and lattice constants of

is expressed by the linear velocity of the rotating copper the as-cast and quenched alloys were detected by XRD, and

wheel. the type of X-ray diffractometer used in this experiment is
D/max/2400. The diffraction was performed with CaKra-

2.2. Electrode preparation and electrochemical diation filtered by graphite. The experimental parameters for

measurement determining the phase composition were 160 mA, 40kV and

10° min~1, respectively. The powder samples were dispersed
The alloy samples were mechanically ground into powder in anhydrous alcohol for observing grain morphology with
below 250 mesh. Electrode pellet$ £ 15mm) were pre-  1EM, and for determining crystal status of the as-quenched
pared by mixing 1 g alloy powder and 1 g Ni powder as well alloys with SAD.
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Fig. 1. The relationship between the cycle number and the discharge capacity of the alloys.
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Fig. 2. The relationship between the amount of La substitution and the discharge capacity.

3. Results and discussion 3.1.3. Cycle life
The capacity retaining ratdR{), which is introduced to
3.1. Effects of substituting Mm with La on the evaluate accurately the cycle stability of the alloy, is defined
electrochemical performances as Ry = C300,300/C300max x 100%, whereCzpo,max IS the
maximum discharge capacity afi3oo,300 is the discharge
3.1.1. Activation performance capacity of the 300th cycle at 300 mAY respectively.

The activation capability is characterized by the initial ac- The La content dependence of the capacity retaining rate
tivation number. The initial activation number denoted by of the as-cast and quenched alloys was illustratefign 3.
n is defined by the number of charge—discharge cycle re-It can be seen frorkig. 3that the capacity retaining rates of
quired for attaining the maximum discharge capacity through the as-cast alloys have an almost imperceptibly change with
a charge—discharge cycle at a constant current. The cyclethe increase of La content. The capacity retaining rates of
number dependence of the discharge capacity of the as-casthe alloys with quenching rates of 22 and 28Th decreased
and quenched alloys with the current density of 60mAg  slightly with the increase of La content. However, when the
was illustratedrig. 1. It can be derived frorkig. 1that substi- quenching rates are 10 and 16 M sthe capacity retaining
tuting Mmwith La has an insignificant effect on the activation rates of the alloys decrease significantly with the increase of
capabilities of the as-cast and quenched alloys. The as-casthe amount of substituting Mm with La. The results show that
alloys were completely activated through two cycles, and the the increase of the La content is unfavourable for the cycle
as-quenched alloys with the quenching rate of 28 freeed lives of the as-quenched alloys.

four cycles to be fully activated. o )
3.2. Effect of substitution Mm with La on the phase

3.1.2. Discharge capacity structure and microstructure

The maximum discharge capacities of the as-cast and
quenched alloys were measured with constant current den-3.2.1. Phase composition and structure
sities of 60 and 300 MAQ, respectively. The relationship The phase compositions and structures of the as-cast and
between the amount of substituting Mm with La and the max- quenched alloys with the quenching rate of 22thsrere
imum discharge capacities of the as-cast and quenched alloys

was illustrated irFig. 2 Fig. 2 shows that the discharge ca- T ——Ascast  —<—22m)s

pacities of the as-cast and quenched alloys increased with s DG

the increase of La content with different discharge current g

densities. 75 —_—
When the amount of the substituting Mm with bain- >

creased from 0 to 1, the maximum capacities of the as-cast
alloys with current density of 60 mAd increased from

R, (%)
3

:65— o\o

273.45 to 304.47 mAhg, and that of the as-quenched al- &

loy obtained with a quenching rate of 10 m'sincreased oF ﬂ\g/’ﬁ
from 236.83 to 300.31 mAhtt. When the discharge current

density was 300 mAg, the capacities of the as-cast alloys 55—t 35 " v y -

increased from 205.14 to 219.85 mAhlgand that of the as-
quenched alloy obtained with the quenching rate of 10t s

increased from 163.48 to 237.38 mAh'y Fig. 3. the relationship between La content and capacity retainingRate (

La content, X
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Fig. 4. The X-ray diffraction patterns of the as-cast and quenched alloys.

determined by XRD. The obtained diagrams of the as-castof substituting Mm with La. The capacities of the as-cast and
and quenched alloys were illustratedriy. 4. Fig. 4 shows guenched alloys increasing with the increase of the amount of
that the as-cast and quenched ladloys have a two-phase  substituting Mm with La is mainly attributed to the increase
structure composed of a Cagstype main phase and a small  of the lattice constants and cell volumes of the alloys resulted
amount of CeNi7-type secondary phase, and the presence from the substituting Mm with L&17].

of the CeNi7 phase is because the alloy components are

non-stoichiometric. The Géliz-type phase almost disap- 322 Microstructure morphology

pears with the increase of the amount of substitution MM The microstructure morphologies of the as-cast and

with La. This is probably attributed to the decrease of the quenched alloys were observed by S.E.M., and the results
amount of Ce content in the alloys resulted from the substitu- \yere illustrated irFigs. 5 and 6respectively. It can be seen
tionMmwith La. The diffraction peakintensities ofthe (002)  from Fig. 5thatthe grains of the as-cast alloys are very coarse,
crystal planes of the as-cast and quenched alloys change obanq the composition homogeneity is very poor. The effect of
viously with the increase of the amount of substitution MM g stituting Mm with La on the morphologies of the as-cast
with La. This shows that substituting Mm with Lahas anin- gjjoys is obvious. The composition homogeneity of the as-
fluence on the crystal orientation in process of the alloy crys- 45t alloys becomes worse with the increase of the amount
tallizing. The lattice constants of the as-cast and quenchedgs the substituting Mm with La. The rapid quenching leads
(22ms 1) alloys were calculated from the diffraction peaks to obvious change of the morphologies of the alldig/(6).
of (101),(110), (200), (111) and (002) crystal planes of comparing with the morphologies of the as-cast alloys, the
the main phase of the alloys by a method of least squares, andapig quenching markedly refined the grains of the alloys and
cgll volumes of the alloys were calculated with formi made the component distribution of the alloys more homoge-
a“csin 60’._The calculated results were listedTable 1 It nous. And the rapid quenching led to the change of the grain
can be derived frorfn"ab!e 1that thellattllce constants and cell morphologies of the alloys from dendrite crystal to direc-
volumes of the alloys increase with increase of the amount jon | crystal. A fact worthy of remarking is that the grains of
the as-quenched alloys with the quenching rate of 10fms

Table 1 obviously coarsen with the increase of the amount of the
Lattice constants and cell volumes of the main phase in the as-cast andSubstituting Mm with LaFig. 6). This indicates that the sub-
quenched alloys stituting Mm with La had an obvious influence on the nucle-
Alloy Lattice constants Cell volumes ation and growth of the alloys in process of disequilibrium

ad) c) VA crystalliz_ing. In additi_on, with the increfase of the _amount

of substituting Mm with La, the crystalline orientations of

As-cast 22(ms') As-cast 22(ms') As-cast 22(ms') columnar crystals in the as-quenched alloys changed obvi-
Lag  5.0197 5.0198 4.0839 4.0671 89.11 88.75 ously and the consistency of the orientations of the columnar
Lagss 5.0298 5.0317 40854 4.0662 89.53 88.79 grains decreased.

Lag7s 5.0430 5.0535 4.0869 4.0669 89.46 89.94

La; 50835 50878 40874 4.0674 9145 9118 The microstructure morphologies of the as-quenched

Lag 45 alloy with different quenching rates were observed
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Fig. 5. The morphologies of the as-cast alloys (S.E.M.): (a) U8) Lag 45, (C) Lag. 75, (d) Lay.

by TEM, and the crystal states of the alloy at the different = The above-mentioned results indicate that the substituting
quenching rates were analysed with selected area electroMm with La led to an obvious change of the microstructures
diffraction (SAD). The obtained results were illustrated in of the as-cast and quenched alloys and produced significant
Fig. 7. ltcan be seen frofaig. 7thatthe morphologyand SAD  influences on the electrochemical performances of the alloys.
of the as-quenched alloy with quenching rate of 16 fwe- Generally, the activation capacity of the hydrogen storage al-
sented a microcrystalline structure, whereas a proper amountoy is directly relevant to the change of the internal energy of
of amorphous phase formed in the as-quenched alloy withthe system before and after absorbing hydrogen. The larger
quenching rate of 28 m4. the additive internal energy, which originates from oxidation

10um AT O 10u m

Fig. 6. The morphologies of the as-quenched (10 alloys (S.E.M.): (a) La; (b) Lag 45, (c) Lag 75, (d) Lay.
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Fig. 7. The morphology and SAD of the as-quencheg 4salloy taken by TEM: (a, b) morphology and SAD of the as-quenched alloy (16490 &, d)

morphology and SAD of the as-quenched alloy (28H)s

film formed on the surface of the electrode alloy, and the loys, exists in the as-quenched alloy with the quenching rate
strain energy, which is produced by hydrogen atom entering of 28 ms™1 (Fig. 7). Therefore, the substituting Mm with La
the interstitial of the tetrahedron or octahedron of the alloy has an insignificant influence on the cycle lives of the as-
lattice, the poorer is the activation performance of the alloy quenched alloys when the quenching is more than 22'ms
[18]. The results obtained by XRD show the lattice constants (Fig. 3).

and cell volumes of the alloys increase with the increase of

the amount of substitution Mm with La, and this enlarges

the radiuses of the interstitial of the tetrahedron or octahe- 3.3. Conclusions

dron of the lattice. And strain energy produced by hydrogen

atoms entering the interstitials is small. Thus, the activation 1. The rare-earth-based Co-free #8pe LaMmi_y

capability of the alloy can be enhanced. It is confirmed in
the literature[19] that the main reason of the capacity de-
cay of the electrode alloy is the pulverization and oxidation

of the alloy in process of the charge—discharge cycle. The

cycle stability of the alloy electrode mainly depends on the
anti-pulverization and anti-corrosion capabilities of the al-
loys. The increase of the radius of the interstitials of the alloy
produced by substituting Mm with La is favourable for the
anti-pulverization capability of the alloy. The larger the ra-
dius of the interstitials of the lattice, the smaller strain energy

produced by hydrogen atom entering the interstitial of the 2.

lattice, and the longer the cycle life of the alloy. The increase

of La content decreases the anti-oxidation capability of the

alloy. Therefore, the general effect of substituting Mm with

La on the electrochemical cycle stabilities of the as-cast al-

loys is insignificant. The cause of substituting Mm with La

decreasing the cycle lives of the as-quenched alloy is that

the substituting Mm with La leads to the grains of the as-
quenched alloys coarseRi@. 7) and the anti-pulverization
capability of the alloys decreased. A typical structure com-

posed of microcrystalline and amorphous phase, which is a

decisive factor of the anti-pulverization capability of the al-

(NiMnSiAlFe)s.9(x=0, 0.45,0.75, 1.0) hydrogen storage
alloys have a two-phase structure composed of a gaCu
type main phase and a small amount opBie-type sec-
ondary phase. The presence of theldie phase is be-
cause the components of the alloys are non-stoichiometric.
The CeNi7-type phase decreases with the increase of the
amount of La substitution. The substituting Mm with La
leads to the obvious change of the diffraction peak inten-
sities of the alloys and the increase of the lattice constants
and cell volumes of the alloys.

The effect of the substituting Mm with La on the ac-
tivation capabilities of the as-cast and quenched alloys
is insignificant, but that on the capacities of the as-cast
and quenched alloys is notable. The capacities of the
as-cast and quenched alloys increase significantly with
the increase of the amount of the La substitution. When
the amount of the La substitutionincreases from 0 to

1, the maximum capacity of the as-cast alloys with a
current density of 60 mAg! increases from 273.45 to
304.47mAhg?l, and the that of the as-quenched alloys
with a quenching rate of 10 mT$ increases from 236.83

to 300.31mAhg?.
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3. The increase of the amount of the La substitution has an [2] P. Li, Y.-H. Zhang, X.-L. Wang, Y.-F. Lin, X.-H. Qu, J. Power
insignificant influence on the cycle lives of the as-cast Sources 124 (2003) 285.
and quenched alloys with the quenching rates of more [3 W-K. Hu, J. Alloys Compd. 279 (1998) 295.
than 22 ms?, but its influences on the cycle lives of as- Y 'éo';]'q’;;"gs\;veggbg)-g'lshang’ J-MWULR. L, X-H. Qu, J. Alloys
quenched alloys with quenching rates of 10 and 16M's (5] w.-k. Hu, D.-M. Kim, K.-J. Jang, J.-Y. Lee, J. Alloys Compd. 269
are very notable. When the amount of the La substitu- (1998) 254.
tion x increases from 0 to 1, the capacity retaining rate [6] P. Li, X.-L. Wang, Y.-H. Zhang, R. Li, J.-M. Wu, X.-H. Qu, J. Alloys
of the as-cast alloys increases from 59.16 to 59.86%, and - \(/:V"_”}zp?_'lu%a (ZLZ?)ST& i, S Jeon 1. Lee. 3. Allovs
that of the as-quenched alloys with the quenching rate of C(')mbd_ 2’68'(199é) 261 T T - ATY
28 ms 1 decreases from 77.78 to 74.90%, whereas the ca- [8] W.-K. Hu, J. Alloys Compd. 289 (1999) 299.
pacity retaining rates of the as-quenched alloys with the [9] D. Chartouni, F. Meli, A. Zttel, K. Gross, L. Schlapbach, J. Alloys
quenching rate of 10 and 16 msdecrease from 78.69 to Compd. 241 (1996) 160.
62.29 and 83.92 to 64.97%, respectively. One of the main [19] K. Yashda, J. Alloys Compd. 253-254 (1997) 621. .
reasons of the substituting Mm with La decreasing the cy- [11] /s Zuttel, D. Chartouni, K. C_%ross, P. Spatz, M. Bachler, F. Lichten-
. . i erg, A. Folzer, N.J.E. Adkins, J. Alloys Compd. 253-254 (1997)
cle lives of the as-quenched alloys is that the increase of g2
the amount of the substituting Mm with La leads to the [12] N. Higashiyama, Y. Mastuura, H. Nakamura, M. Kimoto, M.

grains of the as-quenched alloys coarsen. Nogami, I. Yonezu, K. Nishio, J. Alloys Compd. 253—-254 (1997)
648.
[13] G.D. Adzic, J.R. Johnson, S. Mukerjee, J. McBreen, J.J. Reilly, J.
Alloys Compd. 253-254 (1997) 579.
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