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Abstract

The microstructures of the rare-earth-based-ABe MmM(NiMnSiAl),3Coy6_.Fe, (x=0,0.1,0.2, 0.3, 0.4, 0.5, and 0.6) hydrogen storage
alloys were analysed by XRD, SEM and TEM, and electrochemical characteristics of the as-cast and quenched alloys were measured. T}
effects of substituting Co with Fe on microstructures and electrochemical characteristics of the as-cast and quenched alloys were investigate
in detail. The obtained results show that the effects of substituting Co with Fe on the phase structures of the as-cast and quenched alloys a
imperceptible, but its effects on electrochemical characteristics of the alloys are notable. The discharge capacities decrease, but the cycle liv
of the alloys were improved with the increase of the amount of Fe substitution. Especially, substituting Co with Fe can significantly enhance
the cycle lives of the as-quenched alloys, which is mainly attributed to the grain refinement caused by substituting Co with Fe.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrochemical performance enhancement and the cost re-
duction of the hydrogen storage alloy are extremely critical
Since the commercialization of small size Ni-MH cells to competition. The studies of the positive electrode of Ni-
in 1990, it has gained a good share in the severe competi-MH battery have already attained high level, and its capacity
tion of the rechargeable battery market for several years. Thenearly approached to theoretical one. For the negative mate-
application prospect of Ni-MH cells attracted researchers’ in- rials, the electrochemical capacity of current advanceg-AB
terest all over the world. In the very recent years, however, the type alloys has reached 310-330 mAh/g. Therefore, further
rechargeable Ni-MH cells are facing serious challenge ow- improvement on the capacity of ABype alloys seems to
ing to quick development of Li-ion cells. On the one hand, be difficult since the theoretical capacity of LgN$ about
the Li-ion cells show higher energy density than the Ni-MH 372 mAh/g. In order to broaden application field of Ni-MH
cells per unit weight or volume. On the other hand, the pro- batteries and enhance their competition abilities, a realistic
duction cost of Ni-MH battery-based on the current technol- approach is to reduce the production cost of hydrogen stor-
ogy also limits its widespread applications because low-cost age alloy. According to the typical ABtype alloy formula,
Pb-acid batteries are still dominating the sector. Thus, the e.g. MMNg5C0y.75sMng 4Alg.3, Co content takes up about
10wt.% and 40-50% share of the total cost of the raw ma-
* Corresponding author. Tel.: +86-10-62187570; fax: +86-10-62182296. tenals_’ and the price of Co is mcreasmgly gomg UD_m, In-
E-mail addresseszyh59@yahoo.com.cn, fjigrace@vip.sina.com ternational market. Due to Co reserves, it is unrealistic to
(Y.-h. Zhang). expect the great slump of Co price. Thus, researchers have
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naturally paid much attention on the decrease of Co contentThe experimental parameters for determining phase structure
in the alloys [1-9]. Although researchers have done much are 160 mA, 40kV and 10min, respectively. The powder
work in preparing low-Co and Co-free hydrogen storage al- samples were dispersed in absolute alcohol for observing the
loys around the world, the obtained results are still unsatis- grain morphology with TEM. The granular morphologies and
factory [4—7]. The main problem is that the cycle stabilities of the chemical component change of the surface of alloy elec-
low-Co and Co-free AB-type electrode alloys are very poor trode before and after electrochemical cycle were observed
because the function of Co on the cycle stability ofsAlgpe and analyzed by SEM in order to reveal the mechanism of
hydrogen storage alloy is extremely important [10]. In order the efficiency loss of the alloy electrode.
to improve the cycle stabilities of low-Co and Co-free hy-
drogen storage alloys, multi-component A&pe hydrogen 2.3. Electrode preparation and electrochemical
storage alloy with single phase or two-phase structure havemeasurement
been prepared by rapid quenching in our previous research
[1-3], and investigation results show that low-Co and Co-  The parts of the as-cast and quenched alloys were mechan-
free ABs-type hydrogen storage alloys with high capacity ically ground into powder below 250 mesh. Electrode pellets
and long cycle life can be prepared by scientific composition (d = 15 mm) were prepared by mixing 1 g alloy powder and
design and using rapid quenching technique. The paper stud-l g Ni powder as well as a small amount of polyvinyl alco-
ied the effects of substituting Co with Fe on the microstruc- hol (PVA), and then compressed under a pressure of 35 MPa
tures and electrochemical characteristics of the as-cast andor 5 min. After drying for 4 h, the electrode pellets were im-
quenched MmM(NiMnSiAl 3Coys_Fe, (x=0,0.1,0.2,0.3, mersed in KOH (6 M) solution for 24 h in order to wet fully
0.4, 0.5, and 0.6) electrode alloys, and obtained some impor-the electrodes before the electrochemical measurement. The
tant results. electrode pellet was fixed on the outgoing line of a negative
electrode of an open tri-electrode cell and the electrochemi-
cal characteristics were measured. Ni(@MNJOOH was the

2. Experimental positive electrode of the experimental cell, Hg/HgO the ref-
erence electrode and 6 M KOH solution the electrolyte. The
2.1. Alloy preparation voltage between the negative electrode and the reference elec-

trode was defined as the discharge voltage. Every cycle was

The chemical compositions of the experimental alloys are overcharged to about 30% with constant current, resting for
Mm(NIMnSiAl) 43Cop6—xFe (x=0,0.1,0.2,0.3,0.4,0.5, 15min and—0.500V cut-off voltage. The activation perfor-
and 0.6). Corresponding with Fe contanthe alloys arerep-  mance and the maximum discharge capacity were measured
resented with kg Fer, Fe, Fes, Fey, Fes, and Fg. The purity with a current density of 60 mA/g, and the cycle life with a
of all the component metals (Ni, Mn, Co, Si, Al, and Fe) is at current density of 300 mA/g. The environmental temperature
least 99.7% Mm denotes Ce-rich Mischmetal (23.70 wt.%La, of the measurement was kept at°8Q
55.29 wt.%Ce, 5.31 wt.%Pr, and 15.70 wt.%Nd) with the pu-
rity of 99.85wt.%. The alloys were melted in an induction
furnace in an argon atmosphere and cooled in a water-cooling3. Results and discussion
copper mould, and the parts of the as-cast alloys were re-
melted and quenched by melt-spinning with a rotating cop- 3.1. Microstructure
per wheel, obtaining flakes of the as-quenched alloy with
quenching rates of 10, 16, 22 and 28 m/s. The quenching rate3.1.1. Phase composition and structure

is expressed by the linear velocity of the copper wheel. The phase composition and structure of the as-cast and
quenched alloys were determined by XRD. The X-ray diffrac-

2.2. Microstructure determination and morphology tion diagrams of the electrode alloys were illustrated in Fig. 1.

observation It can be seen from Fig. 1 that the as-cast alloys have a two-

phase structure composed of a Cg@ype main phase and

The samples of the as-cast alloys were directly polished a small amount of CNi;-type secondary phase. The effect
and flakes of the as-quenched alloys were inlaid in epoxy of substituting Co with Fe on the two-phase structures is not
resin for polishing. The samples, thus prepared, were etchedobvious. After the alloys are quenched with quenching rate
with a 60% HF solution. The morphologies of the as-cast of 22 m/s, the amount of G8li; secondary phase decreases
and quenched alloys were observed by SEM. The samplesand the diffraction peak intensity of the (00 2) crystal plane
of the as-cast and quenched alloys were pulverized by me-increases notably. It can be seen from Fig. 1(b) that the in-
chanical grinding, getting the power samples with the size tensities of the diffraction peaks of the as-quenched alloys
less than 5gum. The phase structures and lattice parameters with different composition are basically uniform. This shows
of the as-cast and quenched alloys were determined by X-that the crystalline orientation of the as-quenched alloys is
ray diffractometer of D/max/2400. The diffraction was per- more homogeneous. The lattice constants of the as-cast and
formed with Cuk,1 and the rays were filtered by graphite. quenched alloys were calculated from the diffraction peaks
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Fig. 1. The X-ray diffraction patterns of the as-cast and quenched alloys (a) as-cast (b) as-quenched (22 m/s).

of (101),(110), (200), (111) and (002) crystal planes of energy spectrum analysis with SEM, which were listed in
the main phase of the alloys by a method of least squares andrable 2, show that the as-cast alloys are composed of Mm-
cell volumes of the alloys were calculated with formia rich main phase (shallow black regions) and Ni-rich main
a?csin60. The calculated results were listed in Table 1. It phase (white gray regions) as well as a trace ojNig

can be derived from Table 1 that the lattice constants and cellphase (small white regions). The morphologies and distri-
volumes of the alloys slightly increased with the increase of butions of Mm-rich and Ni-rich phase vary with the increase
the Fe content, but several exceptions exist among the experof the amount of substituting Co with Fe. It displays that
imental results. This shows that the compositions of different the concentration distribution of Mm-rich phase is changed
part of as-cast alloy ingot have a large deviation from the into dispersion distribution with the increase of the amount

nominal composition of the alloy. of substituting Co with Fe. The reason for the presence of
CexNi7 phase is that the composition of the alloys is non-
3.1.2. Microstructure morphology stoichiometric. It can be seen from Fig. 2 that the amount of

The microstructure morphologies of the as-cast alloys the CeNi7 phase decreases gradually with the increase of
were observed by SEM, and the results were illustrated in the Fe content. This is in agreement with the results analyzed
Fig. 2. Fig. 2 shows that the grain sizes of the as-cast al- by XRD.
loys are very large and the composition homogeneity of ~ The longitudinal section morphologies of the as-quenched
the as-cast alloys is very poor. The results of micro-zone alloys with a quenching rate of 22 m/s were observed by SEM

and the results were illustrated in Fig. 3. The grain of the as-

Table 1 guenched alloys is markedly refined with the increase of the
Lattice constants and cell volumes of the main phase in the as-cast andFe content although the same rapid quenching technology

quenched alloys is used. The mechanism of substituting Co with Fe refining
Alloys  Lattice constants Cell volume grains of the as-quenched alloys needs to be investigated fur-
a(d) cA) I E ther. The microstructure morphologies of the as-quenched

alloys were observed by TEM and crystalline states of the
as-quenched alloys were determined with SAD. The results

As-cast 22m/s As-cast 22m/s As-cast 22m/s

Fe 4.991 4.988  4.053 4.058 8741 87.42  were illustrated in Fig. 4. Fig. 4 shows the as-quenchegd Fe

Fer 4.995 5005 4.063 4058 87.78 8804 andFe alloys have microcrystalline structures. The effect of

Fe 5.006 4994  4.064 4061  88.19 87.72 bstituting Cowith F li fth hed
Fes 4998 5042 4089 4057 8845 gg 35 Su stlt.utlng ov_wt eonerysta ine state of the as-quenche

Fey 5.013 5019  4.075 4071  88.65 gg.79  alloysis almostimperceptible. The as-quenchegidrel Fq

Fes 5.026 5.021  4.078 4072  89.19 88.89  alloys with quenching rate of 22 m/s have an obvious ten-

Fes 5.020 5.020 4.084 4.067 89.11 88.75 dency to form amorphous phase.
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Fig. 2. The morphologies of the as-cast alloys (SEM) (a) B® Fe, (c) Fe, (d) Fe, (e) Fe, and () Fe.

3.2. Electrochemical characteristics a charge—discharge cycle at a constant current density. The
cycle number dependence of the discharge capacities of
3.2.1. Activation performance the as-cast and quenched alloys is illustrated in Fig. 5, the

The activation capability is characterized by the initial ac- charge—discharge current density being 60 mA/g. All of the
tivation number. This initial activation number denoted by as-cast and quenched alloys have an excellent activation per-
n is defined by the number of charge—discharge cycles re-formance. The as-cast and quenched alloys can be completely
quired for attaining the maximum discharge capacity through activated through two to four charge—discharge cycles. The

Table 2
The compositions of the main phases of the as-cast alloys (at.%)
Alloys Main phases Mm Ni Mn Al Si Co Fe Fe/Co
Fey Rich Mm 1793 5655 713 417 198 1221 0 -
Rich Ni 1538 6773 526 194 086 854 0 -
Fe Rich Mm 1725 5732 695 398 201 831 417 050
Rich Ni 1502 6812 531 228 087 538 294 055
Feq Rich Mm 1731 5631 752 374 201 457 844 185
Rich Ni 1497 6904 418 213 102 291 566 194
Fes Rich Mm 1758 5583 846 368 213 0 1224 -

Rich Ni 1471 7012 4060 273 091 0 744 -
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Fig. 3. Longitudinal section morphologies of the as-quenched (22 m/s) alloys taken by SEM, (@)F& , (c) Fe, (d) Fe;, (e) Fa, and () Fe.

substituting Co with Fe has a slight influence on the activa- 3.2.2. Discharge capacity

tion capability of the as-cast alloys. Generally, the activation =~ The maximum discharge capacities of the as-cast and
capability of the hydrogen storage alloy is directly relevant quenched alloys were measured with charge—discharge cur-
to the change of the internal energy of the system before rent density of 60 and 300 mA/g, respectively. The amount of
and after absorbing hydrogen. The larger the additive inter- substituting Co with Fe dependence of discharge capacities
nal energy, which originates from oxidation film formed on of the as-cast and quenched alloys is illustrated in Fig. 6. It
the surface of the electrode alloy, and the strain energy, whichcan be seen from Fig. 6 that the discharge capacities of the
is produced by hydrogen atom entering the interstitial of the as-cast and quenched alloys decrease with the increase of Fe
tetrahedron or octahedron of the alloy lattice, the poorer is the content. When the Fe contexincreases from 0 to 0.6, the
activation performance of the alloy [11]. Obviously, decisive maximum discharge capacities of the as-cast alloys decrease
factors of the activation capability of the alloy are the phase from 300.33 to 273.45 mAh/g and the maximum discharge
structure, surface characteristic, grain size and interstitial di- capacities of the as-quenched alloys with quenching rate of
mensions of the alloy [12]. Substituting Co with Fe improves 16 m/s decrease from 303.77 to 231.71 mAh/g. Obviously,
slightly activation performances of the as-quenched alloys. the influence of substituting Co with Fe on the capacity of
This is mainly attributed to the grain refinement of the as- the as-quenched alloy is more significant than on that of the
guenched alloys produced by substituting Co with Fe. The in- as-cast alloy. It can also be seen from Fig. 6 that the capac-
crease of the lattice stress is inevitable when hydrogen atomsdties of the as-quenched alloys, when the Fe conter®.2,
enter into the interstitials of the cell. The grain refinement decrease slightly with the increase of the Fe content. Contrar-
increases grain boundary area. The grain boundary probaily, the capacities of the as-quenched alloys decrease greatly
bly is a buffer area of the releasing of the lattice stress and with the increase of the Fe content. It is probably attributed
strain energy, and enhances activation performances of theo the increase of the lattice stress of the as-quenched alloys
alloys. produced by substituting Co with Fe.
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Fig. 4. The morphologies and SAD of the as-quenched (22 m/s) alloys taken by TEM (a) (b) morphology and SARBlloff€) (d) morphology and SAD
of Fey alloy.
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Fig. 5. The relationship between the cycle number and the discharge capacity of the alloys (a) as-cast and (b) as-quenched (22 m/s).
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Fig. 7. The relationship between the Fe content and high rate discharge
ability. tuting Fe with Co on the cycle stability of the as-quenched
alloys includes two favourable and unfavourable aspects. The
3.2.3. High rate discharge ability (HRD) grain refinement and the increase of the cell volume resulted
Fig. 7 shows the relationship between the Fe content andfrom substituting Fe with Co is favourable, but the decrease
1C rate discharge abilities of the as-cast and quenched alloysof anti-corrosion ability produced by substituting Fe with Co
It can be seen from Fig. 7 that the rate discharge abilities of is unfavourable. Therefore, it is certain that the capacity re-
the alloys decrease with the increase of the Fe content. Whertaining rateR;, of the as-quenched alloy has a maximum value
Fe content increases from 0 to 0.6, the rate discharge abili-with the variety of the amount of substituting Fe with Co.
ties of the as-cast alloys decrease from 84.49 to 75.02% and  The cycle stability of the electrode alloy is an overwhelm-
that of the as-quenched alloys with quenching rate of 10 m/sing factor of the life of Ni-MH battery. The root cause of
decreases from 79.69 to 69.03%. The rate discharge abilityleading to the efficacy loss of battery is on negative electrode
is a dynamical problem of alloy electrode discharging. All rather than on positive electrode. The reason for substituting
factors, which decrease the diffusion capability of hydrogen Co with Fe enhancing the cycle life of the as-cast alloys is
atoms, decrease the high rate discharge ability of the alloys.mainly attributed to substituting Co with Fe leading to ho-
Fe decreases the diffusion capability of hydrogen atoms in mogeneous distribution of Mm-rich main phase. Obviously,
the alloys and increases the activation energy of hydrogenthe uniformity of structure and composition can enhance the
atom diffusion [13]. This is the main reason why substituting cycle stability of the alloy. The main cause of substituting Co
Co with Fe leads to the decrease of the high rate dischargewith Fe enhancing the cycle stability of the as-quenched al-

abilities of the as-cast alloys.

loy is the grain refinement caused by substituting Co with Fe.

The determining factors of the cycle life of the alloy are its

3.2.4. Cycle life

anti-pulverization and oxidation capabilities. The smaller the

In order to appraise accurately the cycle stability of the al- 9rain size of the alloy, the stronger the strength and toughness,
loys, two definitions, capacity retaining rate and capacity de- and the higher the anti-pulverization capability.

cay rate, are introduced. The capacity retaining rate denoted

by R, is defined asky = gj’ngfgi x 100%, whereCszoo,max
is the maximum discharge capacity when charge—discharge 036 0
current density is 300 mA/g, arekoo,300is the discharge ca- 0.30 P—. >—a0
pacity at 300th cycles, respectively. The capacity decay rate & X fz;n C/ast \Q/
denoted byD is defined asD = m%&fom’ x 100%, S 024 1| —3— 16m/s
wheren is activation number. According to the above men- < T 2ms
tioned definitions, it can be known that the larger the capacity 2 *™f
retaining rate R,), the smaller the capacity decay ra®) ( < 012 g /g
and the better the cycle stability of the alloy. The Fe content = \ <7—:§fﬂ
dependence of the capacity retaining rates and the capacity 0.06 4\ ==
decay rates of the as-cast and quenched alloys is illustrated —
0.00 L
6

in Fig. 8 and Fig. 9. Fig. 8 indicates that substituting Co with
Fe can enhance capacity retaining rates of the as-cast alloys
slightly and a maximunir, of the as-quenched alloy can be
obtained with the variety of Fe content. The effect of substi-

1 1
0.0 0.1

1 1 1 1
0.2 0.3 0.4 0.5 0]
Fe content, x

Fig. 9. The relationship between Fe content and capacity decayDate (
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201

Fig. 10. The granular morphologies of as-cast alloys before and after electrochemical cycle (SEN)H@foFe cycle, (b) Febefore cycle, (c) Reafter

cycle, and (d) Fgafter cycle.

The morphologies of the as-castgFand Fe alloy par-

ticles before and after electrochemical cycle taken by SEM
were shown in Fig. 10. Fig. 10 shows that the shapes of the
alloy patrticles before electrochemical cycle are irregular and 2.
sharp-angled. This is characteristic of mechanical pulveriza-

tion. After the as-cast peand Fq alloys passed 245 and 364

charge—discharge cycles, respectively, the morphologies of

alloy particles changed markedly, leading to the disappear-

ance of the pointedness of the particles and to the decrease

of the particle sizes. This indicates that the main reason of

leading to the capacity decay is the pulverization of the alloy.
Worthy of remark is that cycle number of the as-cagtdoy

is 119 cycles larger than that of the as-cagt&oy, whereas
the particle sizes of the galloy are still larger than those
of the Fe alloy. Therefore, it can be concluded that anti-
pulverization capability of the as-cast alloy can be improved
by substituting Co with Fe. It can be seen from the particle

morphologies after electrochemical cycle that the corrosion

and oxidation of the surface of the alloy particles are tri-
fling. This indicates that the main cause of leading to the
efficacy loss of the electrode alloy is its pulverization during
charge—discharge cycle.

4. Conclusion

1. The as-cast MM(NiMnSiAl)3Caps-Fe. (x=0,0.1,0.2,

3.

treatment with different quenching rate. The lattice con-
stants and cell volumes of the as-cast and quenched alloys
slightly increase with the increase of Fe content.
Substituting Co with Fe leads to the decrease of the dis-
charge capacity of the alloy. The effects of Fe content
on the capacities of the as-cast and quenched alloys are
different. When Fe content increases from 0 to 0.6, the
capacity of the as-cast alloy slightly decreases with the
increase of Fe content. For the as-quenched alloys, when
the Fe content <0.2, the capacities of the alloys decrease
slightly with the increase of the Fe content. Contrarily, the
capacities of the as-quenched alloys decrease greatly with
the increase of the Fe content.

The cycle stabilities of the as-cast and quenched alloys
are significantly improved by substituting Co with Fe. Es-
pecially, substituting Co with Fe can greatly enhance the
cycle life of the as-quenched alloys when Fe conteh.

It is because the grain of the as-quenched alloys can be
markedly refined by substituting Co with Fe, which en-
hance anti-pulverization capability of the alloy in process
of absorbing and desorbing hydrogen. When Fe content
is more than 0.3, substituting Co with Fe leads to the de-
crease of the cycle stabilities of the as-quenched alloys. It
probably is because substituting Co with Fe decreases the
anti-corrosion abilities of the alloys.

0.3,0.4, 0.5, and 0.6) hydrogen storage alloys have a two-Acknowledgement
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