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Effects of cobalt replacement by nickel, manganese, aluminium and iron
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Abstract

Cobalt has been partially or totally replaced by other elements such as Ni, Mn, Al or Fe in MmNi, .Mn, , A, ,Co composition in
order to evaluate the effects on microstructure and electrochemical properties (capacity, cycle life, corrosion . ..). The cycle life of the
electrodes for which cobalt has been replaced by nickel or manganese is strongly diminished. However, interestingly, Fe-containing
electrodes behave as well as Co-containing electrodes in terms of cycle life, despite a slight capacity reduction. Moreover, the SEM
picture revealed that in a similar way to Co, Fe reduces the alloy pulverisation during cycling. This result is in agreement with a low
discrete lattice expansion for these Fe-containing alloys.
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1. Introduction 2. Experimental

The standard AB composition used for metal hydride 2.1. Preparation and characterisation of the alloys

electrodes in Ni—MH batteries is

MmNi; Mny Al ;€O 4,5 (A=Mm for mischmetal, a The alloys were prepared by melting the pure elements
mixture of rare earth; BNi, Mn, Al and Co) [1,2]. The (La, Ce, Nd, Pr: 99.9%; Ni: 99.95%; Mn, Co: 99.99%; Al:
presence of cobalt allows one to enhance the cycle life 99.9%; Fe: 99.98%) in an induction furnace on a water-
possibly due to the reduction of the lattice expansion cooled cooper crucible under a secondary vacuum. They
occurring during the hydrogen absorption [1,3-5]. How- were annealed in order to obtain good homogeneity, single
ever, cobalt is expensive and drastically increases the total phase character and have been characterised by optic:
alloy cost. Therefore, many works have been carried out in microscopy, electron probe microanalysis (EPMA) and
order to reduce its content. This was achieved recently by powder X-ray diffraction (XRD). The pressure—composi-
Cocciantelli et al. [6] who have shown that increasing the tion isotherm curves were measured with a Sievert's type
stoichiometry (ratio B/A) from 5 to 5.3 allows one to apparatus atCly absorption of H gas. In order to

reduce the cobalt rate from 10% (0.75Co/AB ) to 5% in measure the discrete lattice expawsids (V, -V, )/V,]
weight (0.40Co/AR ; ) without a significant decrease of occurring during the transition droon hydride, XRD
the cycle life. In the present work, the effects of a further has been used on partially hydrogenated samples.
decrease of the cobalt rate are investigated by means of

partial or total replacement of cobalt by other elements. 2.2 Electrochemical measurement

The crystallographic and electrochemical properties of
(Mm)-based alloys with the composition of
MmNi, o Mn Al ;€0 (M, (x=0, x=0.25, x=0.4,
M=Ni, Mn, Al, Fe) were examined.

Each electrode was prepared by mixing alloy powder
(<63 pm) with a PTFE suspension and nickel powder in
the weight ratio of 65% alloy, 30% Ni powder, 5% PTFE.

*Corresponding author. Tel.+ 33-1-4978-1207; fax:+33-1-4978-  1he Mixture was then mechanically pressed onto a nickel
1203. grid attached to a nickel connection. Cells consisted of a
E-mail address: sonia.vivet@glvt-cnrs.f(S. Vivet). negative electrode and two positive foam electrodes iso-
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lated from each other by a polyolefine separator. 8.7 M 90.4
KOH aqueous solution is used as electrolyte. .
After a preliminary charge at C/10 (30 mA/g) for 2 h, 90.0

cells were stored during 3 h at 70 in order to remove
surface oxide. For the 10 activation cycles and discharge & %€
capacity, the electrodes were submitted to 16 h charge at 2 1
C/10 rate, 1 h rest and discharge at C/5 rate (60 mA/Q)
down to 0.9 V cut-off voltage. Accelerated cycling be-
tween discharge capacities measurements were carried out®
at C rate (300 mA/g) for 48 min in discharge and 52 min

in charge.
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Fig. 1. Unit cell volume as a function of x in
3. Results MmN, ,Mn , Al ,Co .M, alloys.

Compositions ~ correspond to  the  formula are presented in Fig. 2 and the experimental values are
MmNi, ,Mn, Al €0 (. M, with x=0 (5 wt.% Co), listed in Table 2. Highest solid—gas capacities are observed
x=0.25 (2 wt.% Co0)x=0.4 (0 wt.% Co) and M=Ni, Mn, for Ni-rich compounds and Co-containing compounds. On
Al, Fe. Stoichiometry (B/A ratio) is 5.3 and the mischmet- the contrary, total substitution of cobalt by aluminium and
al is La enriched (MrnsLa, ,Ce, ,,Nd, sPry o). Table 1 iron induces capacity decreases of 4.7 and 3%, respective-
presents the results of the metallurgical characterisation ofly. In Al-rich compounds, this decrease is explained by the
the alloys, labelled by M with M the substituted element precipitation of an f.c.c. secondary phase which does not
andn the cobalt weight percent rate. absorb hydrogen and by the presence of aluminium which

In Al, and Al, alloys, precipitation of an f.c.c. sec- is known to decrease hydrogen capacity [7]. Plateau
ondary phase is observed 2 wt.%) in agreement with the  pressure decrease when Co is substituted by Fe, Mn and Al
measured stoichiometry of the main phase (5.18 and 5.06,is consistent with the observed cell volume increase.
respectively) showing that aluminium content displaces the X-Ray diffraction on partially hydrogenated Ni-rich
homogeneity range limit towards lower B/A ratio. More- samples (Nj and Ni ) reveals two alpha and two beta
over, the X-ray diffraction pattern of Ni shows unex- phases coexisting. This result concurs with the presence of
pected peak shouldering. This was attributed to the pres-two CaCy phases observed by X-ray diffraction measure-
ence of two distinct CaCu phases with slightly different ments on Nj intermetallic compound and suggests that the

compositions and lattice paramete®, £5.011 A, ¢,= same behaviour occurs in Ni sample. X-Ray diffraction
4.069 A for main phase and,=5.013 A, c,=4.050 A). on samples partially hydrogenated shows that the lattice
Highera and lowerc values for the second phase indicates expansion is strongly reduced for Fe-containing alloys.

a smaller B/A ratio for this phase. Other samples show The discharge capacity of the
single phase character and analysed composition close to MmN , Mng , Al Co, M electrode as a function of
nominal with a B/A ratio close to 5.3. Cell volumes cycle number is shown in Fig. 3. The highest discharge
plotted in Fig. 1 are in agreement with the atomic radii of capacities are obtained when cobalt is substituted partially
the substituted elements. or totally by nickel or manganese, but the cycle life is

The pressure—composition isotherms measured 8640 diminished. Substitution of cobalt by aluminium yields not

Table 1
Metallurgical characterisation of the alloys
Reference X Alloy XRD EPMA
Cell parameters Volume Second B/A Second phases
s .. A® i 9
a(h) cA) (AY) phases ratio (at.%)
Co, 0 MmNi, -Mn, Al Co 4, 5.015 4.063 88.52 - 5.28 -
Ni, 0.25 MmNi, ;,Mn, Al €0 ;45 5.013 4.066 88.50 - 5.28 -
Mn, 0.25 MmN, o,Mng gAl  £0 (15 5.031 4.086 89.55 - 5.23 -
Al, 0.25 MmNi, ,,Mn Al o ,£0 ;. 5.032 4.081 89.49 - 5.18 Ni Mn Al Co
Fe, 0.25 MmN, o, Mn, o, Al Fe, ,:C0q 15 5.023 4.073 89.01 - 5.30 -
Ni, 0.4 MmNi, ,.Mn, Al , 5.011 4.069 88.48 AB (39%) 5.34 -
Mn, 0.4 MmNi, o,Mn, Al ., 5.042 4.093 90.14 - 5.17 -
Al, 0.4 MmNi, o Mn Al (¢ 5.044 4.083 89.96 Ni cfc (4%) 5.06 N Mp Al

Fe, 0.4 MmN, o, Mn oAl , Fe, ., 5.026 4.076 89.18 - 5.26 -
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Fig. 2. Desorption isotherm at 4G for MmNi, ,,Mn, ;Al ,Co ,, ..M, compounds.
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Table 2

Data obtained from hydrogen pressure—composition isotherms and electrochemical measurements for, MmNi Mn , Al Co M compounds

Reference Alloys P P2 Co c. AV/IV © C C 4L g
(bar) (bar) (H/mol AB ;) (mAh/g) (%) (mAh/g) (%)

Co, MmNi, o,Mn, Al ;€0 o, 0.37 0.27 5.56 337 10.46 295 97

Ni, MmN, ,Mn , Al ,Co . 0.39 0.35 5.58 338 10.3/15.4 304 94

Mn, MmNi, Mn oAl (GO 4.0 0.08 0.07 5.47 332 10.70 298 92

Al, MmMNi , oMn Al G0 415 0.07 0.06 5.30 327 10.45 284 93

Fe, MmNi, o,Mn, Al ; Fe ,,£0 ;15 0.19 0.17 5.38 327 9.07 286 94

Ni, MmNi, ,Mn Al o, 0.39 0.35 5.51 334 11.9/17.4 297 87

Mn, MmNi, (Mn , (Al 0.04 0.03 5.60 340 12 293 78

Fe, MmNi, ,,Mn, Al ,Fe . 0.17 0.15 5.40 328 8.81 282 95

® Absorption pressure.
® Desorption pressure.

° Solid—gas capacity measured under 10 bar of hydrogen gas.
¢ Solid—gas capacity converted into electrochemical units.
“Volumic discrete lattice expansion occurring during the formation of the hydride phase.
"Maximal discharge capacity obtained by electrochemical measurements.
9 Capacity after 200 cycles divided by the maximal discharge capacity.
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Fig. 3. Discharge capacity as a function of cycle number for the
MmNi, ;,Mn Al ;Co ,, .M, (x=0.25,x=0.4) electrodes.

only a strong discharge capacity decrease but also a cycle
life decrease (capacity loss about 18% between 13th cycle
and 330th cycle for AJ alloy). However, interestingly
Fe-containing electrodes behave as well as Co-containing
electrodes in terms of cycle life despite a slight initial
capacity reduction about 5%. Scanning electron micro-
scopy (SEM) pictures of MmNiy, Mg Ab, My, (M=

Co, Mn, Fe) cycled electrodes (Fig. 4) revealed that, in a
similar way to cobalt, iron reduces the alloy pulverisation.
After 300 cycles, the effect of the pulverisation of
MmNi, o Mn Al (M o ,(M =Mn) is noticeable (grain
size=5 pm) while, for Fe and Co-containing alloys the
pulverization is scarcely observed (grain siZeb—20wm).

4. Discussion and conclusion

Alloys corresponding to the general formula
MmNi, o Mn Al €0 (M, with x=0 (5 wt.% Co),
x=0.25 (2 wt.% Co)x=0.4 (0 wt.% Co) and M:-Ni, Mn,

Al, Fe were elaborated in order to evaluate the effects of
composition changes on the electrochemical properties ©)

(Capa(?lty' CyC|e.|If.e’ corrosion . ...). For Ni-rich a"‘?ys G_\“ Fig. 4. SEM micrographs after 300 electrochemical charge/discharge
and Ni,), two distinct CaCy phases are present in spite of ¢ycles of MmN, ., Mn, .,Al, Co, ., M, electrode (Ax=0, (B) x=0.4,
annealing, one of which having a lower stoichiometry. In. M=Mn, (C) x=0.4, M=Fe.

’ N CEMT= 500KV ) '

—| Mag= 500X
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no detrimental effect on the positive electrode capacity was
observed using iron containing alloys [10].
Development of Co-free electrodes is the major chal-
lenge for industrial low cost development of Ni—MH
batteries. Iron, which is relatively inexpensive, could be
used to replace expensive cobalt entirely or partly in
Ni—MH secondary cell but improvement are still needed in
terms of capacity.

Al, and Al, compounds, the high aluminium content
lowers the over stoichiometric range and induces the
presence of a second phase. Alloys in which cobalt has
been substituted by iron and manganese show single phase
character and a B/A ratio close to 5.3. Maximal discharge
capacities obtained by electrochemical measurements are
in agreement with solid—gas capacity. These two tech-
nigues show a capacity lowering of about 3 to 4% when
cobalt is substituted by iron or aluminium. This reduction
of the amount of hydrogen absorbed is also observed in
ternary LaNi_,Fe [8] and LaNi, Al [7] and is ex-
plained by a reduction in the number of occupied sites
(6m, 12n, 4h). In our case, the capacity lowering of Al
and Al, is also ascribed to the presence of the secondary
phase.

While the role of the second Cagu phase in,Ni and
Ni, on the cycle life properties can hardly be evaluated, it
is clear that cobalt replacement by manganese and alu-
minium drastically reduce the cycle life. As this replace- References
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