Journal of Alloys and Compounds 356—357 (2003) 133-136

Journal of

ALLOYS
AND COMPOUNDS

www.elsevier.com/locate/jallcom

Decomposition of the LaNi.s Mp, Al ; F§ -, compound upon
electrochemical cycling studied by magnetic properties

M. Ayari® V. Paul-Boncouf” |, J. Lamlourfi , A. Percheron-Gue§an

®Laboratoire de Mécanique, Matériaux et Procédés, ESSTT, 5 Avenue Taha Hussein, 1008 Tunis, Tunisie
°Laboratoire de Chimie Métallurgique des Terres Rares, GLVT, CNRS, 2-8 Rue Henri Dunant, 94320Thiais Cedex, France

Received 10 July 2002; accepted 25 October 2002

Abstract

The effect of iron substitution for cobalt in LaNjg

MR Al Co7s

Fex=0, 0.35, 0.75) on the evolution of the storage capacity

during charge/discharge cycles has been investigated. The partial replacement of Co by Fe improves the cycle lifetime of the alloy.
However, the total substitution of Fe for Co leads to a very great loss of capacity and therefore considerable alloy decomposition may
occur during cycling, due to the corrosion process. The magnetic properties of LaNi, , Mp, Al,;,Fe  and their evolution during the

electrochemical cycle have been studied in order to characterize quantitatively the alloy decomposition. This study shows that the amount
of decomposed alloy increases with the number of cycles and leads to the precipitation of superparamagnetic Ni—Fe bimetallic particles
(d=1-10 nm). A correlation is established between the loss of electrochemical capacity, the amounts of decomposed alloy and

segregated Ni—Fe particles.
0 2002 Elsevier B.V. All rights reserved.

Keywords: Intermetallics; Hydrogen storage materials; Electrode materials; Magnetic measurements

1. Introduction

of discharge capacity vs. number of cycles. The reduction

in the capacity is closely related to the corrosion of the

Nickel-metal hydride (Ni/MH) batteries using hydro-
gen storage alloys as negative electrode material have been
developed and commercialized recently to replace re-
chargeable Ni/Cd batteries which are toxic [1]. The AB
type hydrogen storage alloy Mm(Ni, Mn, Co, Al) is now
extensively used in commercial batteries [2,3]. About 10
wt% of Co is necessary to extend the battery lifetime, but
this is very expensive: it amounts to almost 40% of the
total cost of the alloy. A reduction or elimination of the
cobalt in these alloys would considerably lower their cost
[4]. The effect of cobalt substitution by other elements has
been therefore studied extensively [5,6]. It has been shown
that alloys in which cobalt is partially substituted by iron,
which is relatively inexpensive, maintain a good cycling
stability [7—10]. The lifetime of the electrodes depends on
the amount of substitution. This is more apparent in plots

alloy in the aqueous KOH electrolyte [11]. In addition,
during the charge and discharge process, the increase a
decrease of the volume of the compound due to hydrogen
absorption leads to a decrepitation into smaller grains
[2,12]. This generates an increase in the surface area, and
therefore an increase in the alloy’s decomposition rate. The
corrosion products were identified by X-ray diffraction,
scanning electron microscopy and transmission electron
microscopy. These techniques allow one to identify the
nature of the segregated elements, but are not quantitative.
Magnetization measurement, which is a bulk method, has
already been used to determine the size and the amount o
segregated superparamagnetic Ni, (Ni—Co) particles in
LaNi type compounds submitted to hydrogen absorption—
desorption either in solid—gas or electrochemical cycles
[10,14,15].

The purpose of the present paper is to study the effect of
iron substitution on the electrochemical behavior of
LaNi; ;sMn, Al , €O 55 ,F& compounds x0, 0.35,
0.75) and, using magnetic measurements, to characterize
guantitatively the alloy decomposition for=0.75 after
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cycling, in order to get a better understanding of the Co by Fe improves the cycle lifetime of the alloy: after 50

corrosion process. cycles only 1.9% of the maximum capacity was lost for
x=0.35 compared to 14% fox=0. However, a total
substitution X = 0.75) leads to a 66% loss of the discharge

2. Experimental techniques capacity after 50 cycles.

All intermetallic compounds were prepared and char- 3.2. Magnetic measurements
acterized as described in Ref. [10]. The electrodes were

prepared using the latex technology with the conditions of Since the total Fe substitution leads to a very great drop
Refs. [10,16]. in capacity, a substantial amount of alloy decomposition

A 5 h 30 mincharge at C/5 rate (60 mAg ), 15 min was suspected upon cycling, due to corrosion process. To
rest and a discharge at C/5 rate (60 mA'g ) down to 0.9 guantify this decomposition, magnetic measurements were
V cut-off voltage, were performed to measure the electro- performed on the starting intermetallic compound and after
chemical capacity evolution. The magnetization measure- 10, 20 and 50 cycles forc.LaNp, Mn, Al,;Fe . The
ments were carried out using a DSM 8 magneto-suscep- intermetallic compound is ferromagnetic with a Curie
tometer with an applied magnetic fields2 T, and a temperature Fcl140 K (Fig. 2a). Upon cycling, the
temperature range between20=850 K. We used also a proportion of segregated particles increases at the expense
Quantum Design SQUID magnetometer with field up to of the intermetallic compound. After 50 cycles and above
5.5 T and temperature range between 5 and 300 K. For the 140 K, the magnetization of the cycled alloy becomes
magnetic measurements above room temperature the sam- larger due to the segregated particles’ contribution, where
ples were sealed under secondary vacuum in silica tubes in as the jump in the magnetization at Tc decreases, due t
order to avoid oxidation. the loss of intermetallic compound (Fig. 2a). The amount

of alloy remaining X,) can be calculated by extrapolating

3. Results and discussion
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3.1. Electrochemical measurements INE))
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Fig. 1 shows the discharge capacity versus the number R i
of cycles of the negative electrodes consisting of T 61 2, N AM,
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Fig. 2. (a) Magnetization versus temperature for the intermetallic com-

n (cyc|es) pound LaNj ., Mn, ,Al, JFe, ;5 before and after 50 cycles with an applied
field of 300 Oe. ForAM, and AM,. See text. (b)AM,/AM, ratio versus
Fig. 1. Discharge capacity versus number of cycles for the compounds applied field, the amount of remaining alloy is calculated with a linear fit

LaNi, ;:Mn Al ,Co .. [Fe &=0, 0.35, 0.75). extrapolated td = 0.
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to H =0 the ratio of the difference of the magnetization

curves M(H) before Tc (100 K) and after Tc (200 K) 1.0+Aﬂ‘l !
X, = AM,/AM, (Fig. 2b), AM, and AM , are respectively 1 %&m
the difference of magnetization of intermetallic and cycled 0.84 A A‘°°

alloys between 100 and 200 K. The calculated values for

< Ni
10, 20, and 50 cycles are reported in Table 1. g 0.64 ‘ _

The segregated particles are formed by transition metals. €2 \ o
In order to check if there is an alloying effect we have 2 0.4 / o‘q .
compared the Curie temperature of the alloy after 50 E 50 cycles \ %
cycles to that of Ni and Ni., Fg,s (corresponding to the 0.2- \_
initial alloy composition) by performing high temperature o\
measurements. As seen in Fig. 3, the Tc of the segregated 0.04——— . . w_
particles in the cycled alloy (800 K) is closer to that of the 300 400 500 700 800 900
Ni,; cFe, 75 alloy (820 K) than to pure Ni (620 K). This T(K)
result shows that the segregated particles are bimetallic
with a small Ni enrichment compared to the starting Fig. 3. Normalized magnetization versus temperature for Nj, Ni , Fe
composition. At 300 K, the saturation magnetization of 219 L8NbssMno.4Alo Feq 5 after 50 cycles.

(Ni,Fe) is 98.4 emu/g.
To determine the quantity and the size of the segregated

particles, the magnetization of the bulk alloy was multip- 401T=5 KH/._:ELH__.——._.
lied by x, and subtracted from that of the cycled alloy for 304 A A A —A—A—A—a

A
temperatures ra'nging from 5 to 300 K (Fig. 4). As in Ref. B ) asassst 50 C
[10], these particles are considered as superparamagnetics
and all the curve differences were fitted with a sum of two E 10 W__.-a_._—.——o—owo

Langevin functions assuming a double peak particle size = $ 50 C - 0.55*alloy
distribution. The particle sizes (0.5-10 nm) and the Ot
quantity of particles formed as a function on the number of A 0_‘ W—X—x—x_’g? ET;II—O XX
cycles are reported in Table 1. ] . .

In order to correlate the weight percent of segregated 0 20000 40000 60000
particles with the atomic percentage of decomposed alloy, H (Oe)

one must .take into acc;ount all the species which are kg 4. Magnetization versus applied field at 5 K for
formed during the corrosion process. The alloy decomposi- Lani, . Mn, Al , Fe , ,sbefore (alloy) and after 50 cycles (50C); mag-
tion reaction is described below assuming the same type ofnetization curve differences between cycled (50C) and uncycled (alloy)

corrosion layer to that of MmNigs A}, My, CqQ ;5 , as it samples: (50C-alloy) and (50C-0.55*alloy) showing that only the
was studied by MET [11 13] ' ' ' ' remaining alloy contribution (&, = 0.55) should be subtracted to obtain

the contribution of the superparamagnetic particles.

ABs - XaAB s+ (1—x ) [La(OH) o+ (Ni 5 sE€ 74+ trapped in the positive electrode. From this reaction, and
0.4 Mn(OH), — 0.3 Al] knowing x,, the percentage of Ni—-Fe (wt%) can be
calculated, and is given in Table 1. This quantity of
After a corrosion treatment, solid needles of Mm(QH) metallic Ni—Fe is larger than that calculated from the
were distributed over a continuous corrosion layer com- magnetization curve refinement (Table 1). This result
posed of a solid solution of (Ni,Co), (Ni,Co)O and indicates that the remaining Ni and Fe atoms probably
Mm(OH),. A few grains of Mn(OH) were found to be form oxide or hydroxide compounds, which contribute
randomly scattered over the electrode surface. The Al was weakly to the magnetization curves. It was found in [11]
found to be entirely dissolved in the electrolyte and that some of the Ni-Co particles are oxidized and also a

Table 1
Fitted and calculated parameters of the magnetization curves for cycled LaNi, , Mp, Al,sFe  between 5 and 300 K

Number of C./C.ax X, X, % Type 1 particles % Type 2 particles wt% Total wt% Total
0 0, 0, i

cycles (%) (Wt%o) (at%) d1 (nm) Wio6) a2 (nm) fitted calculated

10 91 88 90 0.8(0.1) 8.4 (0.4) 1(0.1) 1.1(0.3) 1.8 6.1

20 79 84 86 2 (0.1) 9.7 (0.7) 5 (0.1) 1(0.1) 7 8.3

50 44 55 58.5 7.8(0.1) 8 (0.3) 3.3(0.1) 1 (0.1) 11 24

C,/C,..=the ratio of the capacity aften cycles over the maximal capacitx,=% of initial alloy, type 1 particles-largest (at 300 K), type 2
particles=smallest (at 5 K).
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