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ABSTRACT The effects of stoichiometric ratio x on the structure, thermodynamic properties and electrode

performances of the hydrogen storage alloys M m( Nig 72Cog. 14Mng_ogAlg 06) - ( Mm= Cerich mischmetal, x =

4.4~ 5.0) were studied. The major phases of all alloys are of hexagonal CaCus type structure. The unit cell

volume increases with decreasing stoichiometric ratio x. A small quantity of the second phase Ce;Niy is segre-

gated in the alloy with x < 5.0 and the amount of Ce;Ni; phase increases with decreasing x. The enthalpy

change — AH value of hydride formation increases with decreasing x because of increasing unit cell volume and

the Ce;Niy phase forming more stable metal hydride. The discharge capacities of MH electrodes increase with

increasing x but for alloy with x= 5.0, and have a maximum 306 mAh/g at x= 4.8. The exchange current

density of MH electrode reaction increases but the high rate dischargeability decreases with decreasing x. This

fact indicated that the hydrogen diffusion in the alloy is a rate-determining step in high rate discharging.

Key words hydrogen storage alloy stoichiometric ratio structure thermodynamic property

1 INTRODUCTION

NickeFmetal hydride ( NV MH) Dbatteries
employing a hydrogen storage alloy as the nega
tive material have attracted much attention be
cause they have higher energy density, better
tolerance to over-charge/ over-discharge and free
from cadmium compared with the conventional
Ni/Cd batteries.

chmetakbased hydrogen storage alloys have heen

Many multicomponent mis

developed to improve performances of Ni/ MH

=31 1n addition, MH electrodes per-

batteries
formances such as capacity, activation property,
electrocatalytic activity were also effectively im-
proved by surface modifications of hydrogen stor-
age alloy or MH electrodes' “°! and adding metal
and metal oxide to MH electrodes' 7.

Recently. the research about the effects of
stoichiometric ratio on the thermodynamic prop-

erties and MH electrodes performances of hydro-

gen storage alloys were carried out. Nogami ®

first reported the nonstoichiometric alloys with a
composition of Mm( NiCoMnAl) 4 ss. 4. 76 showed
higher discharge capacity than stoichiometric al-
loy Mm(NiCoMnAl)s. Notten'”! found that the
electrocatalytic activities of superstoichiometric
hydrogen storage alloys Lag g Ndg 2 Niz g Coo 4
Sip.1 and Lag g Ndo 2 Ni2 9 Coz. 4 Mog 1 Sip 1 were
higher than that of Lag g Nd() 2 N1 5 COQ_ 4 Si()_ 1-

Nogami """ also found that high rate discharge
characteristics of MmNis-type hydrogen storage
alloys electrodes were greatly improved by
adding such elements as boron, molybdenum,
tantalum and zirconium. Especially, the addition
of boron and molybdenum were more effective on
discharge capacity.

The nonstoichiometric hydrogen storage al-
lov was confirmed to be a new tvpe negative ma
terial with high performance for Ny MH bat-

tery. These nonstoichiometric alloys consisted of
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two or more phases and had good electrocatalytic
activity. In this paper, the effects of stoichio-
metric ratio x on the structure, thermodynamic
properties of Mm( Nig 720Coq, 14Mng 0gAlp 06) « (x
= 4.4~ 5.0) and electrodes performances were
investigated. The relationships between their
electrochemical performances and structure were
discussed.

2 EXPERIMENTAL DETAILS

The alloys M m( Nl() 72 CO()_ 14M no. ogAl()_ ()(,) x
(Mm= Cerich mischmetal, La: 28. 3%, Ce:
55.0%, Pr: 5.4%, Nd: 15.9%; x = 4. 4,
4.6, 4.8, 5.0 ) were prepared by arc melting
under argon atmosphere. The purities of the
constituent metals were above 99. 9% but for
mischmetal. The alloys in the as cast state were
crushed mechanically to 74~ 50 Hm.

Crystal structure and lattice parameters of
the alloys were determined by powder X-ray
diffraction ( XRD) wusing D/MAX-TITA X-ray
diffractometer with CuK, radiation and a
graphite diffracted-beam filter. Pressure compo-
sition isothermals (P-C-T) curves for the hydro-
gen storage alloy were measured at different tem-
peratures by electrochemical method. Both the
enthalpy change ( AH )
( AS) of hydride formation are calculated from

and entropy change

the plateau pressures of alloys at different tem-
peratures by following Van’t Hoff equation,

A AS
RT ~ R (U
MH electrodes were prepared by cold press-

Inp o =

ing the mixtures of hydrogen storage alloy pow-
ders (74~ 50Hm) with electrolytic copper pow-
der (50 Hm) in the mass ratio of 1: 2 at 18 M Pa
to form 10 mm diameter pellets. Electrochemical
measurements were carried out in open glass
cell. The sintered nickel hydroxide electrode
having electrochemical capacity much larger than
that of MH electrode was used as counter elec
trode. The reference electrode was a Hg/HgO
(KOH 6mol/ L) electrode. The electrolyte was a
KOH 6 mol/L solution. Galvanostatic charge
discharge cycling test was performed at room

temperature. MH electrode was charged for 4 h
and discharged to 0. 6V vs Hg/HgO after a rest

of Smin at a constant current density of 100mA/
g. The high-rate dischargeability was deter
mined from the ratio of the discharge capacity
measured at 1 250 mA/g to that at 100 mA/g.
The exchange current density ( Jo ) was mea
sured nearly equilibrium potential ( ¢, £10mV)
by the linear sweep voltammertry (LSV) at a
scan rate of 1 mV/s ( Solartron 1286 electro-
chemical interface) at different depth of charge
(DOC). In order to measure the charge reten-
tion ( Cr) of the alloy electrode, MH electrode
was charged for 4 h at 100mA/g. It discharged
at 100mA/ g after standing for 48 h at 298 K in
open cell. The charge retention was defined by
follow ing equation.

Cr= C/C; x100%

where  Cy is the discharge capacity measured
before standing, C, is the discharge capacity

measured after standing for 48 h.
3 RESULTS AND DISCUSSION

3. 1 Crystallographic and thermodynamic
properties of hydrogen storage alloys

The XRD spectra of hydrogen storage alloys
are shown in Fig. 1. It is found that hydrogen
storage alloy of x = 5. 0 has single phase with
hexagonal CaCus type structure. The XRD pat-
terns of alloys with x < 5.0 show additional
XRD peaks attributed to CeaNi; phase besides
the peaks corresponding to the major phase of
CaCus type. Therefore, the nonstoichiometric
alloys (¥ < 5) have double phases with CaCus
type structure as major phase and a small quantr
ty of CexNiy as the second phase. Lattice param-
eter (a, c¢) and unit cell volume (V) of hydro-
gen storage alloy are calculated by means of fol
lowing eqns. ,

1 _ 3, hl+hek+ k> I

PRI 2 t o2 (2)

a ¢
Vz%‘(zz‘c (3)

The content of the second phase CexNiy

would be calculated from the ratio of intensity of
peak of CexNi7 phase to that of major phase. The
results are listed in Table 1.

According to Table 1, the unit cell volume
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of the alloys increases with stoichiometric ratio x
decreasing because the atom radius of mischmetal
are larger than that of Ni, Mn, Co and Al, and
the content of CexNi; phase in the alloys increas
es with stoichiometric ratio x decreasing.

20 30 40 50 60 70 80 90
26/(%)

Fig. 1 XRD spectra of hydrogen

storage alloys
O—CaCus phase; @ —Ce,Ni; phase

Table 1 Effect of x on unit cell volume and
content of CexNiy phase of alloys

x= 5.0 86.53 0.0
x= 4.8 86.74 2.07
x=4.6 86. 89 3. 60
x= 4.4 86.95 7.04

Fig.2 is the Van’ t Hoff curves of the al
loys. It is found that the equilibrium pressure
(peo) decreases with stoichiometric ratio x de
creasing at the same temperature. Table 2 is the

effect of stoichiometric ratio x on enthalpy
change ( AH) and entropy change ( AS) of met-
al hydride formation of hydrogen storage alloys.
The — AH value increase with x decreasing be
cause of the unit cell volume increasing and the
CezNi7 phase forming more stable metal hydride.
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Fig.2 Van t Hoff curves of alloys
Table 2 Effect of x on AH and AS

of metal hvdride formation of alloys

Alloy AH AS P eq
MmB, /(kJ*mol 1) /(Jemol™ le K~ 1) /{298 K) Pa

x=5.0 - 32.5

~ 105.8 77.3 % 10°

x=4.8 ~33.2 - 103.8 37.3x10°
x= 4.6 - 34.1 - 104.6 29.6 % 10°
x= 4.4 - 36.7 - 109.0 17.7x 10°

3.2 Effects of stoichiometric ratio x on elec
trodes performances of alloys
3.2.1 Discharge capacities of MH electrodes
Activation curves for the hydrogen storage
alloys electrodes are shown in Fig. 3. It is found
that the nonstoichiometric alloys (x < 5.0) elec
trodes have better activation property than stor
chiometric alloy (x = 5. 0) electrode. For the al
loys with x < 5.0, MH electrodes are almost
completely activated within 3rd— 4th cycle, for
the alloy with x = 5.0, MH electrode isn’ t com-
pletely activated untill 8th cycle. The fact is
caused by that a small amount of the second
phase CexNi; segregated in the alloy with
x < 5.0 has higher electrocatalytic activity for
electrode reaction to improve the activation propr
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Fig. 3 Activation curves of hydrogen
storage alloys electrodes

erty of MH electrode.

From Table 3. the discharge capacities of
the alloys increase with x increasing but for alloy
with x= 5.0 and have a maximum of 306 mAh/
g at x= 4.8. In general, from table 3 and 1 the
discharge capacity of hydrogen storage alloy in-
creases with unit cell volume increasing. The u-
nit cell volumes of the alloys with x = 4. 4 and
4.6 are larger than that of alloy with x = 4. 8,
but their discharge capacities are less than that of
the alloy with x = 4. 8. Because a part of hydro-
gen with CexNi; phase forms more stable metal
hydride and the part of capacity wouldn’ t be
completely discharged to result in reduction in
discharge capacity.

3.2.2 High rate dischargeability and electro-
catalytic activity of MH electrodes

As listed in Table 4, the high rate dis
chargeability of the alloy electrodes reduced with
x decreasing.

The exchange current densities of MH elec
trodes at different depths of charge (DOC) are
shown in Fig. 4. The exchange current densities
increase markedly with DOC increasing in a re-
gion of aphase (DOC< 30%).

ing, the exchange current densities have no large

Further charg-

change in the a+ B two-phase region ( 30% <

DOC< 80%). The exchange current densities in
signal B-phase region (DOC> 85%) are lower
slightly than that in a+ Btwo phase region. The

exchange current densities of the alloys elec
trodes (in a+ Btwo phase region) increase with
stoichiometric ratios x decreasing. It is caused
by the fact that the amount of Ce;Niy phase with
higher electrocatalytic activity in the alloys in

creased with x decreasing. The relationship

Table 3 Effect of x on discharge
capacities of MH electrodes
Alloys MmB,  Discharge capacity/ {mAheg” 1)
4.4 274. 2
= 4.6 298. 1

= 4.8 306. 1
=50 296. 4

Table 4 High rate dischargeability

of alloy electrodes

MmB, HRD/ %
x= 4.4 43. 4
x= 4.6 57.6
x= 4.8 66. 3
x= 50 75.2
1.5

bh/(Aag™h)

0 20 40 60/ 80 100 120

Fig. 4 Exchange current density( /o)
of MH electrodes at different
depth of charge( DOC)

between high rate dischargeability and exchange
current density of MH electrode is shown in Fig.
5. If the electron transfer on the electrode sur-
face was the rate-determining step, the high rate
dischargeability would increase with increasing
the exchange current density. But according to
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Fig. 5, the high rate dischargeability of the alloy
electrode decreases with the exchange current
density J increasing. Therefore, it is believed
that the hydrogen diffusion in the alloy is rate
determining step in high rate discharging. The
larger the enthalpy change — AH value of metal
hydride formation is, the more difficult the hy-
drogen diffusion in bulk of the alloy is. So that
the — AH value increases with x decreasing, the
hydrogen diffusion gets more difficult to result in
reduction in high rate dischargeability.
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Fig. 5 Relationship between high rate
dischargeability and exchange
current density (J) of MH electrode

3.2.3 Charge retention of MH electrodes

The charge retention is also one of impor-
tant characteristics of MH electrode. As shown
in Table 5, the charge retention of MH elec
trodes increase with x decreasing. The fact is

caused by the fact that the equilibrium pressure
decreases and the enthalpy change — AH value
of metal hydride formation increases with x de
creasing to make metal hydride more stable to
suppress the self-discharge of MH electrodes.

Table 5 Effect of x on charge

retention of MH electrodes

Alloys MmB,

Charge retention/ %

x= 4.4 91.3
x= 406 90. 5
x= 4.8 88.4
x =50 87.4
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