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[ Abstract] The phase structure and electrochemical properties of Co-free M1( Nig g2Mng_07Aly. 06Feo. 0s) « alloys with sto-

ichiometry 4. 6 <x 5. 6 were investigated. The results revealed that most of the as cast nowrstoichiometric alloys have

the main CaCus type structure with a small amount of La;Ni; and LaNi or AINi secondary phase, the alloys all have typical

dendrite structure, the lattice parameter of the alloys increases with the decrease of stoichiometry. Electrochemical mea-

surements showed that the stoichiometric alloy ABs o(the MI1( Nig g Mng 07 Aly. 06 Feo. 0s5) » alloy with x = 5. 0) has the

highest discharge capacity (310mAh*g™ '), and the overstoichiometric alloys have relatively higher cycling stability and

high-rate dischargeability than others although their maximum discharge capacities are relatively lower compared with the

ABs  alloy.
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1 INTRODUCTION

Mischmetal based ABs-type Mm ( NiCoMnAl) 5
alloys are now widely used as the negative electrode
materials of Ni/ MH batteries. Among the elements of
the alloys, Co has been believed to have the effect of
lowering the volume expansion of the compound on

'I"and preventing the alloying element

hydrogenation
Mn to dissolve into the KOH solution'”, and thereby
was believed to improve the electrochemical cycling
stability of the alloys. However, because Co is the
most expensive materials in the alloy, in order to de
crease the alloy cost, it is necessary to find some low-
cost elements to replace Co without deteriorating the
cycling stability property and other electrochemical
properties of the alloys. In resent years, several Co-
free or low-Co alloys containing Cu, Si, Cr etc have
been developed'®™ ®, and Fe has been proven to have
an important effect on increasing the cycling stability

[7.8]

of some low-Co alloys too' ™. However, these Co-

free or low-Co alloys generally have a shorter cycle life
compared with the high-Co (10%) alloys.

It is also known that the stoichiometry of the al-
loys significantly affects the electrochemical proper
ties. Notten and his co-workers studied La( NiCu) ,
alloys and found that the cycling stability noticeably
increased with the increase of stoichiometry x in the
range of 5< x < 6, but the maximum discharge ca-
pacity of the alloys decreased at the same time'*'".
Higashiyama and his co-workers studied the low-Co

Mm ( Nis g Alo.2 Mno.6) (x- 0.4/4.6 Coo.4 alloys, and

found that the cycling stability is improved at x= 5. 2
and x = 5.4, and the discharge capacity lowered with
the increase of stoichiometry within 5.0 < x <
5.8 So far, no detailed information on the effect
of stoichiometry on Co-free Fe containing alloy is
available in the references.

In this work, the element Fe is selected to re-
place Co, and the effects of nonstoichiometry on the
electrochemical properties of Co-free alloys M1 (Nr

MnAlFe) (4.6 Sx 5. 6) as active electrode materi-

als were investigated.

2 EXPERIMENTAL

M1( Nio. s2Mno,07A Ly, 06 Feo. 0s) » (4. 6 Sx K5. 6)
alloy samples were prepared by arc melting in argon
atmosphere and remelted three times to ensure higher
homogeneity. MI stands for Larich mischmetal with
the composition of 54. 7% La, 29.5% Ce, 12.0% Pr,
3.5%Nd and 0.3% impurity, and all other starting
elemental metals have a purity higher than 99. 9% .

The alloy samples were ground mechanically into
powders (< 50Hm) and used for both electrochemical
measurements and X-ray diffraction ( XRD) analysis.
For the electrochemical measurements the alloy pow-
der (about 100 mg) was mixed with electrolytic cop-
per powder (44 Hm) in a mass ratio of 1. 2 and cold
pressed to a electrode pellets (d= 10 mm). Electro-
chemical measurements were carried out at 25 C in a
trrelectrode half cell with Ni( OH)»/NiOOH as the

counter electrode and Hg/HgO as the reference elec-
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trode, in a 6 mol/ L. KOH electrolyte. The electrode
activation and maximum capacity Cnax Were measured
at the charge discharge current of 50 mA * g™ ' until
discharged to — 0.6V (vs Hg/HgO). The high-rate
dischargeability (%), defined as C, x 100/ ( C, +

Cs0), was determined from the ratio of the discharge
capacity C, at n= 300, 600 or 900mA*g” ' to the to-
tal discharge capacity defined as the sum of C, and
Cso, the additional capacity measured subsequently at
S0mA =g
charge-discharge current of 300mA*g™ . The cycling

'. The cycling test was conducted at the

capacity retention rate S3p0 and Ssoo were defined as
S300(%) = Csoom % 100/ €y and Ssp0 = Csoomn ¥
100/ C yax, where Csoom and Csoon are the discharge
capacity at the 300th and 500th cycle respectively.
The phase structure of the samples was deter
mined by XRD analysis by using an X-ray diffrac
tometer of Rikagu D/ Max-313 with CuK, radiation.
The microstructure and the composition of the sam-
ples were examined by using a scanning electron mi-

croscope (SEM) Philips X130 and EDS.

3 RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the M1( Nig g
Mng,. g7A Ly, o6F eo. ()5) P ( 4. 6 <x <5 6) alloys. It can

be seen that most of these alloys are indexed to have a
main phase with CaCus type structure and a few sec
ondary phases. The secondary phases are identified to
be LapNi; and LaNi for the alloys with x <5. 0,
while that for x> 5.0 is AINi. From Fig. 1 it can al-
so be seen that the peaks of secondary phases LayNi;
and LaNi get higher when x decreases in the range of
4.6 <« <5.0, and that of AINi become lower in the
range of 5.2 e $5. 6.

The lattice parameters and Rietveld analysis re-
sults of the Ml( Nig. g2Mng,. o7Aly g6F e, ()5) . ( 4.6 <x <
5. 6) alloys are listed in Table 1. It can be seen that
the amount of secondary phases La,Ni; and LaNi in-
creases when x decreases from 5.0 to 4. 6, and that
of the secondary phase AINi increases when x inr
creases from 5.2 to 5.6. Besides the CaCus main
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Fig. 1 XRD patterns of alloys
M1( Nio, s2M no. 07A Lo, 06F €0, 05) « (4. 6 S 5. 6)

phase, the alloy AB4 ¢ has 21. 8% La;Niy and 3. 85%
LaNi phases, the ABs o alloy has 4. 6% LaxNi; and
0.6% LaNi phases, while the ABs ¢ alloy has 0. 6%
AINi phase. The lattice parameters all decrease with
the increase of the stoichiometry x except for x =

5.6. From Table 1 it can be also seen that the crys
talline size of the alloys is changed due to the different
stoichiometry. The crystalline sizes in a-axis and b-
axis increase with the increase of stoichiometry, while
the crystalline size in c-axis decreases with the in-
crease of stoichiometry.

It was suggested by Notten!” ' that when stoi-
chiometry x was less than 5. 0, a part of A-ele
ments, i. e., rareearth elements, in the alloys have
to occupy B-side sites. This leads to a pronounced in-
crease in the lattice constants. On the other hand,
when x> 5.0, part of B-elements i.e., Ni, Mn, Al
and Fe, in the overstoichiometric alloys have to occu-
py A-side sites, leading to a decrease in the lattice
constant. But at x= 5.6, it can be seen that the lat-
tice parameters ¢ is larger than that of x = 5.2 and
5. 4. There could be two reasons for it. Firstly, there
are some secondary phase ( AINi) in the alloy ABs ¢
(Fig. 2), whose appearance makes the main phase be-
come very close to that of stoichiometric ABs. Se

Table 1 Phase abundance, lattice parameters and crystalline sizes of

alloys M1( Nio.s2Mno.07Alp.06F e, 05) « (4. 6 Sx 5. 6)

Stoichiometry Phase abundance Crystalline size/ nm Lattice constants
(%) LaNis La)Niy LaNi AINi Mii» M 33 a/ nm ¢/ nm V/nm®
4.6 74. 4 21.8 3.6 - 11. 16 35.18 0.501 67 0.40671 0. 088 64
4.75 75.7 22.3 2.0 - 57.90 31.23 0.501 57 0.40671 0. 08861
4.88 81.1 16.6 2.3 - 57.19 25.58 0.501 56 0. 40555 0.088 35
5.0 94.6 4.8 0.6 58. 64 26.79 0.50128 0.40558 0. 08826
5.2 99.7 - - 0.3 66. 74 27.78 0.50096 0.40512 0.08805
5.4 99.6 - - 0.4 82. 06 27. 60 0.50055 0.40479 0.08783
5.6 99.4 - - 0.6 142. 18 22.56 0.50053 0.40515 0. 08790

Note: M, 2 is crystalline size in a-axis and b-axis, M33 is crystalline size in ¢ axis direction



Vol.11 Ne2

Electrode characteristics of norrstoichiometric MI( NiMnAlFe) , alloys . 185 -

Fig.2 SEM microstructures of alloys M1( Nip. s2Mng. 07Alo. 06F 0. 05) »
(a) —x=4.6; (b) —x=5.0; (¢) —x= 5.4

condly, with the increase of stoichiometry x, the B-
side atoms with small atom radii increase, the proba
bility of two B atoms to occupy one A site increases,
which makes the lattice constant increase. It has been
reported that if A-side atoms are replaced by dumb-
bell pairs of B-type atoms in MmBs alloys, the lattice
parameter a will decrease, and ¢ will increase! > 1% |
this is in agreement with our results.

Fig. 2 shows the microstructures of the alloys
AB4s, ABs.oand ABs 4. All these alloys have coarse
dendrite structure with the presence of some sec
ondary phases. By EDS analysis, the trunk, arm and
the region between arms of the dendrite are all CaCus
type structure phase with slightly different composi-
tions. The secondary phases which mainly in the re-
gion between arms of the dendrite are LaNi, LayNi;
or AINi with other elements in it. This is in agree
ment with the result of XRD.

The activation process and maximum discharge
capacities of the alloys MI(NiMnAlFe) ,(x= 4.6, 5,
5.4) are shown in Fig. 3. The reversible capacity of
the system AB, is the maximum for the stoichiomet-
ric alloy M1(NiMnAlFe)s( Cpo= 310. 5mAheg™ ).
The capacity of norrstoichiometric alloys is all lower
to different extent. The activation properties of these
alloys are also different. The stoichiometric alloy ( x
= 5.0) and over-stoichiometric alloys (x> 5.0) have
good activation property, they need 4~ 5 cycles to
reach their maximum capacity. The activation process
of understoichiometric alloys ( x < 5. 0) is relatively
more difficult and it takes about 7 cycles to reach its
highest discharge capacity for x = 4. 75. Because of
the presence of secondary phase LapNi7 and LaNi in x

<5.0, and that of AINiin x> 5.0, the total amount
of hydrogen storage phase ( CaCus structure phase)
decreases with the increase of the secondary phases.
It has been reported that the hydride of La;Ni; and
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Fig.3 Initial activation process of

MI( Nio. s2Mno. 07Alo. 06F 0. 05) x

LaNi is so stable in the charge-discharge cycling that
its discharge capacity approaches zero!'?!, while the
AINi phase does not store hydrogen at all. For this
reason capacity of the alloys decrease with the appear-
ance of these secondary phases. At the same time,
the discharge capacity decreases also due to the de-
crease of cell volume for the overstoichiometric al-
loys.

From Fig. 4 and Table 2, it can be seen that
over-stoichiometric alloys have a better cycle life than
the stoichiometric alloy ABs o. After 300 charge dis-
chargecycles, the capacity attenuation rate ( S3p0) of
ABs¢is 79. 1%, and those of the ABs o and ABs.4
are 66.0% and 67.5%, respectively. But for in-
creased number of cyclings, the cycling stability is
different somewhat. The overstoichiometric alloys
show much better cycling stability compared with
that of the alloys with x <5.0 at high cycling num-
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Table 2 Electrochemical properties of alloys
M 1( N i(). gzM no. ()7A1(). ()6Fe(). 05) x ( 4 6 <x <5 6)

Higlr rate discharge

Stoicho  Discharge Cycling ability( %) at different
metry capacity stability disc.harge currfinll
(x) /(mAheg Y [ % density/ (mA*g” ")
S0  Sso0 300 600 900
4.6 274.3 79.1 30.3 84.7 60.2 40.1
4.75 279.6 68.3 78.2 65.8 52.5
4.88 296.0 61.5 87.9 73.7 62.4
5.0 310.5 66.0 45.1 87.2 74.2 62.5
5.2 305.8 57.9 80.6 68.1 64.3
5.4 289.2 67.5 48.9 78.9 71.6 66.6
5.6 284.3 61.9 83.2 83.2 83.1

o
¥
(=]

g

250

200

1505 50 100 150 200 250 300

Cycle number

Discharge capacity/(mA-h-g™')

Fig. 4 Cycling curves of alloys
M 1( Nl() gzM no. ()7A1(), ()6Fe(). ()5) x ( 4 75 <x < 5 4)

bers. After 500 cycles, the discharge capacity attenu-
ation rate ( Ssop) of ABsis 45. 1%, that of AByg is
only 30. 3%, while that of ABs 4 goes up to 48.9%.
Because the crystalline sizes in a-axis and b-axis in-
crease with increasing stoichiometry, and that in ¢
axis decreases with increasing stoichiometry ( Table
1), It is believed that the decrease of the crystalline
size in c-axis improves the pulverization resistance of
the alloy due to their easily releasing micro-strain in
c-axis during charge/ discharge cycling, which results
in better cycling stability for the overstoichiometry
alloys compared with the understoichiometric alloys.

Fig. 5 shows the discharge curves of the nonsto-
ichiometric alloys for x = 4. 75, 5.0 and 5. 4 at the
discharge rate of 50mA*g™'. It can be seen that the
discharge potential of the alloys with higher stor
chiometry is lower than that of the alloys with lower
stoichiometry. The result indicates that stoichiomet-
ric alloy and over-stoichiometric alloys have even bet-
ter discharge potential characteristics than the under
stoichiometric alloys.

The dependence of high-rate dischargeability on
the discharge current density for the MI1 ( NiM-
nAlFe) . (x= 4.6, 5, 5.4) alloy electrodes is shown
in Fig. 6. At the discharge rate of 300mA<g™ ', the
high-rate dischargeability of stoichiometry alloy
(ABs.o) reaches 87.2%, while the understoichio-
metric alloy AB4. 75 reaches 78.2%, that of the over
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Fig. 5 Discharge potential curves of
MI( Nig. s2Mng_07Alp. 0sFeo. 05) »
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Fig. 6 High-rate dischargeability of alloys
MI1( Nip. s2Mng 07Aly. 06Feo. 05) «

stoichiometry alloy ABs_4 reaches 78.9% . At the dis-
charge rate of 900mA*g™ ', the high-rate discharge-
ability of the alloy ABs ¢ is 62.5%, that of ABs s is
40.1% and ABs4 is 66.6%,
shows that the overstoichiometric alloys (x > 5. 0)
have higher high-rate dischargeability and the under
stoichiometric alloys (x < 5. 0) have lower high-rate
dischargeability compared with the stoichiometric al-
10y (x: 5. 0) in the Ml( Nig. $2Mng. 07Alp, o6 Feo. ()5) x
alloys within 4. 6~ 5.6. From XRD patterns, the al-
loys with x 25.0 in MI(NiMnAlFe) , have the sec
ondary phase AINi, which has good electrochemical

respectively. This

catalytic property and can work as active sites on the
surface of the electrode and to enhance the high-rate
dischargeability of the alloy. The Larich La;Ni; and
LaNi secondary phases, on the contrary, are proved
to have a negative effect on high-rate dischargeability
of the alloy.

4 CONCLUSIONS

The microstructure and electrochemical proper
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ties of nomrstoichiometric Co-free M1 ( Nig g Mng, o7
Aly. osFeg.05) < (4.6 < S5, 6) alloys were studied. It

is found that the microstructure and electrochemical
properties of the alloys are influenced greatly by stor
chiometry. The alloys all have secondary phases be-
sides the main CaCus type structure phase with typr
cal dendrite structure. The alloys have La;Ni; and
LaNi phases for x <5. 0, meanwhile the alloy have
AINi secondary phase for x > 5.0. The crystalline
sizes in a-axis and b-axis increase with increasing sto-
ichiometry, while the crystalline size in c-axis de-
creases with increasing stoichiometry. The stoichio-
metric alloy (x = 5. 0) has the maximum discharge
310 mAh* g '), meanwhile the
overstoichiometric alloys (x> 5. 0) have good high-
rate dischargeability and cycling stability although
their maximum discharge capacity lowered somew hat
compared to the stoichiometric alloy (x= 5.0). The

capacity ( Cpu =

smaller crystalline sizes in c-axis is responsible for the
improvement of the cycling stability of the overstoi
chiometric alloys.
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