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Abstract

Mg-added MmN4-based alloy with low Co content was developed for nickel/metal hydride (Ni-MH) battery, satisfying low-cost, high-
power, and long-term endurance, simultaneously. High rate capability and cycle life of the alloy was improved by controlling alloy composition
and alloy preparation-conditions. Alloy with overstoichiometric composition (B/A =5.2) showed higher rate capability than stoichiometric
alloy (B/A=5.0), in spite of its lower theoretical capacity.

AAA-sized sealed battery using the developed alloy (Mgiv1go.04Ni4 2Cp 3MNg 4Al 5 3) Showed comparable high rate capability and cycle
life to that using the conventional alloy (MmMNICoy 6sMng 3Al g 28). Hybrid electric vehicle (HEV) mode cycle test was then carried out at
45°C using short-D-sized sealed cell (diameter: 32 mm, height: 44 mm). Both capacity and power output of the cell remained more than 80%
of the initial values even after 25,000 cycles (corresponding to 100,000 km). It is concluded that the developed alloy with low cost would be
used for HEV application, satisfying both high-power output and long cycle life.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction oped[6-14] Sakai et al. reported addition of small amount
of Zr on LaNis alloy remarkably improved the cycle life
Research and development on nickel/metal hydride of alloy electrod€6]. Hasagawa et al. reported that cobalt
(Ni-MH) battery is now focused on application to hybrid could be substituted with Fe keeping relatively long cycle
electric vehicle (HEV)1-3]. It is eagerly hoped to improve life [7]. Addition of Si[8] and S9] instead of Co also have
power and reduce cost of Ni-MH battery. ConventionatAB  been reported to be effective for improvement in the cycle
type Mm-Ni—-Co—Mn-Al (Mm: mischmetal) alloys have life. Improvement in cycle life by controlling stoichiometric
been used for negative electrode of Ni-MH battery. It is well composition has been reportg®,11] At present, practical
known that Co is an essential element in the electrode alloyslow-cobalt or cobalt-free alloys have not been used in the
for suppression of cycle degradatiph5]. Although the Co practical battery.
content in them is only about 10%, its cost accounts for half  In recent years, there have been several impressive works
of the total alloy cost. Reduction in Co content is an impor- onLa—Mg—Ni alloys and related systefti§—19] Kadir et al.
tant issue for cost reduction in the alloy for Ni-MH battery. have developed ABCq (A: rare earths, Ca; B: Mg, Ca; C: Ni)-
Various low-cobalt and cobalt-free alloys have been devel- type alloys with stacking structure consisting of #&hd AB,
units [15,16] Kohno et al. reported that EMgoNio3 with
* Corresponding author. B/A ratio of 3.3 showed 410 mAh/g of discharge capacity,
E-mail address: ozaki-tetsuya@aist.go.jp (T. Ozaki). which was about 1.3 times of those of AfBype alloys[17].
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Maeda et al. reported that addition of small amount of Mg (1/n)C rate means charging or discharging rate that charges
was effective toimprove the cycle life of low-cobalt ABype or discharges the cell imh. To make it completely activated,
alloy [18]. Recently, it has been shown that the Co content the cell was charged and discharged for 15 cycles. The rate
was successfully reduced to half of the conventional alloy capability was evaluated by charging at the@rate for 6 h
(MmNig4 oCay 65Mng 3Al g 28) by the addition of smallamount  and discharging at the 0.2, 1, 5, andCltate with cutoff
of Mg [19]. voltage of 1.0, 1.0, 0.6, and 0.5V, respectively. The cycle
The aim of this work is to develop practical Mg-added performance was examined by charging at tiderate for
Mm-based alloys with low Co content, which could satisfy 1.2 h and discharging at the same rate to 1 V. Cycle life was
high rate capability and long cycle life, and to demonstrate defined as the cycle number at which discharge capacity fell
their performance in AAA-sized sealed cell, and finally in below 150 mAh/g. Transmission electron microscope (TEM)
short-D-sized sealed cell using the HEV mode cycle pattern. observation was carried out for the alloys after 150 cycles of
the cycle test. All the charge and discharge tests were per-
formed using a computer-controlled charge/discharge system

2. Experimental details (Keisokuki center: BLS2500).
2.1. Preparation and characterization of alloy samples 2.3. Assembly of AAA- and short-D-sized sealed cells
The Mg-added AB-type alloys, Mm_,Mg.Nis5_,Co, For more practical evaluation of the alloy electrodes,

Mnps4Alps (Mm comprises 80at.% La, 10at.% Ce, AAA-sized cylindrical sealed cells (diameter: 10.5mm,
6at.% Pr, and 4at.% Nd¢=0.03, 0.04, 0.05, and 0.06; height: 43mm) were prepared. The negative electrodes for
y=0.3 and 0.325), were prepared by induction melt- AAA-sized cells were prepared as follows. The alloy powder,
ing on 10kg-batch scale and then annealed at 1000-the nickel powder, carboxymethyl cellulose (CMC) (Daiichi
1100°C. Mg-added alloys with different stoichiometric Kogyo), and styrene butadiene rubber (SBR) (JSR Corpo-
ratio, Mmpy.9eMgo.0aNi,Cap.3Mng 4Alp3 (x=4.0 and 4.1) ration) were mixed well in the weight ratio of 100:2:0.3:1
and alloy with similar composition to standard commercial together with water. This mixture was pasted into punched
one, MmNj oCop 6sMng 3Al g 2 (hereinafter called “conven-  metal sheet, and pressed to form a plate with thickness of
tional alloy”) were also prepared. The alloy ingots were 0.16 mm by roll press. The plate was cut into the size of
ground into powders with average particle sizes of.f) 36 mmx 100 mm and used as an electrode. The positive elec-
which were determined by a Shimadzu SK-LMS PRO-7000S trode with thickness of 0.23 mm was prepared using CoOOH-
laser particle size analyzer. The crystal structure and lat- coated Ni(OH) powder as an active material and Ni-coated
tice parameters were determined by X-ray diffraction (XRD) three-dimensional steel shg20,21]as a substrate, and was

measurement using a Rigaku Rint 2000 V with Cu kadi- cutinto the size of 36 mm 80 mm. The positive and negative
ation. Pressure composition isotherms (PCTs) were deter-electrodes were spirally wound together with the sulphonated
mined with an automatic Sieverts-type apparatus &30 polypropylene separator. The cell bundle was inserted into a
can. After electrolyte (30%, w/w, KOH +17g/L LiOH) was
2.2. Assembly of test cell added, cover plate was welded to terminal of the positive

electrode, and sealed. High rate capability of the AAA-sized

The electrochemical capacity, high rate capability, and cells was examined by charging at th@érate (0.4 A) to 5 mV
cycle life of the alloys were examined in test cells using a of negative delta voltage{A V), followed by rest for 1h,
30% (w/w) KOH+30g/L LIOH electrolyte at 25C. The and discharging at the 25rate (10.0 A) to 0.6 V cutoff. The
alloy electrodes for test cells were prepared as follows. Testcycle life was examined by repeating charge—discharge pat-
alloys of 95wt.% were well mixed with 5wt.% Ni pow- tern consisting of charging at th&2ate (0.8 A) to 5mV of
der (Inco 255) together with 0.2wt.% poly(vinyl alcohol) —AV, rest for 15 min, and discharging at th€ gate (0.8 A)
aqueous solution (Kishida Chemical Co. Ltd.) as a binder. to 1.0V cutoff. High rate discharging and cycle tests were
This mixture was pasted into a nickel-foam, then pressed to carried out at 25C.
form a plate with thickness of about 0.26 mm by roll press.  Short-D-sized sealed cell (diameter: 32mm, height:
Sintered NIOOH/Ni(OHj) plates (Yuasa Corporation) were 44 mm, rated capacity: 5 A2 1] with the same diameter and
used as positive electrodes. Each alloy electrodes was placedhe half height as D-sized cell was prepared. HEV mode cycle
in the central compartment, and two pieces of sintered Ni test was conducted according to test procedure of Ni-MH
electrodes of the same size were placed on either side. A sulbattery for HEV established in Japan Electric Vehicle Stan-
fonated polypropylene non-woven separator (Japan Vilenedard (JEVS) by Japan Automobile Research Institute (JARI)
Co. Ltd.) was used to separate the positive and negative[22]. HEV mode cycle test was performed by repeating cycle
electrodes. pattern for 360 sKig. 1), in which maximum charging and

During the formation process, each cell was charged at thedischarging rates were the 11 ar@, Yespectively. Discharge
0.2C rate (60 mA/qg) for 6 h followed by 30 min rest, and then capacity at 0.2 and power output were measured every 3000
discharged at the 0C3rate (90 mA/g) to 1V cutoff, where  cycles.
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Fig. 2. Discharge capacity vs. discharge rate of test cells using
Mm31_,Mg,Nis 2C0p.3Mng 4Alg 3 (x=0.03, 0.04, and 0.05) alloy and the
conventional alloy (MmNj oCay 65Mng 3Al 0.28) (Mm comprises 80 at.% La,
3.1. Effect of Mg and Co content on electrode properties 10at.% Ce, 6at.% Pr, and 4 at.% Nd) electrodes &25

3. Results and discussion

All the developed alloys (MM Mg,Nis5-,Co,Mng 4 350 =
Alg 3, x=0.03, 0.04, 0.05, and 0.06=0.3 and 0.325) were s Lt
crystallized in hexagonal CaGitype structure (space group
P6/mmm). Their lattice parameters and PCT results were not
largely dependent on the Mg and Co contéfatte ). The
plateau pressure and the H/M values of the alloys were in the
range of 0.14-0.17 MPa and 0.64-0.68, respectively.

Fig. 2 shows the high rate capabilities of test cells
using the developed Mg-added alloys (WmMg,Nig 2

Mm, Mg Ni, Co, Mn Al , 25°C

250 —— N
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150 HRest:30min
N Discharpe:0,3V,1 Veutoft

100

Discharge Capacity (mAh/g)

Cap.3Mng.4Alg.3,x=0.03, 0.04, and 0.05) compared with that —=—x=0.03

using the conventional alloy (MmpCog s5Mng 3Alg 29). sof| e lcon

At the 10C rate, discharge capacities of the developed alloys —5—MmNi, Ca, Mn, Al (conventional)

were in the range of 160-180 mAh/g, which were much 05 - o o o =5 0

higher than that of the conventional alloy, 110 mAh/g.

Fig. 3shows cyclic behavior of the developed alloys com-
pared with the conventional alloy. Cycle life, which was Fig. 3. Discharge capacity vs. cycle number G/1C cycle test of test cells
defined as the cycle number at which discharge capacity fell using Mm_Mg;Nis 2C00.3Mng.sAlg 3 (x=0.03, 0.04, and 0.05) alloy and
below 150 mAh/g of the alloys, increased from 188 to 291 the conventional alloy (MmNioC0o.6sMno.3Al0.2g) electrodes at 25C.
cycles with increasing the Mg content. The alloy with0.05
showed longer cycle life than that of the conventional alloy, ity of the alloys was remarkably improved by scaling up to
251 cycles. 10kg batch. Discharge capacity of the alloy witkr 0.04

Fig. 4 shows dependence of discharge capacity at increased from 80to 170 mAh/g. Previously, it was observed
the 1QC rate and cycle life on the Mg content for the for the alloys prepared on 1kg-batch scale that the increase
Mmj_,Mg,Nis 2Cop 3Mng 4Alp 3 alloys prepared on 1kg- inthe Mg content caused the decrease in high rate capability
[19] and 10kg-batch scale (this work). High rate capabil- [19]. However, this kind of behavior was not observed for

Cycle Number

Table 1
Lattice parameters and PCT results (&) for Mm;_,Mg,Nis 5-,C0,Mng 4Alo3 (x=0.03, 0.04, 0.05, and 0.065 0.3 and 0.325) alloys

X y Composition Lattice constants Unit cell volurrﬁe30 Plateau pressure (MPa) H/M

a®) c(A)

0.03 0.3 Mmy.97Mgo.03Ni4.2C0p 3MNp 4Al g 3 5.034 4.059 89.08 0.14 0.68
0.04 0.3 Mm.96Mdo.0aNi4.2C0p 3MNg 4Al 0.3 5.034 4.061 89.14 0.15 0.64
0.05 0.3 Mm.95Mgo.05Nis.2C0p 3MNnp 4Al g 3 5.030 4.055 88.84 0.17 0.64
0.04 0.325 Mnrg.96Mdo.04Ni4.175C0p 325MNp 4Al 0 3 5.034 4.058 89.05 0.16 0.67
0.05 0.325 Mng.95Mdp.05Ni4.175C0p 325MNg 4Al o 3 5.029 4.061 88.94 0.15 0.65

0.06 0.325 Mng.05Mdo.06Ni4.175C0p.325MNg 4Al 0.3 5.026 4.056 88.74 0.17 0.64
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Fig. 4. Dependence of (a) discharge capacity af t&ite and (b) £/1C
cycle life on Mg content for test cells using MmyMg, Nig 2Cp 3Mng 4Al o 3
(x=0.03, 0.04, and 0.05) alloys prepared on 1 kg- and 10 kg-batch scale.

the alloys prepared on 10 kg-batch scale. Though the reaso
is not clear at present, it may be ascribed to improvement
in homogeneity of the alloys. While targeted Mg content
of Mmg.9eMgo.04Nis 2C0p.3Mng4Alg 3 alloy is 0.23 wt.%,
analytical Mg content of the alloys prepared on 1kg- and
10kg-batch scale was 0.20 and 0.23 wt.%, respectively. In
small-scale preparation of alloy, Mg is more easily volatilized

because of larger specific surface area of melt. It seems that

this Mg volatilization takes the alloy composition out of sto-
ichiometry and lowers homogeneity of the alloy.

Figs. 5 and &how high rate capability and cyclic behavior
of test cells using the alloys with slightly increased Co con-
tent, Mmy_,Mg;Nig 175C0,Mng 4Alp 3 (x=0.04, 0.05, and
0.06; y=0.325), compared with that using the alloy with
y=0.3, respectively. By increasing the Co content from
y=0.3 to 0.325, cycle life of the alloys with=0.04 were
significantly increased from 223 to 425 cycles, not changing
the high rate capability. For the alloys with the Co content
of y=0.325, discharge capacity at theCl€te and cycle life
at the X/1C cycle test had the maximum valuexat 0.05.

In terms of total electrode performance, the following alloy
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Fig. 5. Discharge capability vs. discharge rate of test cells using Mm
Mg;,Nig5-yCo, Mng 4Alg 3 (x=0.04,0.05, and 0.06;= 0.3 and 0.325) alloy
electrodes at 25C.

composition, Mg gsMgo.0sNi4.175C00.329MNg 4Alp 3, Was
selected.

3.2. Effect of stoichiometric composition on the
electrode properties

The Mg-added alloy with non-stoichiometric composition
of B/A =5.2was investigated in the previous section. Detailed
effect of stoichiometric composition on the electrode prop-
erties was studied. Lattice parameters and PCT results of
the My 9eMgo.04Ni.Cag.3Mng 4Alp.3 (z=4.0, 4.1, and 4.2)
alloys with B/Aratio 0of 5.0, 5.1, and 5.2 are showTable 2
With increasing of the B/A ratio from 5.0 to 5.2, the lattice
constant irc-axis was almost unchanged, the lattice constant
in a-axis decreased from 5.043 to 5.08%nd then unit cell
volume also decreased from 89.31 to 885§2Fig. 7shows

PCT curves for the alloys at 8C. With increasing the B/A

ratio, the hydrogen storage capacity (H/M value) decreased,
and the plateau pressure increased.

350
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Fig. 6. Discharge capacity vs. cycle number @/1C cycle test of test cells
using Mm_,Mg,Niz5yCo,Mng sAlg 3 (x=0.04, 0.05, and 0.06;=0.3
and 0.325) alloy electrodes at 26.
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Table 2
Lattice parameters and PCT results {8) for Mmg 9eMdo.04Ni,Cop 3Mng 4Alo 3 (z=4.0, 4.1, and 4.2) alloys
z Composition Lattice constants Unit cell vqun1°&e30 Plateau pressure (MPa) H/M
a(B) c(A)
4.0 My 96Mgo.0aNi4.0C0p 3MnNg 4Al o 3 5.044 4.057 89.41 0.08 0.73
4.1 My 96Mdo.0aNi4.1C0p 3MnNg 4Al 0 3 5.036 4.061 89.18 0.11 0.73
4.2 My 96Mgo.0aNi4 2C0p 3MnNg 4Al o 3 5.034 4.061 89.14 0.15 0.64
I L3 T L2 I L2 T 4 15 - -
MmOSGM gO,MNizCOO.SM 0.4A10.3 | 14 - IOC rate | Mm0.96Mg0.04leC00.3Mn0.4A10.3 ” 25 C
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Fig. 8. Discharge curves of test cells using WeMdo.0aNi.Cop 3

Fig. 7. PCT isotherms for MgwsMgo.0aNi,Cop 3sMng 4Alo 3 (z=4.0, 4.1,
9 oVido o4 MnoaAlos ( Mng 4Alp3 (z=4.0, 4.1, and 4.2) alloy electrodes atClfate (25°C).

and 4.2) alloys at 80C.

Fig. 8 shows discharge curves of test cells using formed, and nickel was enriched on surface of the alloy. The
Mmg.9eMgo.0aNi,Cop sMno_sAl g salloys at the 1@ rate. The Ni content increased from the bulk (66 at.%) to the surface
non-stoichiometric alloy with B/A=5.2 had the lower theo- (88 at.%), suggesting that excess Ni tends to segregate on the
retical capacity based on the PCT curve and higher plateausurface. This Ni segregation was observed only for the alloy

pressure than the alloy with B/A=5.0, but showed higher after charge—discharge test. The increased high rate capabil-
discharge capacity at f0rate. ity would be ascribed to the formation of this Ni-enriched

Fig. 9 shows the result of TEM observation of the layer as an electrocatalyst. It was ascertained that the over-
Mmg.9eMgo.0aNia 2C0p 3Mng 4Al g 3 alloy after 150 cycles of ~ stoichiometric alloy was suitable for high power use such as
the 1C/1C cycle test. It was observed that many cracks were HEV application.

0.2pym 50nm

Point Ni [at.%]

1 87.6
94.7
90.1
7741
74.5
67.2

Designed 67.8

O O bh N

Fig. 9. TEM images and result of Mg determination of igsMgo.04Ni4.2Cn.3Mng 4Al g 3 alloy after 150 cycles of @/1C cycle test using test cell.
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Fig. 12. Discharge capacity and power output vs. cycle number in HEV
mode cycle test of short-D-sized sealed cell using dMgVigo osNis 175
Cop.325Mng 4Al g 3 alloy electrode at 45C.

Fig. 10. Discharge curves of AAA-sized sealed cells usingd¥§go.oa
Nig 2C0p3Mnp 4Alp 3 alloy and the conventional alloy (MmNyCop.es
Mng 3Alg.2g) electrodes at A5 rate (25°C).

travel of 100,000 km. It was concluded that the developed

3.3. High rate capability and cycle life on sealed cell alloy would be used for HEV applications.

The AAA-sized sealed cell was prepared using the

developed alloy (Mg 9sMdo.0aNi4.2C0op.3Mng 4Alg.3) and its 4. Conclusion
electrochemical properties were compared with that using
the conventional alloy (MmNigCo.65Mno.3Al0.2¢). Fig. 10 Mg-added alloy with low Co content was success-
shows discharge curves of the cells at th€ 2ate. The cell fully developed satisfying both high rate capability and
using the developed alloy showed about 60 mV higher volt- |ong cycle life. High rate capability of the MasMgo.os
age than that using the conventional alloy in the initial stage Ni, 174Cap 329Mng 4Alo 3 alloy was significantly improved
of discharging, and showed comparable discharge capacityby scaling up of alloy preparation batch from 1 to 10Kkg.
Fig. 11shows cycle behavior of the cells at 25. Atthe  The reason is not clear at present, but it may be ascribed
2CI2C cycling, the cell using the developed alloy showed to their homogeneity. Overstoichiometric alloy with Ni-
only 10% of capacity decay ratio after 700 cycles, whichwas rich composition had lower theoretical capacity than stoi-
comparable to that using the conventional alloy. Itis clear that chiometric alloy, but showed higher discharge capacity at
the developed alloy had almost comparable high rate capa-the 1Q rate, suggesting that the Ni-rich alloy is suitable
bility and cycle life as the conventional alloy in the sealed for high power use. The developed alloy (MBsMdo.o5
cell. Ni.175C00.329MnNg.4Al o 3) was finally tested using the HEV
Finally, the developed alloy was tested using HEV mode mode cycle pattern in short-D-sized sealed cell, showing
cycle patternfig. 1) at 45°C on short-D-sized sealed cell. more than 25,000 cycles of cycle life (travel of 100,000 km).

Fig. 12shows the result of the HEV mode cycle test. The cell |t was demonstrated that the Mg-added low-Co alloy would
maintained 98% of initial capacity and 85% of initial power pe used for HEV application.

output even after 25,000 cycles, which is corresponding to
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