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a b s t r a c t

Gas atomization together with a hydrogen annealing process has been proposed as a method to achieve
improved low-temperature performance of AB5 alloy electrodes in Ni/MH batteries and restore the orig-
inal cycle life which was sacrificed by the incorporation of copper in the alloy formula. While the gas
vailable online 22 February 2011
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atomization process reduces the lattice constant aspect ratio c/a of the Cu-containing alloys, the addition
of a hydrogen annealing step recovers this property, although it is still inferior to the conventionally
prepared annealed Cu-free alloy. This observation correlates very well with the cycle life performance. In
addition to extending the cycle life of the Cu-containing metal hydride electrode, processing by gas atom-
ization with additional hydrogen annealing improves high-rate, low-temperature, and charge retention
performances for both Cu-free and Cu-containing AB5 alloys. The degradation mechanisms of alloys made

ough
lectrochemical reactions by different processes thr

. Introduction

The nickel/metal hydride (Ni/MH) battery was invented to
eplace the nickel cadmium (NiCd) battery because of environ-
ental concerns related to the toxicity of cadmium. Except for

ow-temperature performance, almost all Ni/MN battery perfor-
ance characteristics are comparable to NiCd battery with the

nly exception in low temperature. The operational temperature
f NiCd battery can be extended to −40 ◦C while commercially
vailable Ni/MH battery can only go as low as −20 ◦C [1,2]. The
apability of operating a hybrid electrical vehicle in severe winter
ondition necessitates improved low-temperature performance of
i/MH battery [3].

Copper had been previously employed as a substitutional ele-
ent in the metal hydride (MH) alloys to partially replace the more

xpensive cobalt and therefore lower the alloy cost [4–14]. How-
ver, the replacement resulted in severe cycle life performance
egradation in these Co-free or low-Co alloys. Copper was found
o be the most effective substitutional element in improving the
ow-temperature power performance of AB5 Ni/MH battery due

o its ability to modify the surface oxide by filling it with voids,
unnels, and metallic scrolls instead of regular granular shapes [4].
owever, the incorporation of Cu in the AB5 alloy degrades certain
erformance characteristics due to the decrease in the lattice con-

∗ Corresponding author. Tel.: +1 248 293 7000; fax: +1 248 299 4520.
E-mail address: kwoyoung@yahoo.com (K. Young).
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cycling are also discussed.
© 2011 Elsevier B.V. All rights reserved.

stant ratio c/a increasing both the hydrogen absorption/desorption
hysteresis and the pulverization rate of the particles [5].

Several methods in composition design, such as adding Zr and/or
Si and hyper-stoichiometry, had been proposed to compensate
for the negative effect that incorporation of Cu has on cycle life
[15–17]. Fast quench from the melt using gas atomization (GA)
was demonstrated for the Cu-containing AB5 alloys as a mean to
extend cycle life [18], but the high-rate charge/discharge charac-
teristics of the alloy were hindered. In this paper, we propose to
combine GA and annealing in hydrogen (AH) processes to further
extend the cycle life of the Cu-containing AB5 alloys. Similar work
has been performed on the Laves phase based AB2 alloys and the
results were very encouraging [19,20]. While GA alone provides
advantages of lowering production cost and extending cycle life,
the additional hydrogen annealing further improves the capacity,
formation, high-power, and low-temperature performance of these
MH alloys.

2. Experimental

Details of the conventional melt-and-cast and GA processes can be found in

another publication [20]. Some of the conventional melt-and-cast ingot was set
aside for later use as pre-alloyed charge material for GA processing. The balance of
the ingot was annealed in a vacuum furnace at 950 ◦C for 8 h before being mechani-
cally pulverized to 200 mesh powder. The AH process used a commercial hydrogen
annealing furnace retrofitted by Heat Source Inc., Dallas, TX.1 The gas flow was set

1 Manufacturer names are included for completeness. Their mention does not
constitute an endorsement by NIST.
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Table 1
Compositions of design, mother ingot, annealed ingot, gas atomized powder before
and after annealing in hydrogen in atomic percentage determined by ICP. Only
5–10% of La was lost in the GA process due to the oxidation and slug formation.

La Ce Pr Nd Ni Co Mn Al Cu Fe

C1 target 10.5 4.3 0.5 1.4 64.3 8.4 4.6 6.0 0.0 0.0
C1 mother ingot 10.2 4.8 0.5 1.4 64.3 8.5 4.7 5.4 0.0 0.2
C1 after annealing 10.0 4.8 0.5 1.3 64.5 8.5 4.7 5.5 0.0 0.2
C1 gas atomized 9.5 4.4 0.5 1.4 65.3 8.4 4.6 5.8 0.0 0.1
C1 GA with AH 9.5 4.3 0.5 1.4 65.2 8.5 4.6 5.9 0.0 0.1
C2 target 10.5 4.3 0.5 1.4 64.3 5.0 4.6 6.0 3.4 0.0
C2 mother ingot 10.7 4.5 0.4 1.3 63.8 5.1 4.7 5.9 3.5 0.1
C2 after annealing 10.8 4.2 0.4 1.3 64.4 5.2 4.6 5.6 3.4 0.1
C2 gas atomized 9.4 4.5 0.4 1.2 65.6 5.1 4.5 5.8 3.4 0.1
C2 GA with AH 9.4 4.5 0.4 1.3 65.3 5.1 4.6 5.8 3.5 0.1
C3 target 10.5 4.3 0.5 1.4 64.3 3.0 5.9 4.7 5.4 0.0
C3 mother ingot 10.5 4.6 0.5 1.4 64.5 2.8 5.6 4.5 5.5 0.1
C3 after annealing 10.9 4.2 0.4 1.3 64.4 3.2 5.7 4.6 5.3 0.0
C3 gas atomized 9.9 4.3 0.5 1.3 65.0 2.9 5.8 4.7 5.5 0.1
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C3 GA with AH 10.0 4.3 0.5 1.4 64.8 3.1 5.8 4.6 5.4 0.1

o be 20 l/min, the load size was up to 20 kg, and the time duration at 950 ◦C was
0 min. This annealing condition was optimized by tracking the reduction of the sat-
rated magnetization (MS) of AB2 alloys [20]. After the AH process, the sample was
hen allowed to cool down to room temperature in a flowing argon environment.
he chemical composition of each sample was examined by a Varian Liberty 100
nductively coupled plasma (ICP) system. A Philips X’Pert Pro X-ray Diffractometer
XRD) was used to study the microstructure of each alloy, and a JOEL-JSM6320F SEM
ith X-ray energy-dispersive spectroscopy (EDS) capability was used to study the
hase distribution and the composition. Phase analysis was carried out using elec-
ron back scatter diffraction (EBSD) in a Hitachi 4700 scanning electron microscope
SEM). Pressure–concentration–temperature (PCT) characteristics were measured
sing a Suzuki-Shokan multi-channel PCT system. In the PCT analysis, each sample
as first activated by a 2 h thermal cycle between 300 ◦C and room temperature at

.5 MPa H2 pressure. The magnetic susceptibility (MS) measurement was performed
n a Princeton Measurements Corporation MicroMag 2900 alternating gradient mag-
etometer. Details of both electrode and cell preparations as well as measurement
ethods had been reported previously [21].

. Results and discussion

.1. Chemical composition

For the primary ingots, three La-rich misch-metal2 based AB5
lloy compositions were selected with Cu contents of: 0.0 at.% (C1),
.4 at.% (C2), and 5.4 at.% (C3) at the expense of Co, respectively. The
n/Al contents were slightly modified in C3 to further increase the

urface reactivity [22,23]. The designed chemical compositions of
hese three alloys are listed in Table 1 together with the compo-
itions of the alloys at different stages of processing. Comparing
he composition of the primary ingots produced by the induction

elting to the target value, the followings are found: a small devi-
tion in La is caused by the inhomogeneity of the misch-metal raw
aterial, a small amount of Al is lost as a contribution to the slag

ormation, and a small amount of Fe pick-up is from the wall of a
ooling mold.

The composition does not change with the annealing process.
he composition of the GA powder has a lower La content compared
o the primary ingot due to a preferential oxidation by the presence
f gas impurities and refractory interactions during the second melt
esulting in the formation of La2O3 slag, which is later removed by
he use of a tundish. There is no Fe-pickup because the powder

olidifies in flight prior to contact with the collection chamber.

2 Misch-metal is an alloy of rare earth elements in various naturally occurring
roportions.
Fig. 1. XRD spectra using Cu K˛ as the radiation source for alloys with C1 com-
position and prepared by melt-and-cast (a), melt-and-cast with annealing in 950 ◦C
vacuum (b), gas atomization (c), and gas atomization with annealing in 950 ◦C hydro-
gen (d).

3.2. Microstructure study using XRD analysis

The microstructures of C1, C2, and C3 alloys prepared by melt-
and-cast with (MCA) and without (MC) vacuum annealing at 950 ◦C,
and gas atomization powder with (GAAH) and without (GA) anneal-
ing in hydrogen were studied by XRD analysis. The resulting spectra
are plotted in Figs. 1 (C1), 2 (C2), and 3 (C3) and the important
parameters obtained from this analysis are listed in Table 2.

The as-prepared alloys show a typical CaCu5 structure
with broader peaks indicating a smaller grain structure [24]
(Figs. 1a, 2a, and 3a). After vacuum annealing, the basic structure
remains unchanged but the grain size increases as can be seen from
the narrowing of the diffraction peaks (Figs. 1b, 2b, and 3b). The gas
atomized alloys still show only the CaCu5 structure with slightly
narrower (Fig. 1c), same (Fig. 2c), and broader (Fig. 3c) peak widths
comparing to those from the primary ingots. However, after anneal-
ing in hydrogen, the gas-atomized alloys exhibit small BCC peaks
related to AlNi, MnNi, or (Al, Mn)Ni (Figs. 1d, 2d, and 3d). The posi-
tions of the (Al, Mn)Ni peaks for samples C1 and C3 are between
the individual peaks from AlNi and MnNi shown by sample C2.
The peak widths of all annealed samples, regardless of vacuum or
hydrogen annealing, are very similar, as the annealing temperature
is identical for each process (950 ◦C).

The lattice constant aspect ratio c/a is an important parameter
that can be correlated to the degree of pulverization during cycling
[5]. The c/a values of the three as-cast samples are almost iden-
tical. The annealing in the as-cast copper free ingot increases the
c/a value from 0.8062 to 0.8093, which indicates an improvement
in cycle life. However, the same annealing does not improve the
c/a values of the copper containing alloy samples. This is the rea-

son that the substitution of Cu for Co deteriorates the cycle life of
the annealed sample. The experimental results indicate that the GA
process reduces the c/a ratio, which is opposite to what has been
previously reported on Mm(Ni, Co, Mn, Ti)5 [25,26] and Mm(Ni, Co,
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Table 2
Summary of XRD results for alloys with compositions C1, C2, and C3 by three different preparation methods.

Composition # Preparation Lattice cont. a
in CaCu5 (Å)

Lattice cont. c
in CaCu5 (Å)

c/a ratio CaCu5 unit cell
volume (Å3)

FWHM of
CaCu5 (0 0 1)

Phase summary

C1 MC 5.0135 4.0418 0.8062 87.978 0.335 CaCu5

C1 MCA 5.0030 4.0488 0.8093 87.762 0.156 CaCu5

C1 GA 5.0055 4.0292 0.8050 87.424 0.292 CaCu5

C1 GAAH 5.0072 4.0469 0.8082 87.868 0.177 CaCu5 + (Al, Mn)Ni
C2 MC 5.0145 4.0439 0.8064 88.059 0.262 CaCu5

C2 MCA 5.0203 4.0498 0.8067 88.392 0.157 CaCu5

C2 GA 4.9992 4.0274 0.8056 87.165 0.261 CaCu5

C2 GAAH 4.9962 4.0373 0.8081 87.275 0.166 CaCu5 + AlNi + MnNi + La2O3

0.8064 88.506 0.219 CaCu5

0.8066 88.447 0.163 CaCu5

0.8051 87.361 0.307 CaCu5

0.8076 88.286 0.156 CaCu5 + (Al, Mn)Ni
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C3 MC 5.0230 4.0507
C3 MCA 5.0215 4.0504
C3 GA 5.0040 4.0287
C3 GAAH 5.0165 4.0511

n, Al)5 [27] alloys. These reports indicated that a smaller c/a ratio
reates more stress during the hydride-dehydride cycling. How-
ver, the spherical shape of a GA powder particle should be able
o sustain a higher stress level without disintegration. After the
H process, it is noted that the c/a values of the three GA powder
amples have increased. In the cases of copper-containing C2 and
3, the GAAH alloys show the largest c/a ratio in their series, and
herefore improved cycle life performance is expected.

Comparing the unit cell volume among the different processing
echniques, the GA samples are always the smallest with or without
he copper substitution. The reduction in cell volume by the GA
rocess agrees with previous reports on Mm(Ni, Co, Mn, Ti)5 [25,26]
nd Mm(Ni, Co, Mn, Al)5 [27] alloys. In most cases, the annealing
rocess increases the unit cell volume.
.3. Microstructure study using SEM/EDS

SEM secondary electron image (SEI) and backscattered electron
mage (BEI) micrographs of cross-sections of GA-C1, GA-C2, and

ig. 2. XRD spectra using Cu K˛ as the radiation source for alloys with C2 com-
osition and prepared by melt-and-cast (a), melt-and-cast with annealing in 950 ◦C
acuum (b), gas atomization (c), and gas atomization with annealing in 950 ◦C hydro-
en (d).
Fig. 3. XRD spectra using Cu K˛ as the radiation source for alloys with C3 com-
position and prepared by melt-and-cast (a), melt-and-cast with annealing in 950 ◦C
vacuum (b), gas atomization (c), and gas atomization with annealing in 950 ◦C hydro-
gen (d).

GA-C3 are shown in Fig. 4(a)–(f). In all three samples, a granular
structure was observed, with the boundaries outlined in the BEI.

The chemical compositions near the center (region 1) of the grain
and across the boundary (region 2) were measured by EDS and the
results are listed in Table 3. The grain boundary is rich in Mn and Al,
and poor in Ni. However, the B/A stoichiometric ratio is higher in

Table 3
Composition in the area identified in SEM micrographs Fig. 4b, d, f, and h by EDS
analysis. All numbers are in atomic percentages.

La Ce Pr Nd Ni Co Mn Al Cu B/A ratio

Fig. 4b-1 9.3 4.0 0.3 1.0 70.2 8.4 1.8 5.1 0.0 5.8
Fig. 4b-2 8.7 4.2 0.3 0.2 58.1 8.1 11.5 8.9 0.0 6.5
Fig. 4d-1 9.1 4.5 0.3 0.8 65.6 5.0 3.5 7.5 3.9 5.8
Fig. 4d-2 8.0 4.2 0.3 0.4 62.4 5.2 6.3 9.6 3.7 6.8
Fig. 4f-1 9.5 4.0 0.3 1.0 69.8 3.5 2.1 4.7 5.2 5.8
Fig. 4f-2 9.0 4.4 0.3 0.4 59.2 3.1 9.4 8.3 6.2 6.1
Fig. 4h-1 10.6 5.1 0.0 0.9 64.2 3.8 4.3 6.4 4.7 5.0
Fig. 4h-2 6.3 2.2 0.0 0.7 56.4 3.5 13.0 15.6 2.5 9.9
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Fig. 4. SEM micrographs for gas atomized C1 SEI (a) and BEI (b), gas atomized C2 SEI (c) and BEI (d), gas atomized C3 SEI (e) and BEI (f), and gas atomized and annealed in
hydrogen C3 SEI (g) and BEI (h).
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Fig. 5. EBSD patterns from gas atomized C3 annealed in hydrogen: mat

he boundary than within the grain. According to the La–Ni binary
hase diagram, the liquid with a hyper-stoichiometric composition
ill form an AB5 phase with lower B/A ratio than the average and

egregate excess of B into grain boundaries [24]. Therefore, the Ni-
ased phase found in the XRD spectrum is expected to reside in the
rain boundary region.

Fig. 4(g) and (h) shows the SEI and BEI micrographs of the GAAH-
3 sample, respectively. After the hydrogen annealing process, the
ranular structure of Fig. 4a–f disappears, and the particle is com-
osed of a matrix (region 1) with precipitation (region 2) within.
he chemical composition determined by EDS is listed in Table 3.
hile the matrix has a perfect AB5 stoichiometry, the precipitation

s very rich in Mn and Al and lean in rare earth elements. During
he annealing process, the AB5 grain grows in size making available
he extra B atoms originally residing in the grain boundary to form
solated precipitates.

EBSD patterns obtained from the matrix phase were indexed
gainst LaNi5, and an example of an indexed pattern is shown in
ig. 5(a). This corroborates the AB5 stoichiometry found by EDS.
ince precipitates such as region 2 in Fig. 4(h) were lower in Ni
nd higher in Al and Mn than the matrix, EBSD patterns obtained
rom several precipitates were indexed using the BCC B2-ordered
hases AlNi and MnNi, and the match was equally good with both;
n example is shown in Fig. 5(b). Thus the phase is primarily a solid
olution mixture of AlNi and MnNi.

.4. PCT analysis

The gaseous hydrogen interactions of the as-cast (MC) and vac-
um annealed (MCA) ingots studied by PCT analysis are reported.
he gas atomization powder was very difficult to activate because
he spherical shape resisted pulverization and the creation of new
urfaces. The PCT results from GA samples are much less reliable
nd not included in this report. The absorption and desorption
urves for compositions C1, C2, and C3 are plotted in Fig. 6. The
lope of the isotherm from the Cu-free C1 alloy before annealing
s very large and becomes smaller after annealing in vacuum. The
arge slope in the as-cast C1 originates from the multi-component
ature of the alloy. Some hypo-stoichiometric phases may con-
ribute to higher hydrogen storage capacity. After annealing, as the

bundance of main phase increases, the plateau becomes flatter
nd storage capacity decreases by a small amount. The amount of
bsorption/desorption hysteresis is reduced substantially by the
nnealing process, which is in agreement with the increase in c/a
spect ratio.
ith LaNi5 (a), and precipitate with AlNi (b) simulated patterns overlaid.

In the Cu-containing C2 and C3 alloys, the isotherms from the
as-cast samples indicate lower maximum storage capacities than
those of the Cu-free C1 alloy. The slopes in the as-cast C2 and
C3 are much smaller than that in C1, which exhibit better unifor-
mity in microstructures. After annealing, the changes in the slope
in C2 and C3 are much smaller than that in C1 and the hydro-
gen storage capacities increase. The final capacities after annealing
are similar for the C1, C2, and C3 compositions. The slope of the
isotherm becomes smaller for C2 and remains about the same for
C3 after annealing. Different from Cu-free C1, the hysteresis of the
isotherms does not reduce with the annealing process for both
Cu-containing C2 and C3. This finding is in agreement with the
unchanged c/a aspect ratio from XRD analysis.

The relationship between hysteresis and c/a aspect ratio has
been established previously on both AB5 [5] and AB2 [28–30] alloys.
The conclusion here is that while annealing of the Cu-free alloy
made by melt-and-cast can improve the cycle life by reducing
the pulverization, the same annealing process applied to the Cu-
containing alloy cannot benefit the cycle life. Therefore, in order to
extend the cycle life of these Cu-containing alloys, it will be nec-
essary to pursue other powder manufacture processing methods,
such as the gas atomization process presented here.

3.5. Magnetic susceptibility measurement

The surface structures of the GAAH samples were further stud-
ied by the use of MS measurements, which can determine the
amount of the metallic nickel on the surface by normalizing the MS
value to the bulk magnetic susceptibility of pure nickel (58.6 emu/g)
[31]. These metallic nickel particles are a by-product of the surface
oxidation of other elements, and are a good quantifier to estimate
the amount of surface oxide [32]. The shape of the susceptibility
curve can be used to estimate the size of the magnetic domain [33].
The magnetic susceptibility curves measured at room temperature
for gas atomized C1 power before and after hydrogen annealing are
shown in Fig. 7(a) and (b), respectively. The MS value of 350 memu/g
is obtained from GA-C1 without annealing, which slightly less than
the value obtained from the 4 h 100 ◦C 30% KOH etched MC ingot
with the same composition (434 memu/g). This MS value is much
higher than values observed from AB2 alloys (14–20 memu/g) [20]
and is the partial reason for the higher surface catalysis activity in

AB5 alloys [31]. The MS value reduces to 90 memu/g after hydro-
gen annealing, which indicates that 75% of the metallic Ni re-alloys
with the reduced rare earth elements. The re-alloying in the AB5
alloy with the AH process is not as complete as those in AB2 with
MS values lower than 0.6 memu/g [20]. The sizes of the metallic
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Fig. 6. PCT isotherms measured at 30 ◦C for alloys with compo

ickel on the surface are estimated to be 87 Å and 324 Å for GA-C1
owder before and after the AH process. The Ni cluster size before
nnealing is slightly smaller than the 4 h 100 ◦C 30% KOH etched
C ingot with the same composition (114 Å) [31]. The evolution

n the amount and size of the surface Ni inclusions of C2 and C3
ompositions with annealing is similar.

.6. Half-cell test
In the flooded half-cell measurement, the AB5 electrodes were
ot activated by the hot alkaline bath as in the AB2 electrodes [20].
he electrodes were first discharged against a partially precharged
i(OH)2 as the counter electrode with a small current (C/70 rate).
en wt.%

s C1 (a), C2 (b), and C3 (c) prepared by two different methods.

The observed initial capacity is the result of hydrogen absorption
generated from the metal oxidation during the test cell assembly
and is listed in Table 4. The amount of initial discharge has been cor-
related to the ease of surface metal oxidation [34,35]. In the case of
this study, the unactivated MCA AB5 samples show smaller initial
discharge capacities compared to those of the activated AB2. Both
GA and GAAH AB5 samples show very small initial discharge capac-
ities due to the spherical shape of the powder particles contributing

to the pulverization difficulty; this is similar to the La-rich AB5 alloy
[20].

The full capacity of the electrode was measured at C/70 rate at
the first cycle and the results are listed in Table 4. The GA pro-
cess reduces the full capacity due to oxygen contamination of the
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ing cycling and causes a premature failure of MCA-C2 (210) and
MCA-C3 (200). The GA powder extends the cycle life by its spher-
ical shape but also introduces an oxide layer on the surface. Extra

T
P
(

espectively.

ulk alloy, and the AH process recovers the full capacity, similar
o the results of AB2 GA alloy samples [20]. Except for C2, the full
apacities of the GAAH samples are almost the same as their orig-
nal MCA samples. The lower capacity in GAAH-C2 is due to the
low activation indicating more cycles are needed to improve the
apacity.

The half-cell high-rate dischargeability (HRD), defined as the
atio between discharge capacities at a higher rate (C/7) and a lower
ate (C/70), at cycle 10 for each alloy is listed in Table 4. In the half-
ell measurement, there is no binder used in the preparation of
lectrode. Therefore, a discharge rate higher than C/7 will cause
he disintegration and failure of the electrode. All samples show
igher HRD values than the AB2 alloys (Table 3 in Ref. [16]). No
ifference in HRD is observed for C1 and C3 alloys made by various
reparation methods. In the case of C2 composition, GA sample
hows the lowest HRD value due to the formation of surface oxide

uring cooling. The AH process afterward is able to bring the HRD
lose to that in the MCA sample.

able 4
reparation methods, half cell, and full cell measurement results. The first three specific cap
HRD) is defined by the ratio between the capacities measured at C/7 and C/70 rates.

Composition # Preparation First
disch.

Cap. at
C/7

Cap. at
C/70

HRD 2C
(30 ◦C)

C1 MCA 13 315 317 99% 59%
C1 GA 2 302 306 99% 89%
C1 GAAH 4 313 317 99% 92%
C2 MCA 14 322 324 99% 56%
C2 GA 2 224 238 94% 75%
C2 GAAH 0 256 260 98% 82%
C3 MCA 19 309 312 99% 56%
C3 GA 9 302 305 99% 76%
C3 GAAH 3 311 312 100% 84%
mpounds 509 (2011) 4896–4904

3.7. Full Ni/MH battery

All nine powders crafted with three different processes and
three compositions were made into sealed C-size cylindrical cells
by the fabrication method described previously [19]. Performance
results from various tests are listed in Table 4. The room tempera-
ture high-rate performance was studied by comparing the capacity
at 2C rate discharge normalized to the capacity at 0.2C rate dis-
charge. These cells are not designed for high-rate application but
rather provide a test bed for different alloys, so the results should
not be cited as the current status of Ni/MH battery. The three
MCA samples show similar 2C rate capabilities. The GA samples
show an improvement in 2C discharge, which is different from
the case with the AB2 alloy [20]. The improvement is believed
to result from the smaller average particle size of the GA pow-
der. The GAAH samples show even higher 2C rate dischargeability.
The low-temperature performance is similar (independent of the
composition) to the high-rate performance. The Cu-containing
C2 and C3 show better −10 ◦C performance, which proves the
concept of using Cu to improve the low-temperature character-
istics of the alloy. Both the GA and AH processes can improve
the high-rate and low-temperature dischargeability of the AB5
alloy.

Peak power, or specific power, as a function of state of charge
(SOC) was measured using a pulse discharge method [21]. The peak
power decreases when more energy from the battery is depleted
[19]. The peak power in W/kg under 80% SOC condition at the
5th cycle for each alloy is listed in Table 4. Similar to the 2C rate
results, both the GA and AH processes improve the peak power
at room temperature and at 0 ◦C. At 0 ◦C, the peak powers of the
GAAH Cu-containing C2 and C3 are better than GAAH Cu-free C1,
which confirms the importance of Cu addition in improving the
low-temperature performance of Ni/MH battery.

Charge retention (CR) was quantified by dividing the remain-
ing capacity measure at C/5 rate by the original capacity before the
seven day storage at room temperature and is listed in Table 4.
Comparing the CR data from MCA samples, Cu seems to improve
the charge retention capability. Both the GA and AH processes
improve the CR properties and the difference between Cu-free and
Cu-containing alloys is much reduced with a combined GAAH pro-
cess.

Room temperature cycle life was studied by a C/2 charge and
C/2 discharge scheme. The end of cycle was determined when
60% of the original capacity was reached and is listed in Table 4.
While MCA-C1 sample reaches the designed cycle life (450), the
addition of Cu in C2 and C3 increases the pulverization rate dur-
electrolyte is consumed during the dissolution/activation of the
surface oxide and causes degradation in cycle life. Therefore, while

acity data are in mAh/g and peak powers are in W/kg. The high-rate dischargeability

0.5C
(–10 ◦C)

Peak power at
80%RT

Peak power at
80%0 ◦C

Charge
retention at 7
days

Cycle
life

90% 161 134 71% 450
91% 185 151 86% 250
92% 214 170 91% 280
91% 158 135 74% 210
94% 178 151 86% 210
96% 235 193 89% 320
91% 163 142 85% 200
92% 165 151 86% 250
94% 190 205 89% 300
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increases more rapidly in the GA and GAAH samples with cycling,
thus resulting in a shorter cycle life compared to the MCA prepared
sample.

Cycle Life

Capacity

Forma�onCharge Ret.

Peak Power

MCA

GA

GAAH
ig. 8. Cross-section SEM-BEI micrographs of conventional melt-and-cast prepared
50 cycles (d).

A-C1 sample shows inferior cycle life performance (250), GA-
2 and GA-C3 show similar or even better results (210 and 250)
omparing to MCA. For all GA samples, the cycle life performances
re similar and the mechanisms are the same: formation of oxide
nd short of electrolyte. The AH process reduces the surface oxide
ormed during GA and thus improves the cycle life for all three
ompositions.

In order to confirm the failure mode of the Ni/MH battery, SEM
EIs of the cross-sections of the MCA prepared C1 and C2 elec-
rodes with light and heavy cyclings are presented in Fig. 8a–d.
or the light cycling (15 cycles), the MCA-prepared C1 alloy shows
lean and oxide-free surface with some pulverization from activa-
ion (Fig. 8(a)). After 500 cycles, the particle size remains unchanged
nd the surface is covered with a thick oxide layer. Although
bout 50% of the material remains metallic (brighter contrast under
ackscattering condition), the surface oxide impedes the trans-
ort of hydrogen. Therefore, the degradation in capacity is due to
he growth of the surface oxide. In the case of the Cu-containing
2 alloy, pulverization is already very severe after only 15 cycles,
hich was predicted from the relatively small c/a aspect ratio. At

he end of cycle life (250 cycles), all materials are fully oxidized.
herefore, the initial pulverization is considered to be the main
eason contributing to the short life of the Cu-containing alloy pre-

ared by the conventional melt-and-cast.

In the case of GA and GAAH prepared AB5 samples, we found that
he SEM micrographs were identical to those obtained from GA and
AAH prepared AB2 samples (Fig. 6 in Ref. [16]). The spherical shape
f the particle was kept during the cycling process. No noticeable
ctrode after 15 cycles (a) and 500 cycles (b), and C2 electrode after 15 cycles (c) and

pulverization was found on either GA or GAAH AB5 samples. In
contrast to the MCA samples, the GA and GAAH samples retain large
particles with smaller surface area. Therefore, the oxide thickness
Low Temp

Fig. 9. Radar diagram comparing Cu-containing MH electrode performance among
conventional melt-and-cast with vacuum annealing, gas atomization with and
without hydrogen annealing. All data are from the average of C2 and C3 alloy
compositions. Peak power was measured at 80% SOC at room temperature.
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. Conclusion

Copper was added into (LaCePrNd)(NiCoMnAl)5 formula to
mprove the low-temperature performance of MH electrode. The
ycle life was shortened as a result of a higher degree of pulver-
zation due to stress built into the alloy during hydride/dehydride
ycles from a larger PCT hysteresis. The gas atomization together
ith annealing in hydrogen not only extends the cycle life but

lso improves the high-rate, low-temperature, and charge reten-
ion performances of Cu-containing MH electrode. However, the
est cycle life obtained from the GAAH processed Cu-containing
lloys is still inferior to the Cu-free alloys prepared by the con-
entional melt-and-cast process. Therefore, other means, such as
ompositional modification is needed for further improvement in
ycle life.

The effect of GA and GAAH on the Cu-containing MH electrode
an be presented in a summarized radar diagram illustrated in
ig. 9. All data are from the average of C2 and C3 compositions and
ormalized to the highest value in the same category. The formation
ata are from the reciprocal of number of cycles needed to achieve
stable power. The capacity data are from the first cycle. Judging

rom this graph, we can summarize that except for the formation,
oth the GA and GAAH processes improve all major performances
f Cu-containing alloy in Ni/MH battery.
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