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a b s t r a c t

The structures and electrochemical properties of a series of annealed AB5,
La10.5Ce4.3Pr0.5Nd1.4Ni64.3−xCo5.0Mn4.6Al6.0Cu3.2Zr0.2Fex (x = 0.0, 0.5, 1.0, and 1.5), metal hydride alloys
were studied for improvement in the low-temperature performance of nickel/metal hydride batteries.
As the Fe-content in the alloy increases, the following was observed: lattice constant a first increases
and then decreases; lattice constant c and c/a ratio increase; unit cell volume increases monotonically;
the main AB5 phase becomes hyper-stoichiometric containing no Zr and its Fe-content is close to
the target composition; an additional AB7 phase appears; maximum gaseous hydrogen storage, PCT
plateau pressure, and hysteresis first increase and then decrease while the trend of reversible hydrogen
storage is the opposite; enthalpy and entropy of hydride formation remain unchanged; electrochemical
lectrochemical reactions full capacity decreases while the high-rate dischargeability and surface reaction exchange current
increase; and bulk hydrogen diffusion increases first and then decreases by very small amounts. The
product of charge-transfer resistance and double-layer capacitance measured at −40 ◦C indicates an
improvement in the surface catalysis with Fe-addition. In the sealed cell, the addition of Fe improves
both the specific power and −10 ◦C low temperature performance, slightly reduces the charge retention,
and first marginally improves and then deteriorates the cycle life performance.
. Introduction

Most of the Fe-substitution in rare-earth based AB5 metal
ydride (MH) alloys are for the purpose of replacing expensive
o [1–17]. The general drawback of this approach is the resulting
acrifice in cycle life due to an increase in the pulverization rate
uring cycling. However, contradictory results of similar [18] or
ven improving cycle life [7,11,15,19] by partial substitution of Fe
or Co have also been previously reported. Other features also cited
nclude decreases in both anti-corrosion capability [9,20,21] and
igh-rate dischargeability (HRD) [6,8,22], an improvement [8,22] or
indrance [20] in activation, an easy formation of surface metallic
lusters [23], and a lower hydrogen diffusion coefficient [5,6,11,21].

Besides the cost issue, Fe is an interesting substitution ele-
ent in AB5 MH alloys due to its atomic radius, number of

lectrons, and electronegativity being similar to those of Ni and
o. With an advantage of increasing surface area [24], Fe may be

candidate for low-temperature applications. Previous works of

artially replacing Ni with Fe in AB5 MH alloy showed both lower
25–27] and higher [28,29] gaseous hydrogen storages, either lower
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[25–27,30,31] or higher equilibrium plateau pressures [32], a low
electrochemical capacity [24,33,34], a higher HRD due to higher
surface area [24,34] or a lower HRD due to low exchange current
and diffusion coefficient [35], and a harder activation [31,34]. In the
case of Fe substitution for both Ni and Co, both the electrochemical
capacity and plateau pressure decrease, and both lattice constants
increase [36]. Since contradicting results of Fe-addition have been
reported, a revisiting of the same subject is necessary. Recently,
low-temperature performance has become the major barrier which
prevents a nickel/metal hydride battery (Ni/MH) from replacing a
NiCd battery. Cu was first introduced as a modifier element ded-
icated for −30 ◦C applications [37]. In this study, the effects of
Fe-substitution for Ni into the structures and electrochemical prop-
erties of these low-temperature AB5 MH alloys are investigated
with a focus on improvement in Ni/MH battery performance, espe-
cially at low temperature.

2. Experimental setup

In this study, induction melting was performed under an argon

atmosphere in a 2 kg furnace using a MgAl2O4 crucible, an alu-
mina tundish, and a steel pancake-shape mold. The ingots were
annealed in vacuum (1 × 10−8 Torr) at 960 ◦C for 10 h before being
mechanically crushed into −200 mesh powder. The chemical
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http://www.sciencedirect.com/science/journal/09258388
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omposition of each sample was examined by a Varian Liberty 100
nductively coupled plasma (ICP) system. A Philips X’Pert Pro X-ray
iffractometer (XRD) was used to study the microstructure, and a

OEL-JSM6320F scanning electron microscope (SEM) with energy
ispersive spectroscopy (EDS) capability was used to study the
hase distribution and composition. PCT characteristics for each
ample were measured using a Suzuki–Shokan multi-channel PCT
ystem. In the PCT analysis, each sample was first activated by per-
orming 4 room temperature absorption/desorption cycles; then,
CT isotherms at 30, 45, and 60 ◦C were measured. Details of both
lectrode and cell preparations as well as measurement methods
ave been reported previously [38,39]. The hydrogen diffusion and
urface charge-transfer current measurements were performed
sing an Arbin Instruments BT4+ Portable Battery Test System. AC

mpedance measurements were conducted using a Solartron 1250
requency Response Analyzer with sine wave of amplitude 10 mV
nd frequency range of 10 mHz–10 kHz. Prior to the measurements,
he electrodes were subjected to one full charge/discharge cycle at a
/10 rate using a Solartron 1470 Cell Test galvanostat, recharged to
00% state-of-charge (SOC), subsequently discharged to 80% (SOC),
nd then finally cooled to −40 ◦C.

. Results and discussion

Four alloys with Fe substituting for Ni,
a10.5Ce4.3Pr0.5Nd1.4Ni64.3−xCo5.0Mn4.6Al6.0Cu3.2Zr0.2Fex (x = 0.0,
.5, 1.0, and 1.5), were prepared by induction melting, and their
esign compositions are listed in Table 1. Fe0 alloy, the same
ase alloy used in a Mo-substitution study [40], is a derivative
f a La-rich misch-metal based AB5 alloy which has a good low-
emperature performance at −30 ◦C [41]. In Fe0 alloy, Cu was
dded in order to engineer the shape of metallic inclusions and to
reate tunnels in the surface oxide interfaces [37]. Zr is included as
compensation for the reduced amount of Co used in the alloy [42]

n order to increase the cycle life. The ICP results of all four alloys,
s listed in Table 1, are very close to the design compositions. Small
mount of La went into the slag and was removed by the tundish
nstalled between the crucible pouring spout and the mold.

.1. XRD structure analysis

The XRD spectra of four alloys in this study after annealing
re shown in Fig. 1. Annealing is necessary in misch-metal based
B5 MH alloys to ensure better uniformity and to extend the
ycle life [43,44]. All peaks are from reflections of a CaCu5 crys-
al structure. As the Fe-content increases, the (1 0 3) peak intensity
ncreases from almost zero to about one half that of the (2 2 0)
eak. There are various (1 0 3)/(2 2 0) peak ratios reported in the
B5 systems: almost zero for unannealed Mm(NiCoMnAl)5 [45]
nd 3-h annealed Mm(NiCoMnAl)5 [46]; about one quarter from
aNi5 [47,48], 6-h annealed low-Co AB5 [49], and unannealed AB4.9
50]; one third from a low-Co AB4.9 alloy [9] and MmNi5 [51]; one
alf from a 8-h annealed Mm(NiCoMnAl)5[52] and a 3-h annealed
m(NiCoMnAl)5Li0.103 alloy [46]; and higher than 1 in a low-

o AB5.4 alloy [53]. In a series of La(NiAlCoMn)5Vx alloys, the
1 0 3)/(2 2 0) peak ratio increases with increasing V-contents [54].
n our case, Fe may occupy a particular B-site (3 g) and alter the
orm factor of the (1 0 3) peak after annealing as was the case of
aNi5−xFex studied by Mössbauer measurement [55]. In the cur-
ent study, the (1 0 3)/(2 2 0) peaks ratio from un-annealed samples
ere much smaller than those reported previously.
Lattice constants a, c, c/a ratio, and the unit cell volume for each
lloy are listed in Table 2. As the Fe-content in the alloy increases,
he a value first increases and then decreases slightly while the c
alue increases monotonically. As a result, the c/a ratio, strongly
Fig. 1. XRD spectra using Cu K� as the radiation source for alloys Fe0 (a), Fe1 (b),
Fe2 (c), and Fe3 (d). Only reflections from a CaCu5 crystal structure are present.

linked to the cycling pulverization rate [56], first it decreases and
then increases with the increasing Fe-content. Lattice parameter a
together with a few more properties described in later sections are
affected by two driving forces with opposite directions. The larger
atomic size of Fe increases the lattice constant a, but the formation
of A-site Ni-dumbbell [57] reduces it. This may be related to the
contradictory results from Fe-substitution found in the literatures.
The CaCu5 unit cell volume calculated from the lattice constants
increases with the Fe-content. The increase in unit cell volume
implies Fe-containing alloys have stronger metal–hydrogen bond
strength and consequently a lower equilibrium plateau pressure.
The crystallite sizes estimated from the full-width at half maxi-
mum (FWHM) of the CaCu5 (0 0 1) diffraction peak are also listed
in Table 2. The crystallite size increases first and then decreases as
the Fe-content in the alloy increases.

3.2. SEM/EDS phase analysis

The microstructures for this series of alloys were studied by
SEM. SEM back-scattering electron images (BEI) from alloys Fe1,
Fe2, and Fe3 are presented in Fig. 2. The compositions in several
areas identified numerically in the micrographs were studied by
EDS and the results are listed in Table 3. The microstructure of the
Fe-free Fe0 was shown in a previous publication (Fig. 3a in Ref.
[38]) and can be summarized as: main AB5 phase with occasional
La–Ce metal inclusions and a ZrNi5 secondary phase. The La–Ce
inclusion contains a much higher level of Zr than the main working
phase does and therefore can reduce the ZrNi5 phase abundance.
In the Fe-containing alloys, the location of Zr shifts from La and
La2Ni3 (Fe1), to La2Ni3, ZrNi, and ZrO2 (Fe2), and finally ZrO2 (Fe3)
as the Fe-content increases. There is no detectable Zr in the main
AB5 phase and therefore the predicted advantage of adding Zr to
enhance the cycle life is not obtained. Due to the formation of La-
rich phases, such as La-inclusion and La2Ni3, the main AB5 phase
becomes hyper-stoichiometric (B/A ratio of about 6.4) which is poor

in La. The hyper-stoichiometry is good for cycle life as it results
in the formation of Ni-dumbbell pairs in the A-site [57]. Unlike
the case of Mo substitution, Fe was successfully doped into the
main phase at a percentage slightly lower than the target value.
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Table 1
Comparison of design composition and ICP result.

La Ce Pr Nd Ni Co Mn Al Cu Zr Fe

Fe0 Design 10.5 4.3 0.5 1.4 64.3 5.0 4.6 6.0 3.2 0.2 0.0
ICP 10.4 4.3 0.4 1.3 64.7 5.3 4.4 5.7 3.3 0.2 0.0

Fe1 Design 10.5 4.3 0.5 1.4 63.8 5.0 4.6 6.0 3.2 0.2 0.5
ICP 9.8 4.1 0.5 1.4 64.9 4.9 4.6 5.9 3.3 0.2 0.5

Fe2 Design 10.5 4.3 0.5 1.4 63.3 5.0 4.6 6.0 3.2 0.2 1.0
ICP 10.0 4.1 0.5 1.4 63.8 4.9 4.7 6.0 3.3 0.2 1.1

Fe3 Design 10.5 4.3 0.5 1.4 62.8 5.0 4.6 6.0 3.2 0.2 1.5
ICP 9.8 4.2 0.5 1.3 63.7 4.9 4.6 6.1 3.2 0.2 1.5

Table 2
Lattice constants a and c, a/c ratio, CaCu5 lattice volume, full width at half maximum (2�, in degrees) for (1 0 3) reflection peak, and corresponding crystallite size from XRD
analysis.

Alloy # a (in Å) c (in Å) c/a VCaCu5 (in Å3) FWHM (0 0 1) Crystallite
size (in Å)

Fe0 5.011 4.048 0.8078 88.03 0.169 826

A
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Fe1 5.020 4.049 0.8066
Fe2 5.020 4.050 0.8068
Fe3 5.018 4.054 0.8079

t higher Fe-contents, higher stoichiometry phases, such as AB7,
tart to appear.

.3. Gaseous study

Gaseous hydrogen storage properties of the alloys were studied
y PCT. The resulting absorption and desorption isotherms mea-
ured at 30 ◦C and 45 ◦C for alloys Fe1–Fe3 are shown in Fig. 3a and b,
espectively. The information obtained from the PCT study is sum-
arized in Table 4. The plateau pressure increases slightly and then

ecreases. The initial increase is due to the hyper-stoichiometry in
he main AB5 phase and the latter decrease is from the expanding
nit cell volume due to Fe-addition. The slope factor (SF) is defined
s the ratio of the storage capacity between 0.01 and 0.5 MPa hydro-
en pressure to the total capacity. The SF of each alloy is listed in
able 4 and can be used to determine the degree of disorder in the
lloy [58,59]. As the Fe-content increases, the SF first remains about
he same and then decreases slightly. The relatively higher SF in
e2 may be related to the smaller crystallite found in XRD analysis.

he hysteresis of the PCT isotherm, listed in Table 4, is defined as
n(Pa/Pd), where Pa and Pd are the absorption and desorption equi-
ibrium pressures at 0.6 wt.%, respectively. Similar to Mo in AB5, the
ysteresis first increases and then decreases to the original value

able 3
DS result in atomic percentages from area identified in SEM micrograph (Fig. 2). All num

La Ce Pr Nd Ni Co Mn

Fe1–1 70.5 9.8 0.0 2.7 9.7 0.2 0.0
Fe1–2 28.5 7.9 0.0 0.7 37 12.8 0.8
Fe1–3 8.2 4.5 0.0 0.9 65.6 4.7 4.5
Fe1–4 8.3 4.6 0.0 0.9 67.6 4.7 4.8
Fe1–5 8.1 4.4 0.0 1.0 68.5 4.8 4.6
Fe2–1 36.4 8.4 0.0 0.8 44.2 5.4 2.2
Fe2–2 27.6 6.9 0.0 0.4 49.3 9.4 2.4
Fe2–3 40.2 7.9 1.1 1.0 40.9 3.2 2.5
Fe2–4 8.3 4.6 0.0 0.9 69.5 2.9 4.7
Fe2–5 6.6 4.1 0.3 1.0 44 1.8 3.7
Fe2–6 8.5 4.6 0.0 0.9 69.4 2.6 4.6
Fe2–7 8.4 4.6 0.0 1.0 69.6 2.6 4.7
Fe2–8 3.4 1.2 0.0 0.0 6.4 0.0 0.4
Fe2–9 7.6 4.1 0.0 0.8 63.7 2.5 4.2
Fe3–1 33.3 7.2 0.0 1.3 39.5 16.8 0.6
Fe3–2 8.2 4.5 0.0 0.9 68 4.6 4.4
Fe3–3 8.3 4.5 0.0 0.9 66.2 4.6 5.0
Fe3–4 0.8 0.2 0.0 0.0 3.0 0.0 0.1
Fe3–5 7.2 3.8 0.0 0.8 57.4 3.8 3.9
88.37 0.133 >1000
88.39 0.145 >1000
88.40 0.176 756

as the Fe-content increases. The initial increase in PCT hysteresis
is due to the reduction of Zr-content in the main phase due to the
formation of other Zr-rich secondary phases. The latter reduction is
due to the formation of hyper-stoichiometry AB7 phase. The trend
of PCT hysteresis evolution follows that of the c/a ratio.

With increasing Fe-content, the maximum storage capacity first
increases and then decreases. The increase is due to the larger unit
cell resulting from Fe-addition and the decrease is due to forma-
tion of hyper-stoichiometry AB7 phase with less hydrogen storage
capability. The reversible capacity has the opposite trend. The addi-
tion of a small amount of Fe increases the unit cell and the storage
capacity; it also increases the metal–hydrogen bond strength and
makes it more difficult to release hydrogen. In the case of alloys
with higher Fe-content, the hyper-stoichiometry AB7 can release
hydrogen more easily.

Desorption equilibrium pressures at 0.6 wt.% storage capacity
measured at 30, 45, and 60 ◦C were used to calculate the changes
in enthalpy (�H) and entropy (�S) by the equation

�G = �H − T�S = RT ln P (1)
where R is the ideal gas constant and T is the absolute temperature.
The results of these calculations are listed in Table 4. The variations
in heat of hydride formations are small but still can be correlated

bers are in atomic percentages.

Al Cu % Zr Fe B/A Ratio Phase

1.4 1.0 4.6 0.0 0.2 La
0.0 0.3 12.0 0.0 1.7 La2Ni3
8.0 3.4 0.0 0.3 6.4 AB5

5.8 3.1 0.0 0.3 6.3 AB5

5.0 3.3 0.0 0.4 6.4 AB5

0.0 1.6 0.3 0.5 1.2 LaNi/La2Ni3
0.4 1.4 1.4 0.8 1.9 La2Ni3
0.0 2.5 0.2 0.5 1.0 LaNi
4.8 3.5 0.0 0.9 6.3 AB5

3.7 2.7 31.3 0.8 7.3 ZrNi
5.3 3.1 0.0 1.0 6.1 AB5

5.0 3.3 0.0 0.8 6.1 AB5

0.2 0.3 88 0.0 20.7 ZrO2

13.2 3.0 0.0 0.9 7.0 AB7

0.0 0.2 0.3 0.8 1.4 La2Ni3
4.9 3.2 0.0 1.3 6.4 AB5

6.3 3.0 0.1 1.3 6.3 AB5

0.6 0.1 95.1 0.1 99.0 ZrO2

19.3 2.8 0.0 1.0 7.5 AB7
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Table 4
Summary of chemical composition (in atomic percentage), gas phase properties (plateau pressure, slope factor, hysteresis, and maximum capacity), and results from half-cell measurement (pre-charge, capacity, and high-rate
dischargeability) and full-cell (cycle life, charge retention, specific power, and low-temperature performance) measurement.

Des.
pressure
at 0.6%,
at 30 ◦C
(MPa)

Slope
factor at
30 ◦C

PCT
hysteresis
at 0.6%,
30 ◦C

Max. cap.
at 30 ◦C
(wt.%)

Reversible
cap. at
30 ◦C
(wt.%)

−�H
(kJ/mol)

−�S
(J/mol K)

Pre-
charge
(mAh/g)

Cap. at
100 mA/g
(mAh/g)

Cap. at
12 mA/g
(mAh/g)

HRD Diffusion
coefficient
(10−10 cm2/s)

Exchange
current
(mA/g)

Charge
transfer
resistance
at −40 ◦C
(� g)

Double-
layer
capacitance
at −40 ◦C
(Farad/g)

70%
cycle
life

30 days
charge
retention
(%)

Room
temp.
specific
power
(W/kg)

Low-
temp.
−10 ◦C,
0.5 C (%)

Fe0 0.018 0.86 0.13 1.26 1.21 39.9 117 0 311 333 0.934 10.9 33.1 5.4 1.02 135 76 179 89
Fe1 0.019 0.88 0.20 1.30 1.10 40.9 119 0 296 313 0.948 11.5 33.7 3.3 1.49 145 64 196 96
Fe2 0.013 0.87 0.16 1.30 1.03 40.3 116 0 300 312 0.963 9.6 50.0 4.9 1.05 35 65 195 93
Fe3 0.012 0.83 0.12 1.25 1.13 40.1 115 1 311 314 0.989 9.6 48.0 3.5 1.07 40 65 197 94
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o the maximum capacity as proposed by Ma et al. [60]. The driv-
ng forces from large unit cell and hyper-stoichiometry must be
bout the same, and therefore the net change resulting from Fe-
ddition is small. The �S values are very similar and close to the
S between the hydrogen gas and hydrogen in the solid [61,31],

mplying a complete ordered ˇ hydride phase.

.4. Electrochemical measurement
Discharge capacities of the four alloys were measured in a
ooded cell against a partially pre-charged Ni(OH)2 as the posi-
ive electrode. Unlike AB2 alloys, pre-activation in a hot alkaline
olution was not performed. The cell was first discharged with a
Fig. 4. The full discharge capacity measured at 12 mA/g (a) and half-cell HRD as
defined as the ratio between capacities measured at 100 and 12 mA/g for the first
13 cycles.

small current density at 5 mA/g. The initial discharge capacity prior
to any charge input is due to the hydrogen absorption generated
as a result of the metal oxidation in the electrolyte, and it can be
used to quantify the ease of activation [62]. A higher initial dis-
charge capacity can be correlated to easier oxidation/activation of
the alloy. The amount of pre-charge in mAh/g for each alloy is listed
in Table 4. With a relative stability in KOH solution [63], Fe-addition
does not change the formation process significantly, which is in
agreement with prior literature [64] and very different from the
case of Mo-substitution.

The full discharge capacities of the first 13 cycles measured with
a current of 12 mA/g are plotted in Fig. 4a. The discharge capacities
of the Fe-containing alloys are similar and are lower than that from
Fe-free alloy, which is consistent with the reversible gaseous hydro-
gen storage capacities found from the PCT analysis. The half-cell
HRD of each alloy, defined as the ratio of discharge capacity mea-
sured at 100 mA/g to that at 12 mA/g, is plotted in Fig. 4b. Numbers
obtained from the 5th cycle are listed in Table 4. The half-cell HRD
improves with the increase in Fe-content.

Both the bulk diffusion coefficient (D) and the surface exchange
current (Io) are important parameters for analysing the MH alloy
to be used in a sealed Ni/MH battery. The details of both measure-
ments were previously reported [65], and the values are listed in
Table 4. While the D values for all alloys are similar (with a small

increase in Fe1 and decreases in Fe2 and Fe3), the Io values of the
Fe-containing alloys are considerably higher than those in the Fe-
free alloy. Therefore, the increase in the half-cell HRD is mainly due
to the improvement of the surface reaction and is not related to the
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ig. 5. The product of charge-transfer resistance and double-layer capacitance mea-
ured at −40 ◦C as a function of Fe-content in the alloy.

ulk diffusion of hydrogen. In a Fe-containing AB2 MH alloy, an Fe-
ich surface is formed after activation and is believed to contribute
ositively to the surface reaction [66].

The low-temperature characteristic of these alloys was further
tudied using AC impedance measurement conducted at −40 ◦C.
t temperatures as low as −40 ◦C, the surface charge-transfer
eaction on the negative electrode becomes more dominating in
he discharge kinetics [67]. The charge-transfer resistance (R) and
ouble-layer capacitance (C) were calculated from the Cole–Cole
lot and are listed in Table 4. All the Fe-containing alloys show

ower R values than the Fe-free Fe0 alloy. Only Fe1 shows a
elatively larger C value compared to those of the other alloys, indi-
ating a small amount of Fe (0.5%) is useful to increase the reaction
rea. The product of charge-transfer resistance and double-layer
apacitance measured at −40 ◦C as a function of Fe-content in the
lloy is plotted against the Fe-content in Fig. 5. It clearly shows the
dvantage in using Fe to increase the surface catalytic activity. The
lope of the trend line in Fig. 5 is twice that of a similar curve with
o-addition [38] (Fig. 7 in Ref. [38]). Therefore, Fe is more effec-

ive in catalysing the surface reaction at low temperature than Mo
hen same amount is added in the alloy formula.

Four important Ni/MH technical parameters (cycle life, charge
etention, specific power, and low-temperature performance) for
he MH electrode made from each alloy are listed in Table 4. The
ycle life performance (measured by the number of cycles reaching
0% of the original capacity) of Fe1 is similar to the base alloy Fe0.
igher Fe-contents degrades the cycle life; this may be due to the

ntroduction of hyper-stoichiometric AB7 phase which has a differ-
nt amount of expansion during the hydride/dehydride cycling and
ontributes to an early failure of electrode due to disintegration.

The 30-day charge retention values are listed in Table 4. Charge
etention of the Fe-containing alloys is slightly worse than the Fe-
ree base alloy, as the Fe dissolves into the electrolyte during cycling
66,68]. The multi-valence property of the Fe-ion may contribute to
he oxidation–reduction shuttling effect between the positive and
egative electrodes thus lowering charge retention. The specific
ower measured at room temperature is also listed in Table 4. The
owers of Fe-containing alloys are comparable and higher than the
e-free Fe0 alloy, which is consistent with the half-cell HRD results.

Low-temperature performance, defined as the ratio of the
apacity measured at 0.5 C rate and −10 ◦C to the capacity mea-
ured at the same rate and room temperature, is listed in Table 4
or each of the alloys. Again, the Fe-containing alloys show better

10 ◦C dischargeability than the Fe-free alloy. Fe further improves

he low-temperature performance of alloys designed for better
ow-temperature power capability.

[

[

mpounds 509 (2011) 7611–7617

4. Conclusions

The Fe addition to an AB5 alloy previously designed for −30 ◦C
low-temperature performance shows improvements in room tem-
perature power, −10 ◦C full-cell, and −40 ◦C half-cell measurement
due to an increase in the surface catalytic ability. Taking into con-
sideration the balancing of low temperature performance with the
general battery performance, especially cycle life, a Fe-content at
0.5 at.% is recommended.
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