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a b s t r a c t

After an annealing treatment at 960 ◦C for 8 h, the molybdenum added into previously designed AB5 alloys
for −30 ◦C applications segregates into spheres with diameters between 1 and 10 �m. A secondary phase
with Zr-to-other elements ratio of about 1-to-5, over- (AB7), and under-stoichiometric (AB4) phases
were observed in most of the alloys regardless of Mo-content. As the Mo-content increases, the AB7

phase disappears while the AB4 phase grows in size and abundance. Regarding the gaseous absorption
properties, a small amount of Mo (0.2 at.%) in the main phase reduces the plateau pressure and hydride
heat of formation uniformly for all Mo-containing alloys. The reduction in main phase abundance causes
ydrogen absorbing materials
ransition metal alloys
etal hydride electrode

lectrochemical reactions

a decrease in both the total and the reversible hydrogen storage capacities. In electrochemical testing, the
addition of Mo decreases the discharge capacity, high-rate dischargeability, and hydrogen diffusion in
the bulk. The influence of Mo-addition to general battery performance is very minor. However, the low-
temperature AC impedance measured at −40 ◦C shows reduced charge transfer resistance and increased
double layer capacitance in the Mo-containing alloys. Mo was found to assist the surface reaction at very
low temperatures, and the effect is proportional to the amount of addition as noted by the increasing

abili
surface area and catalytic

. Introduction

Recently, AB2 [1–8], AB3 [9–11], and AB5 [12–15], and BCC
16,17] metal hydride (MH) alloys have been intensively inves-
igated to improve the performance of nickel metal hydride
Ni/MH) batteries. In one direction of compositional modification,

olybdenum was found to be beneficial to the low-temperature
pplications of Ni/MH batteries [18–21]. In the AB2 alloy sys-
em, we previously reported the positive contribution of Mo to
ow-temperature performance through the increase in bulk dif-
usion rate, surface area, and surface catalytic ability [21]. In an
B5 system, Senoh et al. found that the addition of Mo in an AB5
lloy improved the −40 ◦C charge efficiency through the enhance-
ent of surface charge-transfer reaction [20]. The improvement

n low-temperature performance in the Mo-containing AB5 alloy
as later confirmed by Iwakura et al. and connected to its bet-

er bulk hydrogen diffusion and surface charge-transfer reaction

22]. As for the other properties of Mo-modified AB5 alloys, Osumi
t al. reported an increase in pressure–concentration–temperature
PCT) isotherm hysteresis in the MmNi4.7Al0.3Mo0.1 alloy [23]. Not-
en and Hokkeling found that a MoCo3 catalytic secondary phase

∗ Corresponding author. Tel.: +1 248 293 7000; fax: +1 248 299 4520.
E-mail address: kwoyoung@yahoo.com (K. Young).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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ty, which is similar to the case of AB2 alloys.
© 2011 Elsevier B.V. All rights reserved.

was formed in the Mo-doped over-stoichiometric AB5.5 alloy with
quick quench on a chilled plate [18] or the melt-spun alloy with a
follow-up annealing at 900 ◦C [24]. Jakšić demonstrated a dramatic
reduction in overpotential in the alloy that had its surface modi-
fied by galvanic codeposition of Mo and Co [25]. The MoCo3 phase
was confirmed by Hsu et al. with selective area diffraction pattern
using transmission electron microscopy [26]. The same group also
reported an increased hydrogen storage capacity with the substi-
tution of Ni or Co by Mo [27,28]. Small amounts of Mo-substitution
were found by Ye and Zhang to increase the room temperature
high-rate dischargeability (HRD) and surface charge-transfer cur-
rent [29,30]. Although the general characteristics of Mo-modified
AB5 alloys have been reported, a more systematic study on the
influences of Mo to the structural, gaseous storage, and electro-
chemical properties (especially at low temperature) is needed and
will be presented in this paper.

2. Experimental setup

In this study, induction melting was performed under an argon atmosphere in
a 2 kg furnace using a MgAl2O4 crucible, an alumina tundish, and a steel pancake-
shape mold. The ingots were annealed in vacuum (1 × 10−8 torr) at 960 ◦C for 8 h

before being mechanically crushed into −200 mesh powder. The chemical compo-
sition of each sample was examined by a Varian Liberty 100 inductively coupled
plasma (ICP) system. A Philips X’Pert Pro X-ray diffractometer (XRD) was used to
study the microstructure, and a JOEL-JSM6320F scanning electron microscope (SEM)
with energy dispersive spectroscopy (EDS) capability was used to study the phase
distribution and composition. PCT characteristics for each sample were measured

dx.doi.org/10.1016/j.jallcom.2010.12.205
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kwoyoung@yahoo.com
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3996 K. Young et al. / Journal of Alloys and Compounds 509 (2011) 3995–4001

Table 1
Design composition and ICP result.

La at.% Ce at.% Pr at.% Nd at.% Ni at.% Co at.% Mn at.% Al at.% Cu at.% Zr at.% Mo at.%

Mo0 Design 10.5 4.3 0.5 1.4 64.3 5.0 4.6 6.0 3.2 0.2 0.0
ICP 9.9 4.3 0.4 1.3 65.4 5.1 4.6 5.5 3.3 0.2 0.0

Mo1 Design 10.5 4.3 0.5 1.4 63.3 5.0 4.6 6.0 3.2 0.2 1.0
ICP 10.1 4.2 0.4 1.2 64.2 5.1 4.5 5.6 3.2 0.2 1.3

Mo2 Design 10.5 4.3 0.5 1.4 62.3 5.0 4.6 6.0 3.2 0.2 2.0
ICP 9.9 4.5 0.5 1.3 63.4 5.0 4.4 5.6 3.2 0.2 2.0

Mo3 Design 10.5 4.3 0.5 1.4 61.3 5.0 4.6 6.0 3.2 0.2 3.0
.8 5.2 4.6 5.8 3.2 0.2 3.1

.3 5.0 4.6 6.0 3.2 0.2 4.0

.0 5.0 4.6 5.9 3.3 0.2 3.8
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Fig. 1. XRD spectra using Cu-K� as the radiation source for alloys Mo0 (a), Mo1 (b),
Mo2 (c), Mo3 (d), and Mo4 (e). Diffraction peaks from Mo are visible only in (e).
ICP 9.9 4.5 0.5 1.2 61

Mo4 Design 10.5 4.3 0.5 1.4 60
ICP 10.1 4.4 0.4 1.2 61

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 atm H2 pressure; then, PCT isotherms at 30 ◦C and 60 ◦C were measured. Details
f both electrode and cell preparations as well as measurement methods have been
eported before [31,32]. The hydrogen diffusion and surface charge-transfer current
easurements were performed in Arbin Instruments BT4+ Portable Battery Test

ystem. AC impedance measurements were conducted using Solartron 1250 Fre-
uency Response Analyzer with sine wave of amplitude 10 mV and frequency range
f 10 mHz to 10 kHz. Prior to the measurements, the electrodes were subjected to
ne full charge/discharge cycle at C/10 rate using a Solartron 1470 Cell Test galvano-
tat, then recharged to 100% state-of-charge (SOC), subsequently discharged to 80%
SOC), and finally cooled to −40 ◦C.

. Results and discussion

Five alloys with Mo substituting for Ni at various concentration
evels from 0 to 4 at.% were prepared, and the design compositions
re listed in Table 1. The base alloy (Mo0) with no Mo substitution
as selected from an earlier study for its good low-temperature
erformance at −30 ◦C [33]. The base alloy is a derivative of La-rich
isch metal based AB5 alloy. Cu was added to engineer the shape of
etallic inclusions and to create tunnels in the surface oxide inter-

aces [34]. Zr was added to increase the cycle life as compensation
or the reduced amount of Co used in the alloy [35]. The ICP results
f all five alloys, as listed in Table 1, are very close to the design
ompositions. Small amounts of La and Al went into the slag and
ere removed by the tundish.

.1. XRD structure analysis

The XRD spectra of the five alloys before and after annealing are
hown in Figs. 1 and 2, respectively. The base alloy Mo0 shows a
ypical CaCu5 structure before and after annealing. From the spectra
f alloys before annealing, Mo peaks only become visible with the
ighest Mo-content (Mo4). After annealing, the diffraction peaks

rom Mo phase start to grow as early as Mo1. At the higher Mo-
ontent levels (Mo3 and Mo4), the peaks from the MoNi phase
4
tart to appear. Other minor phases are not recognizable in the
RD analysis due to their low percentages. Each sample’s lattice
onstants a and c from the CaCu5 structure were calculated and are
isted in Table 2. Lattice constant a of each alloy with Mo is similar

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

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

Mo0 5.011 4.048 0.8078 88.03 0.169 826
Mo1 5.021 4.050 0.8066 88.42 0.183 704
Mo2 5.021 4.051 0.8068 88.45 0.166 859
Mo3 5.018 4.048 0.8067 88.27 0.201 601
Mo4 5.019 4.051 0.8071 88.37 0.144 >1000

Fig. 2. XRD spectra using Cu-K� as the radiation source for after annealed alloys Mo0
(a), Mo1 (b), Mo2 (c), Mo3 (d), and Mo4 (e). Diffraction peaks from Mo are recognized
with all Mo-contents, and peaks from MoNi4 are visible with higher Mo-contents.
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Table 3
EDS result in atomic percentage from area identified in SEM micrograph (Fig. 2).

La at.% Ce at.% Pr at.% Nd at.% Ni at.% Co at.% Mn at.% Al at.% Cu at.% Zr at.% Mo at.% B/A ratio Phase

Mo0-1 70.5 9.8 0.0 2.7 9.7 0.2 0.0 1.4 1.0 4.6 0.0 0.2 La
Mo0-2 10.1 4.8 0.0 1.2 63.8 4.7 6.3 5.6 3.4 0.1 0.0 5.2 Main AB5

Mo0-3 0.9 0.5 0.0 0.0 39.5 4.1 21.3 14.8 0.8 18.2 0.0 70.5 ZrNi5
Mo1-1 3.9 2.2 0.0 0.2 33.1 2.8 2.5 2.7 1.7 1.2 49.7 14.9 Mo
Mo1-2 10.7 5.9 0.0 0.5 68.2 4.8 4.4 2.2 2.9 0.1 0.2 4.8 AB5

Mo1-3 10.0 4.7 0.0 0.3 68.2 4.9 4.2 4.3 3.1 0.1 0.2 5.7 AB5

Mo1-4 10.7 4.6 0.0 0.4 67.1 4.8 4.2 4.8 3.1 0.1 0.2 5.4 Main AB5

Mo1-5 8.1 4.3 0.0 0.3 68.3 4.8 4.5 6.1 3.1 0.2 0.3 6.9 AB7

Mo1-6 8.1 4.4 0.0 0.4 70.4 5.1 3.8 4.7 2.9 0.1 0.1 6.8 AB7

Mo1-7 2.9 1.4 0.0 0.1 22.7 1.9 1.5 1.7 1.4 65.6 0.8 21.7 ZrO2

Mo1-8 7.6 4.4 0.0 0.6 66.6 4.6 3.9 9.4 2.7 0.1 0.1 6.9 AB7

Mo2-1 1.0 0.3 0.0 0.0 1.4 0.4 0.3 1.2 0.3 4.6 90.4 75.8 Mo
Mo2-2 12.0 6.9 0.0 0.7 65.2 4.7 4.5 2.7 2.7 0.3 0.2 4.1 AB4

Mo2-3 13.6 5.4 0.0 0.6 63.8 4.3 4.5 4.1 3.2 0.2 0.2 4.1 AB4

Mo2-4 9.9 4.7 0.0 0.5 64.9 4.4 6.1 5.6 3.5 0.1 0.2 5.6 Main AB5

Mo2-5 0.4 1.8 0.0 0.0 58.2 10.3 10.4 1.5 1.3 15.7 0.2 44.3 ZrNi5
Mo3-1 1.2 0.3 0.0 0.0 1.3 0.3 0.3 0.7 0.3 5.2 90.4 65.7 Mo
Mo3-2 12.1 6.8 0.0 0.8 64.6 5.0 4.2 2.8 3.0 0.3 0.3 4.1 AB4

Mo3-3 10.2 4.5 0.0 0.7 64.8 5.2 4.6 6.5 3.3 0.1 0.2 5.5 Main AB5

Mo3-4 0.3 1.4 0.0 0.0 57.4 10.1 11.7 2.2 1.1 15.3 0.4 57.8 ZrNi5
Mo4-1 46.3 3.1 0.0 0.0 45.7 0.2 0.0 0.0 4.5 0.0 0.2 1.0 La
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Mo4-2 1.4 0.3 0.0 0.0 1.3 0.4
Mo4-3 13.0 6.7 0.0 0.7 63.5 4.5
Mo4-4 10.6 4.7 0.0 0.7 64.6 5.0
Mo4-5 0.1 1.1 0.0 0.0 56.7 10.2

r larger than that of Mo0 while lattice constant c is about the same.
he c/a aspect ratio decreases with the addition of Mo in the alloy
nd predicts a negative influence on the cycle life performance [23].
he CaCu5 unit cell volumes calculated from the lattice constants
re similar among the alloys with Mo addition and larger than that
f the base alloy Mo0. The increase in unit cell volume implies the
o-containing alloys have stronger metal-hydrogen bond strength

nd consequently lower equilibrium plateau pressure. The crystal-
ite sizes estimated from the full-width at half maximum (FWHM)
f the CaCu5 (0 0 1) diffraction peak are also listed in Table 2. The
eneral tendency of the crystallite size on Mo-content is difficult
o establish and related to the multi-phase nature of the alloys as
hown in the next section.

.2. SEM/EDS phase analysis

The microstructures for this series of alloys were studied by SEM.
ack-scattering electron images (BEI) are presented in Fig. 3. The
ompositions in several areas identified numerically in the micro-
raphs were studied by EDS and the results are listed in Table 3.
n the Mo-free base alloy (Mo0, Fig. 3a), the main AB5 phase with
omposition close to the design value appears to be very uniform
ith occasional La–Ce metal inclusions and a secondary phase
ith lower atomic mass (darker in BEI micrograph). This secondary
hase is mainly Ni, Mn, Zr, and Al and assigned as ZrNi5 based on
he composition. The amount of the secondary phase is too small to
e recognized by XRD analysis. The ZrNi5 phase is also a hydrogen
torage alloy, especially when a part of Ni is replaced by Co [36,37].
he solubility of Al in this alloy is also large according to a previous
tudy [38]. The La–Ce inclusion contains a much higher level of Zr
ompared to the main working phase.

After annealing, Mo segregates out and forms spheres with
iameters between 1 and 10 �m. As the Mo-content in the
lloy increases, the volume percentage of the Mo inclusions also
ncreases. The Mo inclusions deprive the main AB5 phase of Zr,

imilar to what the La–Ce phase does in Mo0. Due to the limita-
ion in SEM resolution, individual MoNi4 phases were not found
nd may reside between the Mo and AB5 phases. The composition
f the main phases (in bold in Table 3) in the alloys is similar to
he design values. The stoichiometry (B/A ratio) of the main phase
0.8 0.4 5 90.2 57.8 Mo
3.5 2.7 0.3 0.1 3.9 AB4

6.7 3.2 0.1 0.2 5.2 Main AB5

2.5 0.6 15.8 0.4 82.3 ZrNi5

for each alloy is above 5.0; however, it increases from 5.2 (Mo0) to
5.6 (Mo2) and then decreases to 5.2 (Mo4). The Cu content in the
main phase of each alloy is very close to the design composition.
The amount of Zr in the main phase is only half of the design as the
rest goes into the other secondary phases. After the formation of Mo
inclusions, the Mo content in the main phase of each Mo-containing
alloy is small and similar (0.2 at.%) due to the limited solubility of
Mo in LaNi5. In addition to the main phase, other secondary phases
with stoichiometries close to AB5 are also found and the total abun-
dance of these phases increases with the increase in Mo-content. In
Mo1 (Fig. 3b), only very small amounts of AB5 with slightly higher
Ni-content and AB7 phases are found. The AB7 phase should be con-
sidered as an over-stoichiometric AB5 phase with excess B atoms
since the La–Ni binary phase diagram does not offer such inter-
metallic compound. In the next alloy of this sequence (Mo1), a
larger size of the AB4 phase (an under-stoichiometric AB5 phase)
was found (Fig. 3c). This AB4 phase, also considered to have a CaCu5
structure as in AB7 phase, continues to grow in size with further
increases in Mo-content (Mo3 and Mo4) (Fig. 3d and e). The size
of the ZrNi5 phase, similar to the AB4 phase, increases as the Mo-
content raises, and the ZrNi5 phase is always enclosed by the AB4
phase. The abundance of phases cannot be estimated from the SEM
micrographs. These micrographs are not typical representations of
the average phase structure. Regions with the largest amount of
secondary phases were chosen to better illustrate their sizes and
shapes.

3.3. Gaseous study

Gaseous hydrogen storage properties of the alloys were studied
by PCT. The resulting absorption and desorption isotherms mea-
sured at 30 ◦C and 45 ◦C for alloys Mo0 and Mo1 are shown in
Fig. 4a and b, respectively. The information obtained from the PCT
study is summarized in Table 4. The plateau pressures are similar
among the Mo-doped alloys and lower than that of Mo-free Mo0

alloy. According to the EDS analysis on the main phases (phases in
bold in Table 3), the Mo contents of all Mo-doped alloys are the
same (0.2 at.%), and the extra Mo segregates into the secondary
phases. Therefore, the enlargement of the CaCu5 unit cell due to
the addition of Mo is similar for each Mo-containing alloy, and,
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Fig. 3. SEM backscattering images for after annealed alloys Mo0 (a), Mo1 (b), M

onsequently, the amount of reduction in plateau pressure is also
ery similar.

The slope factor (SF) is defined as the ratio of the storage capacity
etween 0.01 and 0.5 MPa hydrogen pressure to the total capacity.
F of each alloy is listed in Table 4 and can be used to determine the
egree of disorder in the alloy [39,40]. As the Mo-content increases,
he SF first remains about the same and then decreases. The alloys
ith the higher Mo-content (Mo3 and Mo4) are less homogeneous

ccording to the SF values. The hysteresis of the PCT isotherm, listed
n Table 4, is defined as ln(Pa/Pd), where Pa and Pd are the absorption
nd desorption equilibrium pressures at 0.6 wt.%, respectively. The

ysteresis can be used to predict the pulverization rate of the alloy
uring cycling [41]. In this case, the hysteresis first increases and
hen decreases to the original value as the Mo-content increases.
he contents of Cu and Zr in the main phase, which are very impor-
ant for PCT hysteresis, are very similar for all the alloys and should

Fig. 4. 30 ◦C and 45 ◦C PCT isotherms of alloys Mo0 (a) and Mo1 (b). Solid and
, Mo3 (d), Mo4 (e), and Mo1 after etching in 100 ◦C 30% KOH solution for 4 h (f).

not be taken into account regarding any changes in the PCT hys-
teresis. The initial increase in the PCT hysteresis is due to the
incorporation of Mo in the main phase, which results in a posi-
tive contribution [42]. As the Mo-content further increases, the Al
content in the main phase increases. According to the calculations
using density of function and full potential linearized augmented
waves, Al substitution occupies mainly the 3 g site and causes an
increase in c/a aspect ratio [42]. This agrees with the general trend
of c/a ratios found in the XRD analysis of Mo-containing alloys. The
increased c/a aspect ratio reduces the PCT hysteresis [23].

With increasing Mo-content, both the maximum and reversible

hydrogen storage capacities decrease. The addition of Mo in the
alloy is supposed to increase the storage capacity; however, the
amount of Mo in the main working phase is very small (0.2 at.%
according to EDS analysis). With the increase in Mo-content, the
percentage of the main phase with the desirable stoichiometry

open symbols are for absorption and desorption curves, respectively.
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Fig. 5. The rate-dependency of discharge capacity from half-cell measurement for
alloys Mo0 to Mo4.

decreases (as seen from the SEM micrographs in Fig. 3), and this
consequently deteriorates the storage capacity.

Desorption equilibrium pressures at 0.6 wt. % storage capacity
measured at 30 and 45 ◦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. Hydride heat
of formation of the Mo0 alloy is higher than that from LaNi5 due to
the additions of Al and Cu [43]. Hydride heats of formation above
40 kJ/mole H2 can be found in alloys with similar compositions [44].
The value of each Mo-containing alloy is even higher than that of
Mo-free Mo0 alloy, which agrees with the plateau pressure results.
The �S values are very similar and close to the �S between the
hydrogen gas and hydrogen in the solid [45].

3.4. Electrochemical measurement

Discharge capacities of the five alloys were measured in a
flooded cell against a partially pre-charged Ni(OH)2 as the posi-
tive electrode. Unlike AB2 alloys, pre-activation in hot alkaline was
not performed. The cell was first discharged with a small current
density at 5 mA/g. The initial discharge capacity before 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 quan-
tify the ease of activation [46]. A higher initial discharge 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.
Since Mo with the highest leaching rate [47] was not removed by
a pre-activation process, a large amount of pre-charge was found
in each Mo-containing alloy due to the oxidation of Mo in KOH
electrolyte, which is different from the case of in AB2 [21].

Discharge capacities of the first cycle at different discharge rates
after are plotted in Fig. 5. The discharge capacities at 300 and 5 mA/g
are listed in Table 4. The discharge capacities of the Mo-containing
alloys are lower than that of the Mo-free alloy for the same rea-
son as why the Mo-containing alloys have lower gaseous hydrogen
storage capacities as found from the PCT analysis. The half-cell HRD
of each alloy, defined as the ratio of discharge capacity measured at
300 mA/g to that at 5 mA/g, is listed in Table 4 and plotted in Fig. 6.
The half-cell HRD values of Mo-containing alloys are lower than

that from the Mo-free alloy. Mo4, with the highest Mo-content,
shows the lowest HRD value. The Mo-inclusion and other secondary
phases may cause the reduction in discharging at high rate.

Both the bulk diffusion coefficient (D) and the surface exchange
current (Io) are important parameters for analyzing the MH alloy
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ig. 6. The half-cell HRD as defined by the ratio of capacity at 300 mA/g discharge
urrent to that at 5 mA/g vs. the Mo-content in the alloy.

or use in sealed Ni/MH battery. The details of both measurements
ere previously reported [48], and the values are listed in Table 4.

he D values for all Mo-containing alloys are similar and lower than
hat of the Mo-free alloy. The Mo-inclusion and Mo-induced sec-
ndary phases contribute negatively to the diffusion of hydrogen
n the bulk. The results of Io measurement are less conclusive. The
o values vary in a range and no specific trend can be found with
espect to the Mo-content.

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) does not show clear correlation to the
CT hysteresis and therefore is not dominated by pulverization. The
omplicated nature of the multi-component feature in the alloy
ulk, as shown in the SEM micrographs, makes the search for the
eason of cycle life fluctuation very difficult.

The 30-day charge retention values are listed in Table 4. Charge
etentions of the Mo-containing alloys are slightly worse than that
f the Mo-free base alloy. The more corrosion-resistant nature
ound in Mo-containing AB2 surface [21] was not observed here.
he room temperature specific power densities measured at 80%
OC are listed in Table 4. The specific power matches the trend
f half-cell HRD. This agreement between half-cell and sealed-cell
igh-rate performance is true for Mo-containing AB5 alloys, but not

or AB2 alloys, which deserves further investigation.
Low-temperature performance, defined as the ratio of the

apacity measured at 0.5C 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. All alloys in this study show similar results.
he −10 ◦C performance is dominated by the shape of the metallic
nclusions and the tunnels in the surface oxide engineered by the
u-addition. The designed Cu-contents of all alloys are the same;
oreover, the EDS analysis shows the same percentage in the main

aCu5 working phase which guarantees good −10 ◦C performance.
The low-temperature characteristic of these alloys was fur-

her studied by taking AC impedance measurements conducted at
40 ◦C. The charge-transfer resistance (R) and double-layer capac-

tance (C) were calculated from the Cole–Cole plot and are listed in
able 4. All the Mo-containing alloys show lower R values than the
o-free Mo0 alloy. The C values indicate the larger surface areas

f the Mo-containing alloys. The increase in the surface area of the
o-containing alloys is the result of the high solubility of Mo in
he alkaline solution as can found in the Pourbaix Diagram [49].
imilar phenomenon was reported by Au et al. [47]. Removing Mo-
nclusions from the surface increases the surface roughness and
hus contributes to a 15–40% increase in surface area. To illustrate
he scenario, an SEM micrograph from Mo1 surface after etching
Fig. 7. The product of charge-transfer resistance and double-layer capacitance mea-
sured at −40 ◦C as a function of Mo-content in the alloy.

in 100 ◦C 30% KOH solution for 4 h is shown in Fig. 3f. The dark
circles in the graph are the etching pits from the Mo-inclusions.
In general, the product of R and C, as plotted in Fig. 7, drops as
the Mo-content increases. Therefore, Mo addition is considered to
contribute positively to the surface catalytic reaction. The general
trend of the product of R and C at −40 ◦C is very similar to that in the
cases of AB2 (Fig. 6 in Ref. [4]). However, the AB5 alloys have about
one order of magnitude lower R and one order of magnitude larger
C when compared to those of the AB2 alloys. Therefore, according
to current study, AB5 alloys are more suitable for −40 ◦C low tem-
perature applications. In conclusion, similar to Mo addition in AB2
alloys [21], the improvement in low-temperature performance by
Mo-addition to AB5 alloy is through a combination of increasing
the surface area and the surface catalytic ability. When comparing
the charge transfer resistance measured at −40 ◦C to the exchange
current measured at room temperature, we see that while all Mo-
containing alloys show lower resistance at −40 ◦C, the Mo1, Mo2,
and Mo3 alloys show lower exchange current at room temperature.
This discrepancy suggests that the surface area plays an important
role at −40 ◦C and that other factors, such as metal-hydrogen bond
strength (as seen from �H values), may have a stronger influence
at room temperature.

4. Summary and conclusions

The Mo addition to an AB5 alloy previously designed for −30 ◦C
low-temperature performance shows an improvement in the
−40 ◦C half-cell measurement. Similar to AB2 alloys, the improve-
ment at −40 ◦C is achieved through the combination of increasing
both surface catalytic ability and surface area. The later was
accomplished by the preferential etching of Mo-inclusions formed
through the annealing process. In the phase analysis, in addition to
spherical Mo-inclusions, inclusions with high Zr-content (mainly
ZrNi5 with occasionally ZrO2), over-stoichiometric phases (with
composition close to AB7), and under-stoichiometric phases (close
to AB4) are also found. The sizes of the secondary phases increase
as the Mo-content increases. Since most of the Mo and Zr move to
the secondary phases after annealing, the chemical compositions
of the main AB5 phases in all Mo-containing alloys are similar. The
addition of Mo at levels between 1 and 4 at.% increases the lattice
constant a, the CaCu5 unit cell volume, and the absolute value of
the hydride heat of formation, lowers the gaseous equilibrium pres-

sure, decreases both the maximum and reversible hydrogen storage
capacity, and reduces the electrochemical discharge capacity, HRD,
bulk hydrogen diffusion, and room temperature specific power.
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