
Journal of Solid State Chemistry 171 (2003) 30–37

Nanocrystalline LaNi5-type electrode materials for Ni-MHx batteries
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Abstract

LaNi5-based hydrogen storage alloys are a promising choice for hydrogen energy systems. In this work, nanocrystalline

La(Ni,M)5 (M=Mn, Al, and Co) alloys have been synthesized by mechanical alloying (MA) followed by annealing. The discharge

capacity of electrodes prepared by application of MA and annealed LaNi5 alloy powder is low. It was found that the partial

substitution of Ni by Al or Mn in La(Ni,M)5 alloy leads to an increase in discharge capacity. On the other hand, cobalt substituting

nickel in LaNi4�xMn0.75Al0.25Cox greatly improves the cycle life of this material. For x=0.25 the discharge capacities up to

B260mAh g�1 were measured at current density of charging and discharging of i=40mAg�1. The studies show that

electrochemical properties of Ni–MHx batteries are a function of chemical composition and microstructure of the electrode

materials used. XPS studies showed that the shape of the valence band measured for the arc-melted (polycrystalline) LaNi5 is

practically the same as that reported earlier for the single crystalline sample. The substitution of Ni by Al in LaNi5 leads to

significant modifications of the electronic structure of the polycrystalline sample. Furthermore, the XPS valence band of the MA

nanocrystalline LaNi4Al1 alloy is considerably broader compared to that measured for the polycrystalline sample. The strong

modifications of the electronic structure and the significant surface segregation of lanthanum atoms in the MA nanocrystalline

LaNi5-type alloys could significantly influence its hydrogenation properties.

r 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

There is considerable concern over global warming
and measures will have to be taken to slow down the
build-up of green house gases in the atmosphere.
Pollution and increasing need for energy sources prompt
research of clean and safe energy systems with high-
energy density [1].
In recent years, hydride forming intermetallics have

become increasingly important because of their wide-
spread application in metal-hydride storage materials/
batteries [1–6]. However, either low storage capacity by
weight or poor absorption–desorption kinetics in addi-
tion to a complicated activation procedure, have limited
the practical use of metal hydrides. To be useful for
storing hydrogen the material should: be capable of
storing large quantities of hydrogen, be readily formed

and decomposed, have reaction kinetics satisfying the
charge–discharge requirements of the system, have the
capability of being cycled without alteration in pressure–
temperature characteristics during the life of the system,
have low hysteresis, have good corrosion stability, have
low cost, and be, at least, as safe as other energy carriers.
Conventionally, the polycrystalline hydride materials

have been prepared by arc melting and annealing. The
LaNi5 alloy, which crystallizes in the hexagonal CaCu5-
type structure can absorb up to 5.5H/f.u. at room
temperature. The merit of LaNi5-type compounds is
that they exhibit low hysteresis, are tolerant to gaseous
impurities and are easily hydrogenated in the initial
cycle after manufacture. The properties of hydrogen
host materials can be modified substantially by alloying,
to obtain the desired storage characteristics, e.g. proper
capacity at a favorable hydrogen pressure. It was found
that the partial respective replacement of Ni in LaNi5 by
small amounts of Al, Mn, Si, Zn, Cr, Fe, Cu, or Co
altered the hydrogen storage capacity, the stability of
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the hydride phase and the corrosion resistance [7–9].
Generally, in the transition metal sublattice of LaNi5-
type compounds, substitution by Mn, Al, and Co has
been found to offer the best compromise between high
hydrogen capacity and good resistance to corrosion [10].
Recently, Iwakura et al. investigated the effect of

partial displacement of cobalt for nickel by measuring
the crystallographic, thermomagnetic and kinetic prop-
erties of hydrogen storage alloys in the composition
range of polycrystalline MmNi4.0�xMn0.75Al0.25Cox

(0pxp0:6) [11]. Increase in cobalt content of the alloys,
due to the enlargement of the unit cell volume, stabilizes
the resulting hydride and improves the cycling durability
without a decrease in discharge capacity.
Substantial improvements in the hydriding–dehydrid-

ing properties of metal hydrides could possibly be
achieved by formation of nanocrystalline structures by
non-equilibrium processing techniques such as mechan-
ical alloying (MA), high-energy ball-milling (HEBM) or
reactive milling (mechanically induced gas–solid reac-
tions) [4–6,12–14]. The use of these techniques is very
effective in lowering the cost of hydrogen storage
materials. It has been shown that ball milling of LaNi5
is effective for the improvement of the initial hydrogen
absorption rate, due to the reduction in the particle size
and to the creation of new clean surfaces [13]. Proper
engineering of microstructure and surface by using
unconventional processing techniques will lead to
advanced nanocrystalline intermetallics representing a
new generation of metal hydride materials.
Recently, mechanical alloying has been used to make a

nanocrystalline TiFe-, ZrV2- and LaNi5-type alloys
[4–6,12–14]. As shown in our earlier work, nanocrystal-
line MmNi3.5Al0.8Co0.7 powder has a larger capacity
than the amorphous parent alloy material [5]. Annealing
leads to grain growth, release of microstrain and to an
increase of the storage capacity [13]. This behavior is due
to a well-established diffusion path for hydrogen atoms
along the numerous grain boundaries [12].
In order to optimize the choice of the intermetallic

compounds for a selected application, a better under-
standing of the role of each alloy constituent on the
electronic properties of the material is crucial. Several
semi-empirical models [15,16] have been proposed for
the heat of formation and heat of solution of metal
hydrides and attempts have been made for justifying the
maximum hydrogen absorption capacity of the metallic
matrices. These models have shown that the energy of
the metal–hydrogen interaction depends both on geo-
metric and electronic factors. However, to date, studies
of electronic properties of hydrides of complex system
are rather limited and cannot yet provide an answer to
these interesting questions.
In this work, the influence of chemical composition

on the structural and electrochemical properties of
nanocrystalline La(Ni,M)5-type alloys, prepared by

mechanical alloying (MA) and followed by annealing,
was investigated (M=Al, Mn, and Co). The electronic
properties of polycrystalline and nanocrystalline La
(Ni,Al)5 alloys were studied using X-ray photoelectron
spectroscopy (XPS). The nanocrystalline materials with
an addition of 10wt% an Ni powder, were subjected
to electrochemical measurements as working electrodes.
These measurements may supply useful indirect
information about the influence of the chemical
and electronic structures of polycrystalline and nano-
crystalline LaNi5-type alloys on their electrochemical
properties.

2. Experimental details

The nanocrystalline LaNi5-type alloys were prepared
using mechanical alloying followed by annealing.
Mechanical alloying was performed under an argon
atmosphere using a SPEX 8000 D Mixer Mill. The
round bottom stainless vials were used. The purity of the
starting metallic elements La, Ni, Mn, Al, and Co was
99.9, 99.9, 99+, 99.95, and 99.8wt%, respectively. The
composition of the starting powder mixture corre-
sponded to the stoichiometry of the ‘‘ideal’’ reactions
with an extra 8 wt% of lanthanum. The elemental
powders (La: r425 mm; Ni: 3–7 mm; Mn: r45 mm; Al:
r75 mm; Co: 2 mm) were mixed and loaded into the vial
in the glove box (Labmaster 130) containing an argon
atmosphere (O2r2 ppm and H2Or1 ppm). The mill
was run up to 40 h for every powder preparation. The
as-milled powders were heat treated at 7001C for 0.5 h
under high purity argon to form hexagonal CaCu5-type
phase. The powders were examined by XRD analysis,
using CoKa radiation, at various stages during mechan-
ical alloying, prior to annealing and after annealing.
Independently, the MA process of the LaNi5-type
mixtures has been studied by scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM). TEM and SEM were performed with a Philips
EM 300 and Joel JSM-50A, respectively. To prepare the
TEM specimens, the alloy powders were first rolled
between Al plates, mechanically polished to thin films of
thickness of 50 mm and ion milled. The crystallization
behavior of the mechanically alloyed materials was
examined by differential scanning calorimetry (DSC
404, Netzsch). Typical crystallite sizes, Dhkl ; were
estimated from the half-width of lines using the Scherrer
equation: Dhkl ¼ 0:91� l=b cos y, where l is the X-ray
wavelength, b is the peak width at half-maximum peak
high (radians), and y is the position of the peak. The
change in the structure of powdered samples was
observed using atomic force microscope (Nanoscope
IIIa—Digital Instruments, USA) [14].
The polycrystalline LaNi5 and LaNi4Al1 alloys were

prepared by arc-melting stoichiometric amounts of the
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constituent elements (purity 99.9% or better) in a high-
purity argon atmosphere. The as-cast ingots were
homogenized at 9001C for 3 days and then cooled to
room temperature in water.
The bulk chemical composition of the samples was

measured under environmental conditions by X-ray
fluorescence (XRF) method. The surface chemical
composition and the cleanness of the samples were
measured in ultra high vacuum (UHV) using XPS and
Auger photoelectron spectroscopy (AES). The MA
powder for XPS and AES measurements was cold
pressed to a pellet in an argon atmosphere. Before
loading into the UHV preparation chamber, the sample
of studied material with well-polished surface was rinsed
with twice-distilled water and dried in air. In the
preparation chamber (10�7 Pa) the sample was mounted
on a holder equipped with a heater using a special
transfer system. The sample was first heated in the
preparation chamber (base pressure 10�7 Pa) at 1501C
for 3 h and then in situ transferred to the analysis
chamber (base pressure 4� 10�9 Pa) for the XPS
measurements. The sample surface was cleaned by ion
(Ar+, 3 keV) bombardment until the oxygen and carbon
free surface of the sample was obtained. The above
UHV heating procedure at relatively low temperature
does not change the microstructure of the studied
samples. This is revealed by the ex situ XRD studies.
The XPS spectra were measured at room temperature

(RT) using a SPECS EA 10 PLUS energy spectrometer
with AlKa radiation (X-ray spot sizeB1� 4mm2) of
1486.6 eV. The energy spectra of the electrons were
analyzed by a hemispherical analyzer (FWHMMgKa=
0.8 eV for Ag 3d5/2).
Selected samples were also analyzed with depth-

profiling AES [17]. In this experiment the electron beam
(average diameter B0.1mm, electron-gun STEIB) with
Ep=3keV and Ip=1mA was incident at an angle of 431
to the surface of the sample. The surface layer of the
studied sample could be removed using a differentially
pumped SPECS ion gun etching system. We have used
a 3 keV Ar + ion beam that was incident at an angle of
451 to the surface of the sample.
The mechanically alloyed and annealed (nanocrystal-

line) materials with an addition of 10wt% Ni powder,
were subjected to electrochemical measurements as
working electrodes after pressing (under 80 kN cm�2)
into a 0.5 g pellet formed between nickel nets acting as
current collector. The diameter of each electrode was
10.4mm and the thickness approximately 1.4mm.
Soaking of the electrodes in 12M KOH solution for
1 h at room temperature with additional etching at
1001C for 10min in the same solution was sufficient for
initial activation. The electrochemical properties of the
electrodes were measured in a three-compartment glass
cell, using a much larger NiOOH/Ni(OH)2 counter-
electrode and a Hg/HgO/6M KOH reference electrode.

All electrochemical measurements were carried out in
deaerated 6M KOH solution prepared from Analar
grade KOH and 18MO cm�1 water, at 201C. Potentio-
dynamic and galvanostatic techniques with either short-
or long-term pulses using a conventional apparatus were
applied to study the charge–discharge kinetics of the
electrodes. A detailed description of the electrochemical
measurements is given in Refs. [5,6].

3. Results and discussion

The results of the MA process have been studied by
X-ray diffraction, microstructural investigations, AFM
as well as by electrochemical measurements. Fig. 1
shows a series of XRD spectra of mechanically alloyed
La–Ni powder mixture (0.3212wt% La+0.6788wt%
Ni) subjected to milling in increasing time. The
originally sharp diffraction lines of La and Ni (Fig. 1a)
gradually become broader and their intensity decreases
with milling time. The peak broadening represents a
reduction in the crystallite size and an increase in the
internal strain in the MA material. The powder mixture
milled for more than 30 h, has transformed completely
to the amorphous phase (‘‘X-ray amorphous’’ [18]),
without formation of another phase (Fig. 1b). Using the
La–Ni mixture composition, as the material example,
the behavior of grain size of the crystallites has been
studied during the mechanical alloying process. The Ni
(111) diffraction line remains visible up to 20 h of
milling. This allows an estimation of the change in
the crystallite size of Ni with increasing milling time.
The crystallite size decreases strongly from 50 nm at the

Fig. 1. XRD spectra of a mixture of La and Ni powders mechanically

alloyed for different times in an argon atmosphere: (a) initial state

(elemental powder mixture), (b) after MA for 30 h, and (c) heat treated

at 7001C for 0.5 h.
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beginning of the mechanical alloying process. The
final size of crystallites, about 20 nm, seems to be
favorable for the formation of an amorphous phase,
which develops at the La–Ni interfaces. Further
milling significantly weakens the diffraction peak
intensity so that it was impossible to estimate the
crystallite size. Formation of the nanocrystalline
alloy was achieved by annealing of the amorphous
material in high-purity argon atmosphere at 7001C
for 0.5 h (Fig. 1c). All diffraction peaks were assig-
ned to those of the hexagonal crystal structure of
CaCu5-type with cell parameters a ¼ 5:010 Å and c ¼
3:972 Å: Table 1 reports the cell parameters of the
studied materials. The unit cell volume of nanocrystal-
line LaNi4�xMn0.75Al0.25Cox system increased with the
increase in cobalt content. The same results were
obtained in the case of polycrystalline MmNi4�x

Mn0.75Al0.25Cox materials (0rxr0:6) [11].
The SEM technique was used to follow the changes in

size and shape of the mechanically alloyed La–Ni
powder mixture as a function of milling time (Fig. 2A).
The microstructure that forms during MA consists of
layers of the starting material. The thickness of the
material decreases with the increase in mechanical
alloying time leading to true alloy formation [19]. The
sample shows cleavage fracture morphology and in-
homogeneous size distribution. According to AFM
studies, the average size of amorphous La–Ni powders
was of order of 25 nm. Microstructural investigation of
nanocrystalline LaNi5 alloy by TEM is shown in Fig. 2B.
The mean crystallite sizes were less than 35nm.The
annealing results in grain growth, as was observed earlier
in the case of other nanocrystalline ZrV2-type materials
[5]. The mean crystallite sizes of the arc melted and
homogenized samples were less than 1000nm.
The amorphization process of LaNi5 sample was also

examined by DSC (Fig. 3). After 30 h of mechanical
alloying of La–Ni mixture, the DSC curve stabilized
exhibiting one exothermic effect at around 3201C.
Taking into account the XRD results, one can assume
that this effect is attributed to the crystallization of the
amorphous phase formed by MA process.

Results on XRF measurements under environ-
mental conditions revealed the assumed bulk chemical
composition of the polycrystalline and nanocrystalline

Table 1

Structural parameters and discharge capacities for nanocrystalline LaNi5-type materials (current density of charging and discharging was 40mA g�1)

Composition a (Å) c (Å) Discharge capacity (mAhg�1)

1st cycle 10th cycle

LaNi5 5.010 3.972 84 97

LaNi4Al1 5.058 4.008 223 215

LaNi4Co1 5.011 3.975 39 114

LaNi4Mn1 5.015 4.005 239 212

LaNi4Mn0.75Al0.25 5.073 4.040 243 218

LaNi3.75Mn0.75Al0.25Co0.25 5.075 4.039 258 242

LaNi3.5Mn0.75Al0.25Co0.5 5.076 4.041 254 233

LaNi3.25Mn0.75Al0.25Co0.75 5.078 4.043 227 201

LaNi3Mn0.75Al0.25Co1 5.080 4.045 219 217

Fig. 2. SEM image of a mixture of La and Ni powders mechanically

alloyed for 30 h under argon atmosphere (A) and TEM image of

nanocrystalline LaNi5 sample, bright field image (B).

Fig. 3. DSC curve for an amorphous La–Ni mixture after 30 h

mechanical alloying (heating rate in argon: 201Cmin�1).
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LaNi5-type compounds. In this method the information
depth is a few micrometers. Therefore, the chemical
composition determined by XRF measurements is
characteristic for the whole sample. However, due to
the environmental conditions in which experiment is
performed, it is practically impossible to determine the
level of impurities, such as oxygen, carbon and many
others. Furthermore, the XRF set-up used in our
experiment only allows us to measure elements with
atomic number greater than 13. Due to the above-
mentioned limitations of the XRF method, we have
performed surface sensitive AES measurements under
UHV conditions. The probing depth of the AES method
is about 3 nm.Combining AES measurements with ion
gun etching procedure, it was also possible to perform
depth-selective chemical composition measurements. In
addition, the AES measurements performed under UHV
conditions allow us to determine the impurity levels
(mainly for oxygen and carbon) of the samples.
Fig. 4 shows the element specific Auger intensities of

the polycrystalline LaNi4Al1 sample as a function of the
sputtering time, converted to depth. On the left-hand
side is the top of the sample and on the right-hand side is
the interior of the sample (not shown in Fig. 4). Shown
are the peak-to-peak intensities of lanthanum, nickel,
aluminum, oxygen, and carbon. As can be seen, there is
a relatively high concentration of carbon and oxygen
immediately on the surface, which could be mainly due
to adventitious hydrocarbons. The carbon concentra-
tion strongly decreases towards the interior of the
sample. At the metal interface itself only oxygen is
present, making it very likely that only an oxide layer is
formed and no other compounds, the latter growing
apparently with a lower probability. We have found that
at the oxide–metal interface mainly lanthanum and
nickel are present. Taking into account that the escape-
depth of the Auger electron from nickel and aluminum
atoms is about 2 nm, the concentration of these elements
on the metallic surface is significantly lower compared to
the average bulk composition. Therefore, the lanthanum
atoms, which segregate to the surface form a La-based
oxide layer under atmospheric conditions. The oxida-
tion process is depth limited such an oxide-covering
layer with a well-defined thickness is formed by which
the lower lying metal is prevented from further
oxidation. In this way, one can obtain a self-stabilized
oxide–metal structure. From the peak-to-peak ampli-
tude we have calculated a maximum atomic concentra-
tion of oxygen inside the sample as 2 at%. The
concentration of carbon impurities inside the sample
was below 0.5 at%.
In Fig. 5 we show the element-specific Auger inten-

sities of the nanocrystalline LaNi4Al1 sample as a
function of the sputtering time, converted to depth.
On the left-hand side is the top of the sample and on the
right-hand side is the interior of the sample holder (not

shown in Fig. 5). Shown are the peak-to-peak intensities
of lanthanum, nickel, aluminum, oxygen, carbon, and
iron. Similar to the results obtained for the polycrystal-
line sample (Fig. 4), there is a relatively high concentra-
tion of carbon and oxygen immediately on the surface.
The carbon concentration strongly decreases towards
the interior of the sample. We have found that at the
oxide–metal only iron impurities and lanthanum atoms

Fig. 4. Auger electron spectrum of polycrystalline LaNi4Al1 alloy

versus sputtering time, as converted to depth. Shown are the peak-to-

peak intensities of lanthanum, nickel, aluminum, oxygen, and carbon.

The sample surface was not cleaned in UHV and is located on left-

hand side.

Fig. 5. Auger electron spectrum of nanocrystalline LaNi4Al1 alloy

versus sputtering time, as converted to depth. Shown are the peak-to-

peak intensities of lanthanum, nickel, aluminum, oxygen, carbon and

iron. The sample surface was not cleaned in UHV and is located on

left-hand side.

M. Jurczyk et al. / Journal of Solid State Chemistry 171 (2003) 30–3734



are present. As the escape-depth of the Auger electrons
from nickel and aluminum atoms is about 2 nm, we
conclude that these elements are practically not present
on the metallic surface. In other words, lanthanum
atoms and iron impurities strongly segregate to the
surface and form an oxide layer under atmospheric
conditions. The lower lying Ni atoms form a metallic
subsurface layer and are responsible for the observed
high hydrogenation rate in accordance with earlier
findings [20].
The AES results shown in Fig. 5 could be explained

by a strong segregation of the Fe impurities and La
atoms to the surface of the nanocrystalline LaNi4Al1
alloy. The segregation process of the La atoms is
stronger compared to that observed for the polycrystal-
line sample. The presence of a significant amount of iron
atoms in the surface layer of the nanocrystalline
LaNi4Al1 alloy could be explained by Fe impurities
trapped in the mechanically alloyed powders from
erosion of the milling media. The amount of the Fe
impurities considerably decreases in the subsurface layer
of the sample. The bulk concentration of Fe impurities
determined by AES and XRF is below the detection
limit. The strong segregation of the Fe atoms to the
surface is probably caused by the annealing of the MA
powder and/or annealing of the nanocrystalline sample
in the preparation chamber. From the peak-to-peak
amplitude we have estimated a maximum atomic
concentration of oxygen as B2 at% in the interior of
the nanocrystalline sample.
The observed strong segregation of the Fe impurities

and La atoms, and the practical absence of the Al atoms
in the top surface layer of the nanocrystalline LaNi4Al1
alloy could considerably influence the hydrogenation
process in such a type of materials, also. Photoemission
studies [20] combined with measurements of the
magnetic susceptibility showed that lanthanum segre-
gates to the surface of the polycrystalline LaNi5 alloy in
the presence of O2 or H2O, and that Ni precipitates are
formed during hydrogenation. This represents a self-
restoring mechanism of the active surface, since the
highly reactive La removes the oxygen and keeps the Ni
metallic [20]. Dissociative chemisorption of hydrogen,
which often is the rate determining step in the hydrogen
absorption by oxidized metals, may then occur on the
metallic Ni precipitates and on the metallic subsurface.
Before discussing the effect of the substitution at the

Ni site on the electronic structure, we shall summarize
the most important features of the XPS valence band of
the reference compound LaNi5. The XPS valence band
of polycrystalline LaNi5, is plotted in Fig. 6a. We have
found very good agreement between experimental
results (Fig. 6a) and ab initio LMTO calculations of
the total density of states (DOS) [21]. The occupied part
of the condition band is dominated by the Ni-3d states
with a non-negligible bonding contribution of the La-5d

states. The main part of the La-5d states is located above
the Fermi energy [21]. The XPS signal at EF is high and
mostly composed of Ni-3d states since the La-5d

contribution is practically negligible [21]. In spite of
the large value of the DOS at EF LaNi5 is paramagnetic.
The valence band spectrum shown in Fig. 6a, measured
for polycrystalline sample, is in very good agreement
with the XPS measurements on single crystalline
LaNi5 [22].
Experimental XPS valence band spectrum of poly-

crystalline LaNi4Al1 alloy is shown in Fig. 6b. The
corresponding structure of the valence band is signifi-
cantly modified compared to that measured for the
LaNi5. In general, the lattice expansion associated
with nickel substitution by aluminum could cause a
narrowing of the Ni-3d subband due to a decrease in the
Ni–Ni interaction. The above effect is manifested as a
relatively sharp maximum of the valence band. On the
other hand, the width of the valence band of the
LaNi4Al1 alloy is greater in comparison with LaNi5
system. This is due to the contribution of the Al s and p

subbands, which are located near the bottom of the total
valence band [21]. Furthermore, the experimental
valence band shown in Fig. 6b could be also broader
due to the effect of disorder caused by substitution
of Ni by Al. The theoretical TB-LMTO calculations
allow distinguishing between different contributions of
the ions in the cell but the effect of disorder was
neglected [21].

Fig. 6. XPS valence band spectra for polycrystalline LaNi5 (a) and

LaNi4Al1 (b) compounds as well as nanocrystalline LaNi4Al1 (c) using

AlKa radiation. The polycrystalline samples were prepared by

standard arc melting method. The nanocrystalline sample was

prepared by mechanical alloying followed by annealing. The XPS

measurements were performed immediately after heating in UHV

conditions followed by removing of a native oxide and possible

impurities layer using ion gun etching system (see text).
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In Fig. 6c we show the XPS valence band of the
nanocrystalline LaNi4Al1 alloy. The shape of the band is
broader compared to that measured for the polycrystal-
line sample (see Fig. 6b). This is probably due to a
strong deformation of the nanocrystals. Normally, the
interior of the nanocrystals is constrained and the
distances between atoms located at the grain boundaries
expanded [23]. Note, that the surface layer with Fe
impurities was removed before the XPS measurements
and the oxygen concentrations in the nanocrystalline
and polycrystalline samples are very similar. Therefore,
the broadening of the valence band of the nanocrystal-
line LaNi4Al1 due to Fe or O impurities can be excluded.
Binary LaNi5 crystallizes with the CaCu5 structure

type (space group P6/mmm) in which La occupies site
1(a) and Ni sites 2(c) and 3(g). The battery electrode
material LaNi4Al1 is a substitutional derivative of LaNi5
in which La occupies site 1(a) and Ni and Al sites 2(c)
and 3(g) of space group P6/mmm. Experimental results
have shown that the La sites do not accommodate Ni
and Al atoms [24]. Furthermore, TB LMTO calculation
[21] has shown that the impurity aluminum atoms prefer
the 3 g positions in agreement with experimental data
[25]. However, in the case of MA nanocrystalline
LaNi4Al1 alloy the Al atoms could also occupy
metastable (2c) positions in the deformed grain. The
above behavior could also modify the electronic
structure of the valence band. As a result, the strong
modifications of the electronic structure of the nano-
crystalline LaNi4Al1 (Fig. 6c) compared to that of the
polycrystalline sample (Fig. 6b) could significantly
influence its hydrogenation properties.
The discharge capacity of an electrode prepared by

application of MA and annealed LaNi5 alloy powder is
low (Table 1). It was found that the substitution of Ni
by Al or Mn in La(Ni,M)5 alloy leads to an increase in
discharge capacity. The LaNi4Mn electrode, mechani-
cally alloyed and annealed, displayed the maximum
capacity at the first cycle but discharge capacity
degraded strongly with cycling. On the other hand,
alloying elements such as Al, Mn, and Co substituting
nickel greatly improved the cycle life of LaNi5-type
material (Fig. 7, Table 1). With the increase of cobalt
content in LaNi4�xMn0.75Al0.25Cox, the material shows
an increase in discharge capacity which passes through
a wide maximum for x ¼ 0:25: In nanocrystalline
LaNi3.75Mn0.75Al0.25Co0.25 discharge capacities up to
258mAh g�1 (at 40mAg�1 discharge current) was
measured.
Earlier, it was reported that the partial replacement of

Al by Mn in polycrystalline MmNi3.5Co0.8Al0.7�xMnx

significantly changed the metallurgical macrostructure
[9]. The alloy containing Mn was characterized by
equiaxed fine grains, high lattice strain and high
pulverizing rate. In addition, a sputter deposition of
the material containing Mn showed a higher discharge

capacity and better rate capability than the Mn-free
alloy. Moreover, cobalt in the alloy played a chemical
role in the passivation of the alloy surface by the
dissolution and precipitation (DP) processes and there-
by improved the electrode performance [9]. Generally,
alloying improves the alkali-resistance of Co, Mn and
Al, controlling the rate of dissolution of LaNi5-type
electrode materials.
The combination of a nanocrystalline La(Ni,Mn,

Al,Co)5 hydride electrode and a nickel positive electrode
to form a Ni–MHx battery has been successful. In the
nickel sublattice of nanocrystalline LaNi5, substitution
of Mn, Al, and Co has been found to offer the best
compromise between high discharge capacity and cycle
life. Cobalt contained in the La(Ni,Mn,Al)5 alloy gives
the oxidized alloy surface a good electronic conductivity
by a dissolution–precipitation process (surface coating),
improving charging efficiency and preventing passiva-
tion. The cycle performance of a nickel–metal hydride
battery was improved with cobalt content in La(Ni,
Mn,Al)5 alloy.
Very recently, we have also reported the pressure-

composition isotherms for desorption of hydrogen from
the gas phase, at 201C, on nanocrystalline as well as
polycrystalline LaNi4.2Al0.8 materials [26]. Results
showed that the isotherms of nanocrystalline material
differ significantly from the polycrystalline material, for
which enhancement of solid-state solubility is observed.
It was also observed that the amount of absorbed
hydrogen at a pressure of 1.1MPa decreases for
nanocrystalline material. Furthermore, the plateau
pressure was found to increase for nanocrystalline

Fig. 7. Discharge capacities as a function of cycle number of LaNi5-

type negative electrodes made from nanocrystalline powders prepared

by MA followed by annealing: (a) LaNi5, (b LaNi4Co, (c) LaNi4Mn,

(d) LaNi4Al, (e) LaNi3.75Mn0.75Al0.25Co0.25 (solution, 6M KOH;

temperature, 201C). The charge conditions were 40mAg�1. The cut-

off potential versus Hg/HgO/6M KOH was �0.7V. Lines are

provided as a guide to the eye.
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material. The significant modification of the electronic
structure of the nanocrystalline material (Fig. 6c) could
be responsible for the observed hydrogenation proper-
ties. On the other hand, it is not excluded that another
factor such as Fe impurities of MA samples due to
degradation of milling media, could also influence on
the hydrogenation process of nanocrystalline LaNi5-
type materials.

4. Conclusion

In this work, nanocrystalline LaNi5, LaNi4M1

(M=Al, Co, and Mn) and LaNi4�xMn0.75Al0.25Cox

(x ¼ 0; 0.25, 0.5, 0.75, and 1.0) alloys synthesized by
mechanical alloying and annealing were used as negative
electrode materials for Ni–MHx battery. The discharge
capacity of an electrode prepared by application of MA
and annealed LaNi5 alloy powder is low. It was found
that the partial substitution of Ni by Al or Mn in
La(Ni,M)5 alloy leads to an increase in discharge
capacity. On the other hand, alloying elements such as
Al, Mn, and Co substituting nickel greatly improved the
cycle life of LaNi5-type material. With the increase of
cobalt content in LaNi4�xMn0.75Al0.25Cox, the material
shows an increase in discharge capacity which passes
through a wide maximum for x ¼ 0:25: The discharge
capacities up to B260mAh g�1 were measured at
current density of charging and discharging of
i=40mAg�1.
The studies show, that electrochemical properties of

Ni–MHx batteries are the function of chemical compo-
sition and microstructure of used electrode materials.
The substitution of Ni by Al in LaNi5 leads to
significant modifications of the electronic structure of
the polycrystalline sample. On the other hand, the XPS
valence band of the MA nanocrystalline LaNi4Al1 alloy
is considerably broader compared to that measured for
the polycrystalline sample. The strong modifications of
the electronic structure and the significant surface
segregation of lanthanum atoms in the MA nanocrystal-
line LaNi5-type alloys could significantly influence its
hydrogenation properties.
The combination of a nanocrystalline La(Ni,Mn,

Al,Co)5 hydride electrode and a nickel positive electrode
to form a Ni–MHs battery, has been successful. There-
fore, the mechanical alloying is a suitable procedure for
obtaining nanocrystalline LaNi5-type alloy powders.
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