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Local structure of the nanostructured LaNi5 hydrogen storage alloys, prepared by ball-milling, has been

studied using Ni K-edge extended X-ray absorption fine structure spectroscopy. Results indicate that

the ball-milling up to 100 h results in the production of nanoparticles characterized by large atomic

disorder and slightly reduced unit-cell volume, compared to the bulk LaNi5. High temperature

annealing appears to help in partial recovery of atomic order in the ball-milled samples; however, long-

time ball-milled samples retain large disorder even after the high temperature annealing. The results

suggest that the large disorder and the reduced unit-cell volume might be causing a higher energy-

barrier for the hydride-phase formation in the long time ball-milled LaNi5 powders.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Hydrogen is hailed as a non-polluting synthetic fuel that could
replace oil, especially for the transport applications [1]. LaNi5 is
one of the well known hydrogen absorption materials with
remarkable reversible hydrogenation properties at room
temperature. Many attempts have been made to develop new
hydrogen absorption materials superior to LaNi5, but very few of
those could succeed. Nanostructuring is one of the possible
approaches to improve the hydrogenation properties of materials
[2,3]. For the synthesis of nanomaterials, techniques like
ball-milling [4] are preferred due to the easy scale-up possibilities
from laboratory to industrial levels. In fact, ball-milling is the
preferred nanostructuring tool for the hydrogen storage materials
[3,5]. However, nanomaterials of LaNi5 produced by ball-milling
are found to exhibit inferior hydrogen storage properties [6]. In
order to develop suitable nanomaterials with superior hydrogen
absorption properties, it is of prime importance to understand the
changes in the electronic and the local structural properties of this
classical hydrogen storage material in the nanoparticle form.

Extended X-ray absorption fine structure (EXAFS) spectroscopy
is a site selective method, providing information on the local
atomic distribution around a selected absorbing atom through
photoelectron scattering [7,8]. Apart from its traditional applica-
ll rights reserved.
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tions in several fields of material science [7,9], recently, this
technique has also been extensively used for the local structure
studies of several nanomaterial systems [10–12]. Here, we have
exploited the Ni K-edge EXAFS spectroscopy to make a systematic
study of the local structure around the Ni atom in LaNi5, by
measuring a series of samples where the particle size is varied
through ball-milling involving milling times up to 100 h. The
results suggest that the unit-cell volumes of the long-time
ball-milled LaNi5 powders are slightly smaller than the bulk,
consistent with an expected lattice-parameter reduction for the
nanoparticles. The Debye Waller factors (DWFs) measuring
the mean square relative displacements (MSRDs) of the bond
lengths are found to be substantially higher for the ball-milled
samples, indicating a substantial increase in the atomic disorder
with milling. Interestingly, EXAFS data indicated that the
long-time ball-milled powders are retaining large disorders even
after the high temperature annealing. Larger MSRDs with reduced
unit-cell volumes for the LaNi5 nanoparticles produced by
ball-milling may cause a higher energy-barrier for the hydride
phase formation in this system.
2. Experimental details

Hydrogen storage grade LaNi5 samples from Sigma-Aldrich
were used for the present study. Ball-milling of these samples
were carried out using a FRITSCH miller (Pulverisette 6), using
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stainless steel vial and balls at 240 rotations per minutes with a
ball to powder ratio around 10. Milling was carried out in cycles of
20 min milling time and 20 min pause time to avoid the heating of
the sample during the milling process. Samples were prepared
with milling times 2, 20 and 100 h. All the sample-handlings were
carried out inside an Ar filled glove box (Mbraun) to avoid
possible contacts with air. To study the annealing effects, a part of
the 100 h ball-milled sample was annealed at 730 1C for 1 h while
the 20 h ball-milled sample was annealed at 500 1C for 30 min. The
annealings were performed under high vacuum (� 10�6 mbar).
The samples were analyzed by powder X-ray diffraction (XRD)
measurements, using an in-house X-ray source with Cu Ka
radiations.

The X-ray absorption measurements were made at the XAFS
beamline of the Elettra synchrotron radiation facility, Trieste,
where the synchrotron radiation emitted by a bending magnet
source was monochromatized using a double crystal Si(111)
monochromator. The Ni K-edge EXAFS measurements were made
at 80 and 300 K in the transmission mode using three ionization
chambers mounted in series for simultaneous measurements on
the sample and a reference. Prior to the EXAFS measurements,
the samples were characterized for the hydrogen absorption
properties by measuring the pressure composition isotherms
using an automated PCT apparatus (HyEnergy) [6]. As a routine
experimental approach, several X-ray absorption scans were
collected to ensure the reproducibility of the spectra, in addition
to the high signal to noise ratio. Standard procedure was used to
extract the EXAFS oscillations from the absorption spectrum [8].
Rietveld refinement of the XRD data was carried out using the
MAUD package making it possible to perform simultaneous
structure and size-strain analysis [13].
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3. Results and discussion

3.1. Ball-milling time dependence

Fig. 1 shows EXAFS oscillations (multiplied by k3), extracted
from room temperature Ni K-edge X-ray absorption spectra,
measured on the LaNi5 powders with variable ball-milling time.
The EXAFS amplitude decreases with increasing milling time. The
decrease is substantial for the 20 h milled powders compared to
the bulk (as-prepared) and the 2 h milled samples, albeit, the
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Fig. 1. (color-online) EXAFS oscillations (multiplied by k3) extracted from room

temperature Ni K-edge absorption spectra of LaNi5 with different ball-milling.

Legends indicate milling times, where 0 h correspond to the unmilled (bulk)

sample. With increasing milling time the EXAFS oscillations are getting damped

indicating an enhanced atomic disorder.
changes from 20 to 100 h is not that significant. Incidentally such
a reduction of the EXAFS amplitude is known to occur in several
systems when the bulk is nanostructured. For example,
nanocrystalline Fe prepared by ball-milling [14], substrate free
Pd nanoparticles prepared by evaporation [15], Ge [12] and Pt
[11] nanoclusters synthesized by ion implantation and Au
nanoparticles prepared by solvated metal atom dispersion [10]
or consecutive evaporation of Au and Mylar [16], etc. are found to
show a systematic damping of the EXAFS oscillations with
reduction of the particle size.

Fig. 2 shows the XRD patterns of the bulk and the milled
samples. As expected, the XRD pattern for the bulk sample is
identical to the one reported in the literature [20]. The LaNi5

crystal structure is hexagonal CaCu5-type with P 6/mmm

symmetry [17–20]. Inset in Fig. 2 shows the crystal structure of
LaNi5. The lattice parameters of the bulk sample obtained from
the XRD analysis are consistent with earlier reports [17–20]. The
structural parameters obtained from the refinement are given in
Table 1. It is found that the 20 and 100 h milled samples have all
the diffraction peaks as the bulk. However, the peak intensities
are found to be progressively damped with the increasing milling
time. There is also a large broadening of the peaks. Such features
in the XRD profiles are typical of the nanoparticles. The estimated
crystallite sizes for the 20 and 100 h milled samples are also
included in Table 1. Although, the milled samples are found to
have identical crystal structure as the bulk, the corresponding
lattice parameters are found to be slightly different, in particular,
the lattice parameters a and b are found to become progressively
shorter with increasing milling time (Table 1).
30
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Fig. 2. (color-online) XRD profiles of the 0, 20 and 100 h ball-milled LaNi5 samples.

The 0 h represents the bulk (unmilled) sample. Rietveld refinement results are

included as solid lines. With increasing milling time, diffraction peaks are getting

broader with reduced intensity. The inset shows the crystal structure of LaNi5

where the larger spheres represent the La atoms.

Table 1
Results of the XRD Rietveld analysis.

Sample Rwp(%) a¼b (Å) c (Å) Crystallite size (nm)

bulk 1.45 5.0160(4) 3.9836(3) –

20 h 4.9 5.0106(6) 4.001(8) 12:3ð73Þ

100 h 20 4.975(3) 4.036(4) 8:3ð75Þ

Space group P 6/mmm, a¼ b¼ 90,g¼ 120. La (site 1a) x 0.0, y 0.0, z 0.0; Ni (site 2c)

x 1
3, y 2

3, z 0.0; Ni (site 2c) x 1
2, y 0.0, z 1

2.
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In the crystal unit cell the La atoms occupy the 1a site, whereas
Ni atoms have two different positions, viz. 3g and 2c. The unit cell
of LaNi5 contains one La atom, three Ni atoms at 3g site and two
Ni atoms at 2c site. Model of the LaNi5 crystal structure is shown
in the inset of Fig. 2. Corresponding structural parameters are
given in Table 1. This structural configuration gives rise to three
Ni–Ni near-neighbor distances (� 2:46, � 2:5, and � 2:85 Å) and
two Ni–La near-neighbor distances (� 2:9, and � 3:2 Å). For a
proper treatment of the Ni K-edge EXAFS data of LaNi5, it is
important to consider the presence of two distinct Ni sites in the
crystal structure. From the Ni 3g site, the first three near
neighbors are four Ni atoms each at � 2:46 and � 2:51 Å and
four La atoms at � 3:2 Å, whereas from the Ni 2c site, the first
three near neighbors are six Ni atoms at � 2:46 Å, two Ni atoms at
� 2:89 Å and two La atoms at � 2:89 Å. As the EXAFS signal from
the two Ni sites cannot be distinguished, we have adopted a
method of weighted average from the two Ni site contributions to
model the data. It is to be recalled that the earlier EXAFS studies
on this system have overlooked this fact and assumed only an
average Ni–Ni distance for the analysis of the EXAFS data [23–25].

Fig. 3 shows the Fourier transforms (FTs) of the EXAFS data
measured at 80 and 300 K with varying milling time. FTs were
performed between the k range 2.9 and 17 Å�1. The main peak in
the FT (in Fig. 3 between 1.3 and 3.4 Å) is mainly due to the Ni–Ni
and Ni–La single scatterings. These corresponds to the above
discussed three near neighbor contributions from the two Ni sites.
At both 80 and 300 K, the amplitude of the main peak in the FT are
found to decrease with increasing milling time. To obtain
quantitative information, we have modelled the EXAFS using the
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Fig. 3. Fourier transforms (FTs) of the Ni K-edge EXAFS oscillations measured at

300 K (upper panel) and 80 K (lower panel) revealing the partial atomic

distribution around the Ni. FTs are performed between kmin¼2.9 Å�1 and

kmax ¼ 17 Å�1 using a Gaussian window. Model fits with five shells (solid line)

are also included. Insets show fit in the k-space (filtered EXAFS oscillations

corresponding to 1.3�3.4 Å) for the bulk and the 100 h milled samples.
WINXAS package [21] with calculated phase and amplitude
functions from the FEFF7 [22]. The EXAFS amplitude depends on
several factors and could be given by the following general
equation [8]:

wðkÞ ¼
X

i

NiS
2
0

kR2
i

fiðk,RiÞe
�2Ri=le�2k2s2

sin½2kRiþdiðkÞ� ð1Þ

where Ni is the number of neighboring atoms at a distance Ri. S0
2 is

the passive electrons reduction factor, fi (k,Ri) is the backscattering
amplitude, l is the photoelectron mean free path, and s2

i is the
correlated Debye–Waller factor (DWF), measuring the mean
square relative displacements (MSRDs) of the photoabsorber–
backscatterer pairs. Apart from these, the photoelectron energy
origin E0 and the phase shifts di should be known. We have used
conventional procedure to analyze the EXAFS signal [8] due to five
shells (three Ni–Ni and two Ni–La distances). Except the radial
distances Ri and the corresponding DWFs, s2

i , all other parameters
were kept fixed in the least squares fit. The co-ordination
numbers were fixed to the weighted average of the same from
the two Ni sites. The passive electron reduction factor S0

2 was fixed
to 1. The E0 was fixed to �8.9 eV. The number of independent data
points, Nind � ð2DkDRÞ=p [8] was 18 for the present analysis
(Dk¼ 14:1 Å

�1
and DR¼ 2:1 Å). The obtained fits are included in

Fig. 3 as solid lines.
Fig. 4 shows the near neighbor distances resulting from the

best fit with the five shells for T¼80 and 300 K. Here it is worth
mentioning that earlier local structure studies on the LaNi5

system [23–26] have adopted different approach considering only
a single Ni–Ni distance extracting a mean Ni–Ni distance with an
average DWF neglecting the actual atomic distribution around the
photoabsorber. However, diffraction results as a starting point
yield more realistic information on local structural parameters. All
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Fig. 4. Near-neighbor distances obtained from a five shell fit to the Ni K-edge

EXAFS (shown in Fig. 3). Open circles and crosses are data from 80 and 300 K,

respectively. The Ni–Ni1 and Ni–La1 distances seem to remain constant with

milling time. Ni–Ni3 and Ni–La2 show a decrease, whereas Ni–Ni2 shows an

increase indicating an overall reduction in the unit-cell volume for the 100 h

milled sample. The dotted line is a guide to the eyes and error bars represent the

average uncertainties evaluated using correlation maps.
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the near-neighbor distances obtained from the fit for the bulk
sample are quite similar to those expected from the diffraction
data (the three Ni–Ni distances � 2:45, � 2:5 and � 2:85 Å and
the two Ni–La distances � 2:9, and � 3:2 Å). The near neighbor
distances show an interesting variation with ball-milling time
(Figs. 4 and 5). While the distances corresponding to 2.4 Å Ni–Ni
and 2.9 Å Ni–La distance are found to remain constant with
increasing ball-milling, other distances, seem to differ for the
100 h milled sample compared to the bulk. The 2.5 Å Ni–Ni seems
to show a slight increase for the 100 h milled sample while the
2.8 Å Ni–Ni and 3.2 Å Ni–La show a reduction. This means that
there is a reduction in the unit-cell volume for the 100 h milled
sample. The XRD analysis (Table 1) also indicates a similar result.
The variation in the distances corresponding to the different shells
is found to have the same trend at both 80 and 300 K, with hardly
any change due to temperature within the uncertainties. Using
the La L3-edge EXAFS, it is possible to study the Ni–La
bond-distributions of this system. In fact our studies using the
La L3-edge EXAFS on this system showed that with increasing
ball-milling time, the 2.9 Å Ni–La distance remains constant while
3.2 Å Ni–La shows a decrease [27]. The variation of the Ni–La
distances observed in the present case are consistent with the
above studies. The decrease of near neighbor distances with the
ball-milling is consistent with the decreased size of
the crystallites having dimensions in the range of nanometers.
The fact that the distances corresponding to the different shells do
not show a similar change with the ball-milling time recalls the
anisotropy of the bond-strengths determined recently in a study
of elastic constants of the LaNi5 [28].
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Fig. 5. (color-online) The MSRDs of different atomic pairs obtained from the five

shell fit to the Ni K-edge EXAFS (shown in Fig. 3). Open circles and crosses are data

at 80 and 300 K, respectively. The ordinate corresponding to 80 K is shown in the

left and that corresponding to 300 K is shown in the right. As expected, the MSRD

values at 300 K are higher than that at 80 K for all the atomic pairs. An increased

atomic disorder with ball-milling is clear from the larger values of MSRDs for the

milled samples. The dotted line is a guide to the eyes and error bars represent the

average uncertainties evaluated using correlation maps. Error bars are avoided for

the 300 K for the clarity in presentation.
Fig. 5 shows the MSRDs of the bond lengths revealing the
atomic level disorder (static and dynamic) in the LaNi5 as a
function of ball-milling time obtained from the modelling of the
EXAFS data. The MSRDs for all the atomic shells show clear
increase with milling time, revealing a global increase of the
atomic disorder. The behavior of the MSRDs with milling time was
found to be same at both 80 and 300 K (Fig. 5). The observed
disorder seems to be typical of nanoparticles [10,11,14–16,29].
Indeed, going from the bulk to nanomaterials, an enhancement in
the MSRDs is observed for several systems [10–12,15,16]. It
should be mentioned that some earlier EXAFS studies on
nanoparticles of Ge, Au, Pd and Fe have discussed the large
damping of the EXAFS amplitude as being due to the reduction of
near neighbor atoms in the nanoparticles in comparison to the
bulk. In the present analysis we have fixed near neighbor atoms,
necessary to reduce correlation between different parameters to
get meaningful values for the interatomic distances and the
corresponding MSRDs. Moreover, the MSRDs include both static
and dynamic disorder in the system including vacancies at the
near neighbor sites and lattice distortions, therefore consistent
with the earlier experiments revealing reduced near neighbors
with the nanostructuring. Studies using the La L3-edge EXAFS on
the same system indicated a similar behavior of the MSRDs of the
La–Ni bonds [27].
3.2. Effect of annealing on ball-milled samples

Let us discuss the effect of annealing on the ball-milled
samples of the LaNi5. We have studied the 20 and 100 h
ball-milled samples before and after annealing. Fig. 6 shows the
FTs of the room temperature Ni K-edge EXAFS data for the 20 and
100 h milled-and-annealed samples, along with the data for the
bulk sample. For the 20 h milled powders, annealing seems to
restore both the distances as well as the average atomic order
(Fig. 6). This is consistent with the earlier observations on
ball-milled Fe, in which the annealing is found to restore the
EXAFS amplitude for milling times up to 32 h and explained as
due to the annealing induced reduction in the disorder formed by
milling [14]. On the other hand, for the 100 h ball-milled sample,
the high temperature annealing is not enough to restore the
interatomic distances and the atomic order.
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Fig. 6. (color-online) Fourier transforms (FTs) of the room temperature Ni K-edge

EXAFS oscillations measured before (open circles) and after (open squares) the

high temperature annealing. There is a substantial reduction in the atomic

disorder for the 20 h ball-milled sample after annealing, while the annealing of the

100 h ball-milled sample hardly affects the atomic disorder. The FT of the bulk
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As far as the hydrogen uptake capacity, it is found that the
capacity decreases gradually with an increasing ball-milling time;
however, the capacity could be regained by the high temperature
annealing [6]. It should be recalled that after annealing, the
equilibrium plateau pressure, where the continuous conversion of
the a (LaNi5) to b (LaNi5H6) phase occurs, is found to be highest
for the 100 h ball-milled samples [6]. A decrease in the unit-cell
volume and an increase in the MSRDs corresponding to the
near-neighbor bond lengths (i.e., atomic disorder) may cause a
higher energy-barrier for the H-induced unit-cell doubling [19]
involving the formation of Ni–H bonds [23] in the LaNi5. Such a
situation can account for the observed large plateau pressure [6]
for the 100 h milled-and-annealed powders.
4. Summary

In summary, we have studied the local structure of LaNi5

hydrogen storage alloys using Ni K-edge EXAFS. Results indicate
that the unit-cell volume of the long-time ball-milled LaNi5

powders is slightly smaller compared to the bulk. These results
are consistent with XRD results which show changes in
the lattice-parameters of the long-time ball-milled samples.
The MSRDs of the bond lengths are found to increase with
increasing ball-milling time, indicating an increased atomic
disorder with the milling time. High temperature annealing is
found to be capable of reducing the disorder in milled samples
for milling times up to 20 h. However, the long time
ball-milled samples (milled for 100 h) retain a large disorder
even after the high temperature annealing. The relatively large
values of MSRDs together with a slightly reduced unit-cell volume
for the nanoparticles may cause a higher energy-barrier for the
hydride phase formation in case of long-time ball-milled LaNi5

powders.
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