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Abstract

Local structure of the nanostructured LaNis alloys, prepared by ball-
milling, has been studied using La Ls-edge extended x-ray absorption fine
structure spectroscopy. The near-neighbour distances tend to decrease with
the ball-milling, and the mean square relative displacements (MSRD) show
substantial increase suggesting an increased atomic disorder. High temper-
ature annealing helps in partial recovery of atomic order in the ball-milled
samples for milling times upto 20 h, however, the long-time ball-milled sam-
ples seems to gain only a local random order. The results suggest that
reduced unit-cell volume together with large atomic-disorder might be caus-
ing a higher energy-barrier for the hydride-phase formation in the long time
ball-milled LaNis powders.

Key words: LaNis alloys, Nanostructuring, Local structure, Atomic
disorder

1. Introduction

With the growing enviornmental concerns of greenhouse gas emissions
from the burning of fossil fuels, it is becoming increasingly important to
switch to cleaner alternative fuels such as hydrogen [1]. One of the main
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concerns of the so called “hydrogen economy” is the suitable materials for
the solid state storage of hydrogen satisfying the criterias required for a com-
mercially viable system, especially for the transport sector [2]. The LaNi;
alloy qualifies all requirements to be an ideal Hy-storage material for the ve-
hicular applications albeit with lower hydrogen weight percentage. Indeed
there are large research efforts underway to develop hydrogen storage mate-
rials with technical-specifications similar to that of LaNis, but for a larger
Hs-absorption capacity. Nanostructing, especialy using a technique which en-
able industrial production, like the ball-milling, is one of the commonly used
approaches to improve the hydrogenation properties of materials [3, 4, 5.
However, nanomaterials of LaNis produced by ball-milling exhibit inferior
hydrogen storage properties [6] unlike other potentially important hydrogen
storage materials like Mg, in which an enormous improvement in the hy-
drogenation properties occurs upon nanostructuring [5]. In orderto develop
suitable nanomaterials with superior hydrogen absorption-desorption prop-
erties, the upmost task is to understand the physical properties of potential
hydrogen storage materials when converted to nanoparticles. In this paper,
we have addressed the issues related with nanostructuring verus hydrogen
storage and studied LaNi; using extended x-ray absorption fine structure
(EXAFS) spectroscopy.

EXAFS is a site selective method; providing information on the local
atomic distribution around a selected absorbing atom through photoelectron
scattering [7]. Recently, this technique has been extensively used for the local
structure studies of several nanomaterial systems [8, 9, 10, 11, 12, 13, 14, 15].
Here, we have exploited the La Ls-edge EXAFS spectroscopy to make a
systematic study of the local structure around the La atom, by measuring
a series of LaNis samples, where the particle size is varied through ball-
milling. The results suggest that the near-neighbour distances for the long-
time ball-milled LaNis powders are smaller than the bulk, consistent with
an expected lattice-parameter reduction for the nanoparticles. The related
mean square relative displacements (MSRDs) are seen to increase with the
nanostructuring, indicating a substantial atomic disorder. More importantly,
the long-time ball-milled powders are found to retain large disorder even after
the high temperature annealing. In fact, the annealing seems to cause only
a random local atomic order for the 100 h ball-milled LaNis. Large atomic
disorder together with decreased interatomic distances for the nanostructured
LaNis may be causing a higher energy barrier for the hydride phase formation.



2. Experimental Details

Hydrogen storage grade LaNis 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 a stainless steel vial and stainless
steel 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 over heating of the sample during the milling process. Samples
were prepared with milling times 2, 20 and 100 h. All sample handlings were
carried out inside an Ar filled glove box (Mbraun) to avoid possible contacts
with air. To study the annealing effect, a part of the 100 h ball-milled sample
was annealed at 730°C for 1 h, while the 20 h ball-milled sample was annealed
at 500°C for the same time. Annealings were performed under high vacuum
(~107¢ mbar).

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 La Lg- EXAFS measurements
were made at 90 K in the transmission mode using three ionization chambers
mounted in series for simultaneous measurements on the sample and a ref-
erence (on-line calibration). More than one absorption scans were recorded
for each sample to ascertain the reproducibility and to obtain spectra with
high signal-to-noise ratio. Prior to the EXAFS measurements, the samples
were characterized for their hydrogen absorption properties by measuring
the pressure composition isotherms [6] using an automated PCT apparatus
(HyEnergy). Standard procedure was used to extract the EXAFS oscillations
from the absorption spectrum {7].

3. Results and Discussion

Figure 1 shows Fourier transforms (FTs) of the EXAFS oscillations ex-
tracted from the La Ls-edge x-ray absorption spectra, measured at 90 K
on the LaNis powders with variable ball-milling time. The FTs reveal the
real space partial atomic distribution relative to the La atom. The FTs
are performed between kp;,=2.5 A~ and Kkpee = 9.8 A~! using a Gaus-
sian window. Due to the limited k-range it is impossible to provide precise
distribution function, however, the experimental data range is sufficient to
underline the major differences between the relative atomic distributions.



Indeed a large damping of the signal is clearly seen in the FT amplitude
for all the atomic pairs, revealing an overall decrease with increasing milling
time. Incidentally, such a damping is known to occur in several systems when
the bulk is nanostructured. For example, Au, Cu, Ni and Te nanoparticles
[8, 9, 10], nanocrystalline Fe prepared by ball-milling [12], substrate free Pd
nanoparticles prepared by evaporation [15] and Ge [14] and Pt [13] nanoclus-
ters synthesized by ion implantation etc. are found to show a systematic
damping of the EXAF'S oscillations compared to the bulk.

The EXAFS amplitude depends on several factors and could be given by
the following general equation [7]:

N;S2
Z N fi(k, Ry)
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where N; is the number of neighboring atoms at a distance R;, S is the
passive electrons reduction factor, f;(k,R;) is the backscattering amplitude,
A is the photoelectron mean free path, and o? is the correlated Debye-Waller
(DW) factor, measuring the mean square relative displacements (MSRDs) of
the photoabsorber-backscatterer pairs. Apart from these, the photoelectron
energy origin Eqg and the phase shifts d; should be known for modelling the
EXAFS.

LaNi5 has CaCus type structure (see, e.g., Fig. 1, lower panel) with
the P6/mmm symmetry [16, 17, 19]. Earlier XRD [19] and neutron [16]
diffraction studies have shown the lattice parameters to be a ~ b ~ 5.0143
A and ¢ ~ 3.97987 A. Recent first principle studies [17, 18] could also
reproduce these values with an accuracy of 1%. In the crystal unit cell, La
atoms occupy the 7a site, whereas Ni atoms have two different positions, viz.
8g and 2c¢. The unit cell of LaNis contains 1 La atom, 3 Ni atoms at g site
and 2 Ni atoms at 2c site. In this structural configuration there are six Ni
atoms at a distance ~ 2.89 A (2c site) from the La atom and 12 Ni atoms
at a distance ~ 3.2 A (3¢ 3g site). The main peak in the FT (Fig. 1, upper
panel) is mainly due to the single scattering from the above two sets of Ni
atoms. We have used conventional procedure to analyze the EXAFS signal [7]
taking the above two sets of Ni atoms as the first two shells. Except the radial
distances R; and the corresponding DW factors o7, all other parameters were
kept fixed in the least squares fit (S3 = 1). The WINXAS package [20] was



used for the model fit with calculated backscattering amplitudes and phase
shift functions. The number of independent data points, N;,,q ~(2AkAR) /7
[7] was 9, enough for the four parameter fit used for the present analysis
[Ak=7.3 A1 (k=2.5-9.8A") and AR=2 A]. The model fits are also included
in Fig. 1 (solid lines).

The near neighbor distances and the corresponding MSRDs obtained from
the above analysis are presented in Fig. 2. While the first La-Ni distance
(corresponding to the six Ni atoms at the 2c sites) is found to show negli-
bile change with milling time, the second La-Ni distance (corresponding to
the twelve Ni atoms at the 3¢ sites) is found to decrease with milling time.
However, the MSRDs corresponding to both the distances are found to in-
crease with increasing milling time indicating increased atomic disorder with
milling. These results are consistent with the information derived from the
Ni K-edge EXAFS data for the same system [11]. In fact, such anincrease in
atomic disorder, as evidenced by the enhanced Debye Waller factors in the
EXAFS measurements, seems to be typical of several nanoparticle systems
[8, 10, 12, 15, 13, 14].

Let us discuss the effect of annealing on the ball-milled LaNis samples.
Figure 3 shows the FTs of the EXAFS data for the 20 and 100 h milled-
and-annealed samples, along with the data from the bulk sample. For the
20 h milled powders, annealing seems to restore the near neighbor distances
to the bulk value. There is also a substantial improvement in the atomic
order, as evidenced by the enhancement in the magnitude of the FTs after
annealing, which closely follows the pattern of the bulk (Fig 3). On the
other hand, for the 100 h milled sample, the high temperature annealing
seems to be insufficient to restore the interatomic distances and the atomic
order. In this case, a somewhat significant enhancement in the intensity of
the peak corresponding to the first two set of near-neighbors (Fig. 3), may
appear to indicate an enhanced atomic ordering. But, a careful analysis
reveal that this enhancement in peak intensity is not symmetric for the two
set of near-neighbors, unlike in the 20 h case. As discussed earlier, long
time ball-milling results in substantial disordering in the system, and high
temperature annealing of such a disordered system can possibly bring random
ordering, causing a small fraction of the orginal Ni sites to be occupied by La.
Such a random local ordering can cause enhancement in the FT intensity of
the annealed sample due to the larger atomic scattering factor of the heavier
element La compared to the lighter element Ni. Absence of the enhancement
in FT magnitudes corresponding to the further shells (Fig. 3) also support
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the above conjucture.

As far as the hydrogen uptake capacity, it is found that the capacity de-
creases gradually with the increasing ball-milling time, however, the capac-
ity could be regained by the high-temperature annealing, albeit with slow
hydrogenation kinetics [6]. It should be recalled that after annealing, the
equilibrium plateau pressure, where the continuous conversion of the « to
(3 phase occurs, is found to be highest for the 100 h ball-milled samples [6].
Results from the present La Ls-edge EXAFS together with the the Ni K edge
EXAFS [11], clearly indicate that there is a decrease in the near-neighbour
distances and an increase in the corresponding MSRD for the nanoparticles
of LaNis produced by long-time ball-milling of the bulk. High temperature
annealing is found to results in only some random local ordering in the sys-
tem, thus incapable of restoring the global atomic order in nanostructured
LaNis. This increased atomic disorder in the nanostructured phase may be
one of the main reasons behind the enhanced resistance to the hydrogena-
tion reaction of the long time ball-milled LaNis. In this scenario, the local
structural studies of Mg, which seems to show significant improvements in its
hydrogenation properties upon long-time ball-milling is going to be very rel-
evant for obtaining further insights for the developement of nanostructured
hydrogen storage materials with superior hydrogenation properties.

In summary, La Ls-edge EXAFS studies of the nanostructured LaNis
alloys, reveals large atomic disorder as evidenced by the large values of the
relative mean square displacements of bondlengths with increasing milling-
time. High temperature annealing helps in partial recovery of atomic order in
the ball-milled samples, however with a substantial random atomic order for
the long-time ball-milled samples. Observed enhanced atomic disorder seems
to have important contributions to the sluggish hydrogenation properties of
the nanostructured LaNis.
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ACCEPTED MANUSCRIPT

Figure 1: (color on-line) Fourier transforms (FTs) of the La Ls-edge EXAFS oscillations
showing partial atomic distribution around the La (upper). FTs are performed between
Kmin=2.5 A~1 and k4. = 9.8 A1 using a Gaussian window. A model fit with two shells
representing the two La-Ni near neighbours (solid line) is also included. Structural model
for LaNis crystal system is also shown (lower). This model contains 8 unit-cells, where
La atoms are represented by larger spheres. It is possible to notice the two set of near
neighbour Ni atoms around the highlighted La atom (six and twelve around 2.89 and 3.2
A respectively) used for the model fit shown in the upper panel.
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Figure 2: The near-neighbour La-Ni distances (upper) and the corresponding mean square
relative displacements (lower) obtained from the 2 shell EXAFS fit as a function of the
milling time. While the first distance remains constant (open circles), the second distance
is found to decrease with milling time (open squares). However, MSRDs corresponding to
both the distances are found to increase with increasing milling time indicating increased
atomic disorder. Dotted lines are only a guide to eyes.
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Figure 3: Fourier tranforms (FTs) of the La Lz-edge EXAFS oscillations measured before
(solid line) and after (dotted line) the high temperature annealing. The atomic order
seems to substantially restored for the 20 h ball-milled sample after annealing, while
the annealing of the 100 h ball-milled sample seems to retain large disorder even after
annealing. The FT of the bulk sample is also shown for comparison (dashed line).
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