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Abstract. Reactive hydride composites (RHCs) are very promising hydrogen storage
materials for future applications due to their reduced reaction enthalpies and high
gravimetric capacities. At present, the materials functionality is limited by the reaction
kinetics. A significant positive influence can be observed with addition of transition-
metal-based additives. To understand the effect of these additives, the chemical
state and changes during the reaction as well as the microstructural distribution
were investigated using X-ray absorption near edge structure (XANES) spectroscopy
and anomalous small-angle X-ray scattering (ASAXS). In this work, zirconium-
and vanadium-based additives were added to 2LiBH, - MgH, composites and 2 LiH -
MgB, composites and measured in the vicinity of the corresponding absorption edge.
The measurements reveal the formation of finely distributed zirconium-diboride and
vanadium-based nanoparticles. The potential mechanisms for the observed influence
on reaction kinetics are discussed.
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1. Introduction

Hydrogen is one of the favored energy carriers for the future. To make mobile application
possible, a reliable storage solution has to be developed. From the safety point of view,
one very promising option is the chemical storage in solid state metal compounds, metal
hydrides. For application, high gravimetric storage capacities coupled with suitable
desorption temperatures need to be mastered. From the thermodynamic point of view,
no single, pure metal or complex hydride fulfills the requirements concerning reaction
enthalpies and desorption temperature simultaneously. Alloying or the formation of
intermetallic compounds is a well known method of thermodynamic tuning since the
pioneering work of Libowitz et al [1]. Trying to destabilize MgH, Reilly and Wiswall
[2; 3] have been the first, who, by adding MgCu, to MgH, discovered that reaction
enthalpies can be decreased by additives which react exothermically with the hydride
during desorption. These approaches are usually accompanied by a significant decrease
in the gravimetric capacity of the hydride due to the combination with heavier metal
elements like, e.g., copper or nickel. To overcome this drawback, recently the Reactive
Hydride Composites (RHC) were developed [4; 5; 6; 7]. In these a chemical reaction
between two or more hydrides lowers the overall reaction enthalpy while the gravimetric
hydrogen storage capacity remains high. In the present work, the focus is put on
the 2 LiBH, - MgH,, composites forming 2 LiH - MgB, composites in the desorbed state.
This system shows a reversible hydrogen capacity of approximately 10.5wt% and
a theoretically assessed reaction enthalpy of 46kJ/mol H,, leading to an estimated
equilibrium temperature of 170°C at 1bar H,. However, at present the desorption
occurs in a two-step reaction mechanism and takes only place at elevated temperatures
with slow kinetics [8; 9; 10; 11]. A significant improvement can be observed upon
the addition of transition-metal based additives. This is not a surprising observation,
because for the well known light metal hydrides MgH, and NaAlH, transition-metal
based additives play a crucial role in the reaction kinetics and reversibility, see e.g.
[12; 13]. However, it should be noted that in case of NaAlH, the mechanism is not fully
understood yet.

So far, the description of effect of the additives in RHCs has been mainly
phenomenological in terms of the reaction kinetics. To understand the underlying
mechanism, a knowledge of the chemical state and the microstructural distribution is
necessary. The herein added vanadium-chloride (VCls), zirconium-chloride (ZrCl,) and
zirconium-isopropoxide isopropanol (Zr-iso) are highly reactive, reactions during the
high-energy ball milling process for materials preparation are likely and a change in the
chemical state is therefore probable. For application, not only is the chemical state after
synthesis important but also the evolution during the cycling and the stability. In the
present study, the chemical state of the zirconium-based additives has been investigated
by X-ray absorption near edge structure spectroscopy (XANES) after synthesis and
after the first and the second sorption reaction. From this analysis, conclusions on the
local structure around the atoms of a selected element like the valence state and the
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local symmetry and therefore on the bonding are drawn by comparison with reference
materials.

Besides the chemical state, the microstructural distribution of the reacting phases
as well as of the additive phase plays an important role in the sorption kinetics. Many
common techniques such as, e.g., electron microscopy cannot be applied or only under
certain precautions, because the materials react readily with air. Furthermore, they are
only partially stable under the electron beam, display poor conductivity and the light
elements such as hydrogen, lithium and boron cannot be detected by standard techniques
such as energy dispersive X-ray spectroscopy (EDX). High resolution must be reached
to characterize the fine microstructure of the nanocrystalline composites. Nevertheless,
such studies are possible, and first TEM investigations on the currently investigated
RHC with titanium-based additives display a uniform distribution of titanium in the
sample down to an observed size scale of approximately 200nm [14]. This indicates a
very fine additive distribution and sizes much smaller than 200 nm for the corresponding
additive phase. But high or atomic resolution has not yet been achieved for these
compounds and therefore information on the local structure and chemical state was not
obtained.

To characterize the nanostructure of a material, small-angle scattering (SAS) using
neutrons (SANS) or photons (SAXS) is a well known tool, giving also the advantage
to average over the whole sample rather than probing locally. The intensity of the
scattered radiation at angles below 5° is recorded to analyze structures in the range
of typically 0.5-100nm and can be applied for samples with different structure, such
as solid, liquid or amorphous. In anomalous small-angle X-ray scattering (ASAXS) the
change in the complex scattering factors at the absorption edge of the respective element
leads to a change in the scattered intensity as a function of energy. By measuring at
several energies in the vicinity of the absorption edge, the scattering contribution from
the respective element (i.e. V or Zr) containing structures can be separated from the
total scattering coming from the material [15]. The absorption edges of metallic Zr and
V are at 17998 eV and 5465 eV, respectively.

The present study gives the first insight into the chemical state and distribution
of V- and Zr-based additives in reactive hydride composites and contributes to the
understanding of the mechanism by which transition metal based additives influence
sorption kinetics.

2. Experimental

2.1. Sample preparation

All samples were prepared by high energy ball milling in a Spex 8000 Mixer Mill,
using a ball to powder ratio of 10:1 and a milling time of 5 hours. The initial
microcrystalline powders LiBH, (95 % purity), LiH (99.4 % purity), MgB,, VCl;, ZrCl,
and Zr-isopropoxide isopropanol complex (Zr-iso) were purchased from Alfa Aesar.
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MgH, (98% purity the rest being Mg) was obtained from Goldschmidt. 10 mol%
additive was added to the initial mixture of 2LiH 4+ MgB,. For the initial 2 LiBH, -
MgH,, composites, the MgH, was pre-milled for 5 hours before the LiBH, and 10
mol% additive were added. The comparatively large amount of additive ensured a
good contrast during the measurements.

To obtain the different sorption states, cycling was performed in a Sievert’s type
apparatus, designed by HERA Hydrogen Systems, Hydro Quebec, employing 5 bar
hydrogen back pressure for the desorption reaction at a constant temperature of 400 °C.
Absorption was performed under 30 or 50 bar hydrogen at 350 °C. The same materials
were used for the ASAXS and the XANES measurements with approximately four weeks
between the experiments.

All preparation and handling of the materials was performed in continuously
purified argon atmosphere in a glovebox.

2.2. X-ray absorption near edge structure (XANES)

XANES measurements were only performed on the Zr-containing samples up to now.
The samples were mixed with cellulose and pressed into pellets of 11 mm in diameter.
These pellets were mounted between two 55 nm Kapton tapes on aluminum sample
holders. The samples were then measured 3 times for approximately one hour in the
energy range of 17200 to 19000 eV under vacuum conditions at beamline A1, Hasylab,
DESY [16; 17].

2.8. Anomalous small-angle X-ray scattering (ASAXS)

For ASAXS measurements, the Zr-containing powders were filled in 1 mm thick sample
holders of aluminum with a hole of 5mm in diameter and sealed by two 55pm thick
Kapton tapes in an argon filled glovebox. To reach similar transmission values, the
thickness for the V-containing samples had to be reduced to approximately 50 pm.
The measurements were performed under vacuum conditions at beamline B1, Hasylab,
DESY [18; 19]. Prior to each ASAXS measurement, a low resolution XANES scan was
measured to determine the position of the absorption edge of each sample. For the
Zr-containing samples, the energy of radiation was tuned across the K-absorption edge
of Zr at 17998 eV in steps of 1eV and similarly for the V-containing samples around
5465 eV. The flux of the direct beam and that of the beam transmitted by the sample was
measured with a photodiode. The ASAXS intensities were measured at 5 or 6 energies
below the previously determined absorption edges for the Zr-containing materials and at
3 energies for the V-containing samples. The sample-to-detector distances were 935 mm
and 3635 mm. ¢ is defined as the magnitude of the scattering vector with ¢ = 47 sin 6/,
where 20 is the scattering angle and A the wavelength. The reliable ¢ range of the
instrument in the energy range of Zr was concluded to be from 0.2 to 14nm~' and in
the energy range of V from 0.1 to 4nm~!. Three measurement cycles were performed for
each sample at each energy and distance. The measured 2D data was corrected for dark
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current, detector response, transmission of the sample, and for geometrical distortion
and integrated azimuthally. Further, the intensity was put on an absolute intensity
scale by using pre-calibrated glassy carbon standards. A ¢~* dependence was fitted to
the scattering data at high ¢ values and the determined constant is then subtracted to
correct the data for an energy dependent background due to resonant Raman scattering
and fluorescence.

Due to the large electron density contrast between zirconium or vanadium and the
hydride matrix the materials are treated as two-phase systems. The X-ray scattering
intensity /(q) can then be written as [20]

1(q. E) = 24| fa(q, B)|? Saa(q)
+225R [folq, E) f3(q. E)] Sap(q)
+z5|f3(q, E)|” Sas(q) (1)

where f(q, F) = fo+ f'(q, E) +if"(q, E) is the atomic scattering factor, where fo = Z,
the number of electrons (atomic number) and f'(q, F), ["(q, E) are the so called
anomalous dispersion corrections. The dependence of f on ¢ is small for small angles
and is here neglected. z, and zg correspond to the atomic fractions of the two phases
a and 3, S are the partial structure factors (PSFs). Only the real part ® of the cross
term contributes to the scattering intensity because the imaginary parts cancel each
other out for S13 = S9. The PSF for zirconium Sz could not be solved reliably from
equation 1 nor by using the derivative method described in [21], because no stable
solution could be obtained. However, the scattering contribution from the cross term
Sap(q) was assessed to be small within the resolved ¢-range and it was therefore neglected
for the further analysis. Then the difference between two intensities measured at two
energies gives the PSF for zirconium. The change in [’ between the two energies was
about 5.3. The anomalous dispersion corrections, f’ and f” were obtained from the
XANES measurements using the CHOOCH program [22; 23], and are tabulated with
the corresponding energies in table 1. The edge position for each sample was determined
experimentally from the XANES measurements at beamline A1 by determination of the
first inflection point of the derivative as described in [24].

To analyze the size distribution of the Zr-containing compounds, the Debye-Bueche
model was used. It is a simple two phase model with sharp interfaces but random shape
and distribution of the phase. Debye [25] first developed and applied the model, and
recently it was applied by Goerigk and Williamson [26; 27] on ASAXS data. The
separated scattering curves were fitted by the following model function.

ba? c
I(q) = 1+ a7 + o (2)
with the correlation length a, from which the two correlations lengths of the phases «a
and (3, £, and &g, are calculated according to 1/a = 1/§,+1/¢gand &5 = a/(1 — D). Pp
corresponds to the volume fraction of the Zr-containing phase 3. Constant b includes
information on volume fraction, density and concentration of phase 3. However, the
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Table 1. Anomalous dispersion corrections obtained from the XANES measurements
at Beamline A1 for each applied energy and the experimentally determined absorption
edge position for each sample.

Sample ASAXS Energies (eV) f 2 Edge Energy (eV)
2LiBH, + MgH,+ 0.1ZrCl-milled };gég :?22 ?ig? 18007
2 LiBH, + MgH,+ 0.1ZrCl,-desorbed o S0 0 18008
2 LIBH, 1 MgHy  0.12:Cly abmonbod 1715 30 0o TS
2LiBH, + MgH,+ 0.1 Zr-iso-milled }ggg} :ggg ?gg 18012
2LiBH, + MgH,+ 0.1 Zr-iso-desorbed i;gﬁ :32411 (1)4512 18009
2LiBH, + MgH,+ 0.1 Zr-iso-absorbed ggg} :ggéll ?ig 18009
2LiH + MgB,+ 0.1ZrCl,-milled 1;332 :ggi 015: 18006
2 LiH + MgB,+ 0.12rCl,-desorbed Lo oo o 18009
2LiH 4+ MgB,+ 0.1ZrCl,-absorbed igggg :ggg ggg 18009
BT — il 290 05l o015
JLiH+ MgBy+ 0.1 Zr-sodescrbed 7ol 50T 05— o009
2 LiH + MgB,+ 0.1 Zr-iso-absorbed i;gég :332 (2)4512 igggz
Zr-powder 17998
7B, 18008
7rCl, 18009
Zr-iso 18012

equations described in [27] cannot be solved for b in this case, because the density
of the material and, due to the ongoing chemical reactions, exact composition is not
known. Therefore the volume fractions were estimated from the chemical formula of the
composites. The additional ¢/q*term takes large Zr-containing inhomogeneities into
account; c is a constant.

3. Results

In figure 1 the kinetic behavior of the desorption reactions, obtained by volumetric
measurements, are shown. As Zr is a heavy element and due to possible reactions,
the storage capacities are drastically reduced to approximately 5.5wt% in case of the
samples with 10 mol% Zr-iso and 7.5 wt% for the 10 mol % ZrCl, containing samples.
For better comparison, the reactions are normalized in the graphic. The materials
were measured under a back pressure of 5bar Hy and isothermal conditions of 400 °C.
Under these conditions a two step reaction is observed. The pure composite suffers from
severe kinetic constraints with a lengthy incubation period between the two desorption
steps. The impact of the additives especially on the incubation period is significant.
Furthermore, there is also an impact on the reaction rates for the second step of the
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reaction, where Zr-iso reveals the highest reaction rates. In case of the ZrCl, containing
sample, the reaction rate for the second step decelerates during desorption. This
beneficial effect of the additives is sustainable also for further sorption reactions leading
to similar kinetics. The possible origin of the effect will be discussed below.
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Figure 1. Volumetric measurements of the first desorption reaction of 2 LiBH, - MgH,,
composites with 10 mol% ZrCl, or Zr-iso compared to the material without additives
measured under 5 bar hydrogen back pressure.

XANES data of the reference samples, and milled and cycled samples are shown in
figure 2. For this data, the initial intensities from the three measurement cycles were
added, the sloped background before the edge subtracted and then normalized to the
value at 18100 eV. As reference materials Zr-metal, ZrO,, ZrB, and the initial additives
Zr-isopropoxide-isopropanol (Zr-iso) and ZrCl, were measured.
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Figure 2. XANES curves of the samples with the respective additives. The curves
are shifted vertically for better visualisation.

The curves obtained for the materials prepared with additional ZrCl, show little
similarity to the initial absorption edge of ZrCl,. In these samples the position of
the edge was the same; see table 1 for comparison. There are some variations in the
amplitude of the oscillations in the post-edge region. They are probably due to the
nanocrystalline state of the compound. The materials are apparently reduced during
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the milling, however not to metallic Zr, because the absorption edge is slightly shifted
to lower energies but not to the value of metallic Zr. The state is stable upon further
cycling. For these samples, the formation of ZrB, is proposed. This is illustrated in figure
3 by the difference curves of milled and cycled 2 LiBH, + MgH, + 0.1ZrCl, composites
to ZrCl, and ZrB,. The XANES results of all ZrCl, containing samples show a very
high similarity to those obtained for pure ZrB, and significant differences to the initial
ZrCl,.

" —— difference fo zrB,
2LiBH,+MgH,+0.1Zr-iso-absorbed - - -difference to ZrCl,

AN - _d.ifierence to Zr-iso

= = .-

2LiBH,+MgH,+0.1Zr-iso-milled,

difference / arb. units

2LiBH,+MgH,+0.1ZrCl -milled
g
N\
— *)’_\"",\)—-_ == = = =

T T T T T T T
17960 17980 18000 18020 18040 18060 18080 18100

energy / eV

Figure 3. Difference curves of the XANES measurements for four selected samples to
ZrCB,, Zr-iso or ZrCl,.

The matter is more difficult for the materials prepared with additional Zr-iso. Upon
milling, there seem to be no changes in the chemical state, which is also confirmed by
the Bragg peaks of Zr-iso measured in the ASAXS measurements and the similarity to
the initial Zr-iso in figure 3 of the 2 LiBH, + MgH, + 0.1 Zr-iso composites. After the
first sorption reaction, the Zr is reduced to a lower valency state, indicated by a shift
of the absorption edge to lower energy, see table 1. Also the bonding has changed as
indicated by the post-edge peak positions. For example, in the region of 18060V, the
milled samples display a minimum, whereas after the first cycle a maximum is displayed.
Investigations by other methods such as in-situ X-ray diffraction as well as differential
scanning calorimetry indicate a reaction with the composite around 300 °C during the
first heating. Formation of a ZrB, phase then is likely. ZrB, is observed for the cycled
samples of initial 2 LiBH, + MgH, + 0.1 Zr-iso composites, in figure 3 the difference
curve to ZrB, is almost zero. In the first sorption reactions in 2 LiH + MgB, +0.1 Zr-iso
composites, the Zr is slightly reduced but the edge position has not reached the typical
edge position for ZrB,. A stable state is not reached and a mixture of different chemical
states of Zr is likely after one sorption cycle for these composites. The details of the
chemical state of the additives such as Zr- as well as Ti- and V-based additives by X-ray
absorption spectroscopy are subject of further study.

In figure 4, the original scattering curves for all energies are shown exemplarily
for the sample 2 LiBH, + MgH,, + 0.1 ZrCl,-milled. The shift of the intensity to lower
values with increasing energy is significant. The broad peak at approximately 4nm™!
is caused by the Kapton tape of the sample holder. The high scattering cross section at
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high ¢ values for the measurements at the higher energies are due to resonant Raman
scattering and fluorescence. This constant background was subtracted prior to further
analysis.

1000

r
—— 17204 eV
rrrrrrrr 17648 eV
N 1 7930 ev

1005 e 17989 eV 3
) ~——-- 18003 eV

(do/d0)/cm’™

0.1

q/nm’

Figure 4. SAXS data for the sample 2 LiBH, + MgH,+ 0.1ZrCl,-milled obtained at
17200, 17648, 17930, 17989 and 18003 eV.

The obtained separated curves from the ASAXS measurements are shown for all
samples in figure 5, where the symbols present the experimental data and the lines
the fits according to equation (2). The fitted correlation lengths are listed in table 2.
In combination with the estimated volume fraction for ZrB, the characteristic length
of the ZrB, (£3) and of the hydride matrix (§,) are calculated. However, the value
of the volume fraction is not known exactly, as the chemical state is assumed to be
homogeneous in the sample and the density of the bulk materials is considered and the
porosity neglected in the calculations. Therefore the matrix-length &, can only serve as
an estimate. However, it matches nicely the estimated crystallite sizes.

The milled composites with additional Zr-iso reveal no structures in the measured
size range of approximately 0.4 to 30 nm and show only scattering from larger structures.
The peak at 7nm ™! is a Bragg peak attributed to the Z1-iso in the milled composite. The
lack of small structures is therefore reasonable. Upon cycling, distinct changes become
noticeable. For the materials with additional Zr-iso a hump at approximately 2nm™!
forms and becomes more pronounced with cycling. This corresponds to structures with a
size of around 1 nm. These observations can not be translated directly to materials with
additional ZrCl,. In the latter case stable ZrB, nanoparticles seem to have formed during
milling. The associated correlation lengths are approximately 1 to 2nm. They remain
almost constant upon further cycling. For the LiH-MgB, composites with additional
Z1Cl,, an additional formation of larger inhomogeneities can be observed due to the
increased scattering in the small g-region.

Due to poor detector sensitivity at the low energies in case of the V-containing
samples (5465eV), only the scattering results from the sample set of 2 LiH + MgB,+
0.1VCl; could be reliably analyzed. For these samples, very similar results were
obtained. The results for 2 LiH 4+ MgB, + 0.1VCl, composites in different cycling states
are shown in figure 6.
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Figure 5. Separated scattering curves for the as prepared and cycled composites
obtained from ASAXS measurements at the K absorption edge of Zr at 17998 eV. The
symbols represent the measured data whereas the lines correspond to the obtained fit
applying the Debye-Bueche model described by equation (2).

Table 2. Characteristic length obtained by fitting with the Debye-Bueche model.

Sample correlation length a (nm)  Volume fraction ®3 £z (nm) & (nm)
2LiBH, + MgH, + 0-1 ZrCl -absorbed 1.4 0.023 1.4 60.9
2LiBH, + MgH, + 0-1 ZrCl-desorbed 1.4 0.04 1.4 35.0
2LiBH, + MgH, + 0-1 ZrCl -milled 0.9 0.023 0.9 39.1
2LiBH, + MgH, + 0-1 Zr—iso-absorbed 0.9 0.03 0.9 30.0
2LiBH, + MgH, + 0-1 Zr—iso-desorbed 0.9 0.03 0.9 30.0
2 LiH + MgB, + 0-1 ZrCl,-absorbed 1.6 0.023 1.6 69.6
2LiH + MgB, + 0-1 ZrCl,-desorbed 1.7 0.04 1.8 42.5
2 LiH + MgB,, + 01 ZrCl -milled 1.8 0.04 1.9 45.0
2 LiH + MgB, + 0 -1 Zr—iso-absorbed 1.5 0.03 1.5 50.0
2 LiH + MgB, + 0-1 Zr—iso-desorbed 0.8 0.03 0.8 26.7
2LiH 4 MgB, + 0-1 VClz-absorbed 2.0 0.03 2.1 40.0
2LiH + MgB, + 0-1 VCl;-desorbed 2.4 0.03 2.5 60.0
2LiH + MgB, + 0-1 VClz-milled 2.0 0.03 2.1 40.0

The fitting results reveal similar characteristic lengths of 1-2.5nm for V-based
additives. Besides the fitting, the slope of the scattering cross section contains
information on the shape of the structures. Proportionalities to ¢~2 and ¢~ >° were
estimated for composites with Zr-based additives and V-based additives, respectively.
This is an indication for mass fractals or polydispesity and especially for the V-
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Figure 6. Separated scattering curves for 2LiH + MgB, +0.1 VCl; composites in
the milled, absorbed and desorbed state obtained from ASAXS measurements at the
K-absorption edge of V at 5465eV.

compounds a formation of slightly anisotropic structures is likely.

In figure 7, the separated scattering curves for the sample 2 LiBH, + MgH, +0.1
Zr-iso-absorbed and the distance distribution function fitted using the GNOM program
[28] is shown. The distance distribution shows the probability of distances between
scattering centers in the sample and gives an estimate of the maximum sizes, which
are present in the sample. Figure 7(b) shows exemplarily the width of the distance
distribution of the Zr-containing structures with maximum length of about 4nm and
a maximum around 2nm, which is in good agreement with the previously determined
correlation length; see table 2. For this fit, the scattering from larger inhomogeneities at
low g values was neglected. Similar distance distributions were obtained for all samples.
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Figure 7. Separated scattering curve for 2LiBH, + MgH, +0.1 Zr-iso-absorbed
composites obtained from ASAXS measurements at the K-absorption edge of Zr at
17998eV and the corresponding distance distribution using the GNOM program.
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4. Discussion

The results obtained in this study show that in all the investigated cases the transition
metal based additives (VCl;, ZrCl,, Zr-iso) show a very fine distribution, either already
after milling or after the first sorption reactions. For the Zr-based additives, the
formation of stable ZrB, is proposed; for V-based additives a similar XANES study is
currently performed. An average precipitation size of the transition-metal compounds
of 1 to 2nm was determined by fitting a correlation length model.

In comparison with the literature for TiB, precipitations in MgB, by doping with
Ti, a distribution of very fine nanoparticles in the grain boundaries as well as in the
matrix was observed by TEM investigations [29; 30]. A segregation of the precipitates
in the grain boundaries may be reasonable, because the sorption reactions involve
complex phase transformation with significant mass transport. The precipitates could
be swept into the grain boundaries and prevent coarsening by stabilization of the grain
boundaries. This is supported by the fact that from the crystallite sizes, assessed
for the Mg-phases by applying the Scherrer equation, no significant coarsening can
be observed after the sorption processes (data not shown). A formation of a network of
the Zr- or V- based compounds in the grain boundaries could also lead to the observed
scattering from larger structures observed at low ¢ values. In all cases with Zr- or V-
based additives, a significant enhancement of the reaction kinetics could be observed in
volumetric measurements. In particular, the reduction of the incubation period between
the two desorption steps is striking. In an earlier study, a nucleation problem of MgB,
was proposed to be the origin of the incubation period [8]. Calculations have shown,
that the lattice misfits, which are important factors for heterogeneous nucleation, are
rather small for MgB, on ZrB, or VB, because the three phases have the same hexagonal
lattice structure. Therefore the observed ZrB, might act as a nucleation agent for MgB,,.
Furthermore, borides especially TiB, are known as outstanding grain refiners in Mg-
and Al-alloys [31; 32]. Recently, in-situ neutron diffraction study by Singh et al [33] on
NaAlH, supports the correlation of small grains and sites for heterogeneous nucleation
with the catalyst. They have observed a significant grain coarsening for uncatalysed
NaAlH, while for the samples with TiCl; catalysed NaAlH, the grain size remained
small during the sorption reactions.

However, the different reaction rates obtained for the two additives ZrCl, and Zr-iso
indicate that this is probably not the only explanation. Already in a simple binary light
weight hydride system like MgH,, the function of transition metal compound additives
and especially transition metal oxides is rather complex. According to Dornheim et al
[34] transition metal oxides do not only accelerate surface reaction kinetics by catalytic
effect but also have a clear influence on the MgH, particle size during milling as well as
the stabilization of crystallite sizes during cycling at elevated temperatures. Zhou [35]
modeled the kinetics of LiH - MgB, composites with different transition metal additives
based on a series of volumetric measurements. According to the different shapes of
the respective absorption and desorption curves they concluded that the use of different
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additives leads to different rate limiting steps for the reactions of the RHC. This indicates
that the effect of the additives on the reaction mechanism in the composites is rather
complex and that there will be no single explanation for the different additives and their
effect on the reaction kinetics.

In literature no study was found which would support a potential catalytic activity
of the ZrB, for hydrogen splitting or recombination. For example, early measurements
by Lavrenko et al [36] and Samsonov and Kharmalov [37] revealed a rather low activity
of ZrB, with respect to hydrogen. This is related to the charge-free surfaces. In any
case, a catalytic effect of ZrB, on the hydrogen reaction should lead to similar sorption
rates since ZrB, is formed in both investigated cases, and the size and distribution are
similar.

As indicated by this discussion, numerous origins for the reaction enhancement with
additional transition metal additives are possible. A combination of multiple effects may
therefore also be likely.

5. Conclusions

Transition metal based additives have a significant influence on the sorption kinetics of
reactive hydride composites such as 2 LiBH, - MgH,, composites. In the present study,
the chemical state and the microstructural distribution of the Zr- and V-based additives.
ZrCl,, Zr-isopropoxide isopropanol complex and VCl; were investigated by means of
XANES and ASAXS. For the first time the chemical state and distribution of the
transition metal compound formed by these additives for reactive hydride composites
has been experimentally determined by use of XANES/ASAXS. The formation of ZrB,
or V-based nanoparticles with a typical length-scale of 1-2nm is proposed for Zr- or
V-based additives. How these nanoparticles influence the reaction kinetics in detail
remains unclear and is subject of further studies.
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