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ABSTRACT

Mechano-chemical routes to the metathesis reaction 4LiBH,4 +VCl,, — Lis_,V(BHg4)4 + nLiCl (n=2 and 3)
are explored at room and liquid nitrogen temperatures. The produced samples consist of crystalline
LiCl and unreacted LiBH,4. No other crystalline phases are observed directly by powder X-ray diffrac-
tion. The highest reactivity was observed when using VCl;. Two possible reaction paths are proposed
in order to explain this result: (a) 2LiBH4 +VCl, — 2LiCl+VB; +4H,, with AH=-188k]J/mol and (b)
3LiBH4 +VCl3 — 3LiCl +1/2B,Hg + VB, +9/2H,, with AH=-258k]/mol. The calculated enthalpy values
show that reactions with VCl; have stronger thermodynamical driving forces than with VCl,, corrobo-
rating the experimental results. Still, the different experimental methods lead to the same final products,
with longer milling times being necessary to remove the precursor traces in the case of VCl, and cry-
omilling. The results shed some light on the efficiency of mechano-chemical methods for the synthesis
of mixed metal borohydrides based on LiBH4 and V-chlorides.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Despite its high stability, LiBH4 is still amongst the most
investigated hydrogen storage materials due to its high gravimet-
ric capacity (18.4wt.%). Many attempts are being carried out to
accommodate its properties for practical applications. One of the
most recent approaches involves the formation of new complexes,
known as mixed metal borohydrides, from LiBH4 and other alkali
and alkaline-earth borohydrides [1,2]. As shown by Li et al. and
Nakamori et al. [4,3], the stability of binary and mixed metal boro-
hydrides correlates inversely with the Pauling electronegativity
(xp) of the metal cation, and the averaged yp of the two metals,
respectively. This allows the adjustment of the thermodynamical
properties of the materials. First-principle calculations [4,5], and
some successfull experimental cases (Li-Sc [6], Li-Zn [7] and Li-Mn
[8]) have been reported.

In this work, the production of Li-V mixed metal borohydrides is
attempted via mechano-chemical routes at room and liquid nitro-
gen temperatures. V hasa yp=1.63, which is very close to that of Zn
(xp=1.63). A mixed metal borohydride containing Li and V would
have an average yxp of 1.305, which lies in the proper enthalpy of
formation range shown by the 248.7 xp — 390.8 relation found by Li
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et al. [4]. The preparation of the samples is based on the metathesis
reaction:

mLiBH, + MCl, — Lim_nM(BHg)p + nLiCl (1)

with M a transition metal. This type of reaction was first suggested
by Jensen [9].

2. Experimental

Mixtures containing pre-milled LiBH4 (Aldrich, >95% purity) and commercial
VCI; or VCl; (Sigma-Aldrich) in a 4:1 ratio, were mechano-chemically reacted in Ar
using both planetary ball-milling (Fritsch Pulverisette 7), and cryomilling (Spex 6770
Freezer/Mill). The samples containing VCl, and VCls, respectively, are called Li-Vy
and Li-Vy; throughout the text. The experimental conditions are also specified in
each case. A Gas pressure and Temperature Monitoring system vial (Fritsch GTM/II)
was used in some cases to monitor the reactions during ball milling in a Fritsch
Pulverisette 6 Mono Mill. The gas released during milling was analyzed with a MKS
MicroVision Plus Residual Gas Analyzer (RGA). LiBH4 was pre-milled in H, (20 bar)
for 1h using a Evico high-pressure vial. Sample handling was done in glove boxes
filled with purified Argon (<1 ppm O, H,0). Powder X-ray diffraction (PXD) patterns
were collected using Cu Ka radiation in a Bruker AXS D8 Advance Diffractometer
equipped with a Gébel mirror and a LynxEye™ 1D strip detector. The samples were
packed and measured in rotating boron glass capillaries (0.5 and 0.8 mm @) filled
and sealed under Ar atmosphere. Data acquisition was restricted to the 26 =5-80
range, with A26=0.02 and 2 s/step scanning rates. Differential Scanning Calorime-
try (DSC) was carried out between room temperature (RT) and 600°C in incoloy
(high pressure—HP) crucibles or up to 500 °C in Al crucibles using a Setaram Sensys
DSC. Temperature Programmed Desorption (TPD) was performed under dynamic
vacuum up to 500°C using an in-house built set-up. 2°C/min heating rates were
used for both DSC and TPD measurements. Raman (Jobin Yvon T64000) and Infrared
(IR) (Bruker IFS 66v, with a DTGS detector) spectroscopies were performed only on
selected samples. The powder was packed in capillaries for Raman and embedded
in KBr pellets (7 and 10 mm @, with mass concentrations between 0.5 and 1%) for
IR. The transmission (T) spectra were recorded in the 400-4000 cm~" region, with a
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Fig. 1. PXD patterns for (a) pre-milled LiBH4; (b) ball-milled and (c) cryomilled
Li-Vy samples; (d) ball-milled and (e) cryomilled Li-Vy; samples. All the samples
were measured after 1h milling. Star symbols indicate the Bragg peak positions of
the LiCl cubic phase. The remaining observed diffraction peaks belong to pure LiBH4.

1-5cm™! resolution, depending on the beam. Absolute mass absorption coefficients
were calculated from the T data as:

A
K:—lnT(E) (2)

where A is the area of the pellet in cm?, and m is the sample mass in g [10].
3. Results and discussion
3.1. Structure and milling

While the PXD pattern from pre-milled LiBH; matches the
reported orthorhombic structure of pure LiBH4 at RT [11], the pat-
terns obtained for the 1h milled Li-Vy and Li-Vy; samples are
mainly characterized by crystalline LiCl, with lattice parameters
between 5.137 and 5.144A (Fig. 1). In the case of Li-Vy;, diffrac-
tion peaks corresponding to unreacted crystalline LiBH,4 are also
observed between 15 and 30 for the samples milled for less than
2 h. No other crystalline phases are seen. Raman (not shown) and
IR spectroscopy show the typical BH4-related features, with the
stretching and deformation B-H modes in the 2150-2400cm™!
and 1100-1300cm~! ranges, respectively (Fig. 2). Raman spectra
are dominated by broad backgrounds, which are characteristic of
high fluorescence signals induced by the dark coloured samples.
This disguises inherently weak scattering signals [12]. IR vibra-
tional data show more defined features, with the stretching band
split into the three 2vy, v3, and v, + v4 contributions at 2385, 2293,
and 2229cm™!, respectively. The bending mode is also split into
a prominent v4 at 1125cm~! and a weak 1236cm~! band that
becomes weaker in Li-Vj and Li-Vy; with milling time. Bands at
1632, 1404 and 1002 cm~!, known for pure LiBH4 [13,14], are
observed in the samples milled with VCl,. These become weaker
or disappear when using VCl3. No evident shift of the vibration
modes is observed. This indicates that the BH4~ force constant
remains unchanged and no substitution of Li by V or BH4~ by Cl~
has occurred. This result differs from our findings on Na-transition
metal samples (submitted), where the substitution of BH;~ groups
by CI~ anions is clearly indicated by the shifts of the infrared bands
towards larger wavenumbers.

Differences between Li-Vj and Li-Vy; are observed by PXD. In
particular, LiBH4 peaks are not present after 9 min milling in the
Li-Vyj case, while they can still be observed in Li-Vy; after 1and 2 h
milling. This shows that although a 4:1 ratio was used for all the
samples, the reaction proceeds further when using VCls. The effect

is also observed indirectly by a significant increase of the pressure
inside the vial during milling (Fig. 3). Note that the milling curve
in the figure shows an experiment carried out for 3 h. The milling
process was interrupted after 1h and then let to rest. The bumps
in the temperature and pressure curves are related to the sudden
stop of the cooling system at the end of the milling. This causes an
increase of temperature that affects the pressure at this particular
point. The reaction is seen to proceed by an increase of the pressure
until the amount of gas released reaches a 1.5 mol per mole of LiBH,4
(using the ideal gas law) plateau. Qualitative RGA of the gas released
reveals the presence of both H, and B, Hg (Fig. 4) for this sample.

3.2. Thermal decomposition

DSC measurements (not shown) also show differences between
the samples milled with VCl, and VCls. In the Li-Vj case, thwo
major endothermic events are observed at approximately 100 and
300°C. These correspond well with the orthorhombic-hexagonal
phase transition and melting of LiBH,4. The peaks are slightly shifted
compared to pure LiBH4. The shift towards lower temperatures
of the phase transition peak can be related to size reduction due
to the mechano-chemical process. The shift towards higher tem-
peratures of the melting and desorption peaks may be due to the
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Fig. 2. IR absolute mass absorption coefficients for the 3 h cryomilled (a) Li-Vy; and

(b) Li-Vy samples; and (c) a 1 h ball-milled Li-Vy; sample. Both the IR stretching and
bending vibrational regions are shown and the major features indicated.
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Fig. 3. Pressure (solid curve) and temperature (dashed curve) progression during
(and after) ball-milling of a Li-Vy; mixture. The major pressure steps after 10, 30,
and 60 min can be observed in the first part of the curve. The milling process was
interrupted after 1 h and then let to rest.



S686 I. Llamas-Jansa et al. / Journal of Alloys and Compounds 509S (2011) S684-S687

12 T T T e

10 by - “ar A

©
T
1

40 5 2+

-10
oressure / 10~ bar

BH > BH

36 5 24
Ar .
nq HHHH o
O P R P P IR R R

0 5 10 15 20 25 30 35 40 45
M/z

Fig. 4. RGA of the released gases inside the vial after 1h ball-milling of a Li-Vyy
mixture.

presence of other species in the samples, such as CI~ and/or V— con-
taining compounds in amorphous state. TPD curves reveal minor
desorption events in the 100°C range. Qualitative RGA suggests
that this low-temperature desorption corresponds to a mixture of
B,Hg and H,. The main desorption occurs at 412 °C and is due to the
unreacted LiBHy4. In contrast, DSC analysis of Li-Vy; do not contain
any heat-related event between 40 and 550 °C. This points out the
almost complete reaction between LiBH4 and VCls. The TPD curve
of a cryomilled Li-Vy; sample shows two desorption events, with
maxima at about 125 and 225°C, respectively. The latter feature
occurs at too low temperatures to be related with the slight release
of gas reported upon melting of pure LiBH4 [11]. It might, how-
ever, indicate the presence of solid B1gH14, which boils at 213°C.
Likewise, the desorption at 125 °C might indicate the presence of
BgH1g. This compund is liquid at room temperature and boils at
108 °C. However, there is no other indications of the formation of
such compounds.

3.3. Discussion: reaction pathways during mechano-chemical
synthesis

The results show that milling 4LiBH,4 +VCl, mixtures leads
mainly to the formation of crystalline LiCl. However, the detailed
outcome of the mechano-chemical process depends on the milling
conditions and the oxidation state of V. Unreacted LiBH, is seen
by PXD and spectroscopy in all the samples, although the rela-
tive intensities of the IR mass absorption coefficient show a much
smaller fraction when using VCls. This indicates that the reaction
has proceeded in a larger extend for Li-Vy; under the same condi-
tions, which could be related to the reduction of V3* into V2* in a
first step. The lack of a shift in the IR bands emphasizes that the
BH4~ units are still part of LiBH4 and not a substituted compound.
No crystalline LiBH4 is seen by PXD in Li-Vy;, but the presence of
solid ByHy-type boranes is suggested by TPD measurements. The
amount of LiBH4 that reacts with VCl3 results in the formation of H,
and By Hg. This is confirmed by RGA of a Li-Vj; sample. Although the
characterization methods used in this work do not provide direct
information on V-containing phases it can be reasonably assumed
to be in the form of amorphous VixBx+1 compounds, since the
formation of elemental V is unlikely under the experimental con-
ditions [15]. Crystalline VB, is found at temperatures above 600 °C.
Therefore, VB, might still be present in the 4LiBH4 +VCl, milled
samples in an amorphous state. Based on the previous information,
and considering that LiCl, VB,, B,Hg and H; can be produced during

ball milling of 4LiBH4 + VCl, mixtures, two tentative stoichiometric
reactions, with a 2:1 and 3:1 ratio, respectively, are proposed:

2LiBH4 4+ VCl, — 2LiCl + VB, +4H, (3)
AH = —-188k]/mol;
3LiBH4 + VCl3 — 3LiCl + $ByHg + VB, + 9H; (4)

AH = —258K]/mol.

These two reactions are exothermic, with —188 and —258 k]/mol
for Li-Vy and Li-Vyy, respectively [16]. The values show that
Li-Vy reactions have stronger thermodynamical driving forces
than Li-Vy, corroborating the experimental results. Moreover, in
the case of Li-Vyy (Eq. (4)), a 1.5mol release of H, is expected, in
agreement with the observed increase of pressure during milling.
The excess of LiBH,4 observed experimentally is related to the orig-
inal 4:1 ratio, which was chosen to fulfill Eq. (1).

A more detailed investigation on the effects of low/high milling
temperatures is needed. This is particularly important for Li-Vyy
and the formation of high-molecular-weight boranes (BxHy).

4. Conclusions

The mechano-chemical process of 4LiBH,4 + VCl,, mixtures (with
n=2 and 3), leads to no mixed metal borohydrides under the
applied experimental conditions. The products are composed of
crystalline LiCl and excess LiBH4, which is seen only in an amor-
phous state for Li-Vy;. The different mechano-chemical methods
lead to the same final product, although in some cases a longer
milling time might be necessary to remove the precursor traces.
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