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In order to enhance the de/rehydrogenation kinetic behavior of LiBH4-MgH2 composite system, TiF4 is used as additive. 
The effect of this additive on the hydride composite system has been investigated by means of laboratory and advanced 
synchrotron techniques. Investigations on the synthesis and mechanism upon hydrogen interaction show that the addi-
tion of TiF4 to 2LiBH4-MgH2 during milling leads to the in situ formation of well distributed nanosized TiB2 particles. 
These TiB2 nanoparticles act as nucleation agents for the formation of MgB2 upon dehydrogenation process of LiBH4-
MgH2 composite system. The effect of TiB2 nanoparticles are maintained upon cycling. 

Introduction 
Complex metal hydrides are considered as potential candi-
dates for hydrogen storage materials for mobile applica-
tions1,2. They can provide an efficient and safe way to store 
hydrogen in comparison to hydrogen stored in gaseous or 
liquid state.3 Among all complex hydrides, LiBH4 is widely 
investigated in past years4-22. This is due to its high hydrogen 
gravimetric and volumetric capacities, i.e. 18.4 wt. % and 
121 kg/m3, respectively23. Nonetheless, the thermodynamic 

stability of LiBH4 precludes the reversible reaction with 
hydrogen at moderate temperatures and pressures.24 It re-
leases hydrogen above its melting point (275 °C)25 at tem-
peratures between 480-490 °C through the reaction (1): 
LiBH4 → B + LiH + 1.5H2, ΔH= 94 kJ/mol H2 and its rehy-
drogenation occurs only above 650 °C and 15 MPa of hydro-
gen pressure.4-6,24 Furthermore, highly toxic borane com-
pounds can be formed during the dehydrogenation process of 
LiBH4.18 Many attempts have been taken to face the poor 
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reversibility and sluggish rehydrogenation kinetic of this 
system.4-6,19-23 A breakthrough was achieved by the method 
of reactive hydride composite (RHC).26,27 In this approach 
highly stable complex hydride such as LiBH4 is mixed with a 
less stable binary hydride like MgH2 (74 kJ/mol H2) to lower 
the overall thermodynamic stability of the composite sys-
tem.26-40 The stoichiometric hydride composite system 
2LiBH4+MgH2 (Li-RCH) has a theoretical gravimetric ca-
pacity of 11.5 wt. % and a theoretical reaction enthalpy of 
45.9 kJ/mol H2, based on reaction (2): 2LiBH4 + MgH2  
2LiH + MgB2 + 4H2. Thus, the overall thermodynamic sta-
bility of this system is reduced in comparison to reaction (1). 
This is mainly due to exothermal formation of MgB2 during 
the desorption process. Therefore, MgB2 is the key product 
for stabilization of LiBH4 products upon its decomposition 
process. Experimentally, however, the dehydrogenation 
reaction of the Li-RHC system does not occur according to 
reaction (2). It rather decomposes in two reaction steps ac-
cording to following reaction (3): 2LiBH4 + MgH2 → Mg + 
2LiBH4 + H2 → 2LiH + MgB2 + 4H2.28 Furthermore, this 
reaction only occurs at hydrogen backpressures higher than 
0.3 MPa and 400 °C. At hydrogen backpressures lower than 
0.3 MPa, this composite system decomposes independently, 
and MgB2 is not formed.41,42 In recent years notable im-
provements of dehydrogenation/hydrogenation kinetic be-
haviour of RHCs have been achieved by addition of transi-
tion metals halides.43-50 
In this work, the effect of TiF4 as an additive in the Li-RHC 
is investigated. The addition of TiF4 in the Li-RHC is moti-
vated by the fact that titanium has the lowest atomic mass 
(relative to other transition metals) which leads to small loss 
of hydrogen storage capacity of the composite system. 
Moreover, TiF4 showed significant dehydrogena-
tion/hydrogenation enhancement kinetic in the Li-RHC sys-
tem. Systematic, and extensive experimental investigations 
have been conducted in this work by the use of laboratory 
and advanced synchrotron techniques to shed some light on 
the reasons hidden behind the catalytic effect of TiF4 in the 
Li-RHC system. 
The results obtained in this work can contribute for funda-
mental understanding of the mechanism of nanosized transi-
tion metal borides and their effects in the Li-RHC system. 

Experimental 
LiBH4 powder (purity > 90%), MgH2 (purity > 95%), tita-
nium fluoride (TiF4, purity > 99.9 %) were purchased from 
Alfa Aesar company and used as starting materials. 
2LiBH4+MgH2 mixture were prepared with and without 
additive (TiF4) by high energy ball milling in a SPEX 8000 
mixer mill using a stainless steel vial and balls, respectively. 
The ball to powder ratio was chosen to be 10:1. In the first 
step MgH2 was pre-milled for 5 hour. Subsequently, it was 
mixed with 2LiBH4 or 2LiBH4 + 0.1TiF4, and the mixture 
was further milled for additional 5 hours. After milling the 
2LiBH4 + MgH2 + 0.1TiF4, was subjected to a gas phase 

analysis. Therefore, a Hiden Analytical HAL 201 Mass-
Spectrometer was used. 
Hydrogen kinetic behaviors of the pure and doped sample 
were assessed in a commercial Sievert’s type apparatus 
(PCTpro 2000). The parameters for volumetric measure-
ments were set to 390 °C at 4 bar H2 for desorption and 350 
°C at 50 bar H2 for absorption, respectively. First the materi-
als in hydrogenated state were non-isothermally dehydroge-
nated with a temperature ramp set to 3 °C/min and then two 
hydrogenation-dehydrogenation cycles in isothermal condi-
tions were preformed. Coupled calorimetric-volumetric 
measurements of the 2LiBH4+MgH2+0.1TiF4 composite 
system were performed by connecting a PCTPro instrument 
with a Sensys high-pressure DSC (Setaram, HP-DSC, 
France). The experimental parameters were: heating ramp 3 
ºC/min, backpressure of 4 bar H2 and final temperature of 
about 500 ºC. 
Ex situ lab XRD were collected with a Bruker D8 Advance 
diffractometer in Bragg-Brentano geometry using a General 
Area detector and a Cu X-ray source. The sample was inves-
tigated using an airtight sample holder from Bruker. The 
incoherent scattering of the Poly (methyl methacrylate) dome 
is responsible for the bump observed at low angles in all the 
diffractograms. 
In situ Synchron Radiation X-ray Powder Diffraction (in situ 
SR-XPD) measurements were conducted at the powder dif-
fraction beamline D3 at HASYLAB (in DESY, Hamburg, 
Germany). Sample preparation was carried out in a glove box 
under inert conditions. A small amount of the specimen was 
charged in single crystal sapphire capillary. The capillary, 
subsequently, was mounted in a high-pressure cell and ex-
posed to a monochromatic synchrotron beam. The wave-
length of the incident photons was set to about 0.5 Å. The 
sample was heated up by a tungsten wire under the capillary 
while the sample temperature was measured by a thermocou-
ple and controlled with a PID regulator. The diffracted inten-
sities were collected by using a MarCCD-165 area detector. 
The acquired 2D-pattern were further processed and inte-
grated to 1D-pattern using the program Fit2D.51 
Anomalous small-angle scattering (ASAXS) measurements 
were acquired at the 7T-MPW beamline at the synchrotron 
radiation facility BESSY II (HZB, Berlin, Germany).52 The 
beamline was equipped with a Si111 double crystal mono-
chromator and a pair of retractable collimating/focusing 
mirrors optics leading to a resolution of ∆E/E~2x10-4. A 
multi-wire proportional counter gas detector (20x20 cm2, in 
size) was used to record the scattering data. All samples were 
put into a circular hole (5 mm in diameter) of an aluminum 
holder and sealed with Kapton tape to avoid any oxidation. 
Two sample-to-detector distances (SDD) (Dmin.= 410 mm 
and Dmax.= 1500 mm) were chosen in order to cover the 
maximum experimentally accessible scattering vector (q)-
range. In order to separate the resonant scattering of Ti-
containing nanostructures, all measurements were carried out 
close to the K absorption-edge of titanium (4966 eV).56 All 



 

 

selected energies with their corresponding anomalous disper-
sion factors are listed in Table 1.57 
The raw data were processed using the software provided at 
the beamline. All SAXS measurements were integrated, than 
corrected for detector sensitivity and transmission. Measured 
intensities were than subtracted by dark current and back-
ground. For each measurement, a glassy carbon (with a 
thickness of 90 μm) and a silver-behenate foil was measured 
to put the scattering intensities onto absolute scales and to 
calibrate the q-axis, respectively. Furthermore, energy de-
pendent inelastic scattering59 at high q-values were sub-
tracted by following the Porod-law. The resonant scattering 
of Ti-containing structures was separated using the method 
of Goerikg et al.60 
 
Table 1. Selected energies for ASAXS-measurements 
at titanium K-edge (4966 eV), and the corresponding 
anomalous dispersion coefficients. 

Element Energy (eV) f’ f’’ 

E1 4600 -2.427 0.508 

E2 4905 -4.214 0.454 

E3 4955 -6.059 0.462 

E4 4964 -7.798 0.587 

 
XAS data were collected at the beamline A1 at HASYLAB 
(DESY, Hamburg, Germany). The samples were mixed with 
cellulose (~50 mg) in a mortar and mechanically pressed 
(with 5 bar) into pallets of 10 mm, in size. These pallets were 
than fixed in a circular hole of an aluminum sample holder 
and sealed with Kapton tapes (55 μm, in thickness) to avoid 
any oxidation of the samples. All XAS measurements were 
collected simultaneously in transmission and in fluorescence 
mode, respectively. XAS data processing and analyzing were 
carried out by using “IFEFFIT” software package.61 
TEM characterization was performed in FEI TECNAI G2 
machine using 200 kV, point resolution: 0.12 nm and Field 
emission gun (FEG). Dark Field imaging technique (DF) was 
used to distinguish different phases by their diffraction. 
MgB2 particles were highlighted by selecting one or more of 
the following MgB2 phase´s intense reflections (hkl) planes: 
(101), having |g|=4.7 nm-1, (002), having |g|=5.68 nm-1, 
(110), having |g|=6.49 nm-1. In the case of the additive (TiF4), 
DF images were obtained by selecting the intense reflections 
from the following plane families: (101)TiB2, having |g|=4.9 
nm-1, (002)TiB2 , having |g|=6.19 nm-1. Size measurements on 
every particle were performed by means of an interpolated 
polygon tool from iTEM software62 and the values that took 
into account were those from mean diameter measurements. 
High resolution transmission electron microscopy (HR-
TEM) images were obtained with a magnification higher 
than M>300 Kx. In HR-TEM images Fast Fourier Transform 
(FFT) was performed by Digital Micrograph software63 to 
obtain the diffraction patterns. Then the experimental diffrac-

tion patterns were compared with the simulated ones ob-
tained by JEMS software64. Samples for TEM were prepared 
by dispersing a small amount of powder in hexane and then 
ultrasonicating the suspension during 10 min. A drop of this 
suspension was deposited over a commercial copper grid for 
TEM coated with a Formvar support film. The samples were 
exposed to the air during a short time. 
11B solid state NMR measurements were carried out on a 
Bruker Avance 400 MHz spectrometer with a wide bore 9.4 
T magnet and employing a boron-free Bruker 4 mm CPMAS 
probe. The spectral frequency was 128.33 MHz for the 11B 
nucleus, and the NMR shifts are reported in parts per million 
(ppm) externally referenced to BF3Et2O. The powder materi-
als were packed into 4 mm ZrO2 rotors in an argon-filled 
glovebox and were sealed with tight fitting Kel-F caps. The 
one-dimensional (1D) 11B{1H} MAS NMR spectra were 
acquired after a 2.7 μs single π/2 pulse (corresponding to a 
radio field strength of 92.6 kHz) and with application of a 
strong 1H signal decoupling by using the two-pulse phase 
modulation (TPPM) scheme. The spectra were recorded at a 
MAS spinning rate of 12 kHz. Sample spinning was per-
formed using dry nitrogen gas. The recovery delay was set to 
10 s. Spectra were acquired at 20 °C (controlled by a 
BRUKER BCU unit). 
All sample preparation, and handling were carried out in a 
glove-box under continuously purified argon atmosphere 
(H2O and O2 levels were kept below 10 ppm). 
To determine the nature of the Ti containing species, ther-
modynamic calculations have been carried out using the HSC 
Chemistry software 9.4.1.65 The calculations have been done 
based on the reactivity of the 2LiBH4+MgH2 with TiF4 under 
different temperature and pressure conditions. The most 
favorable reactions have been identified through a combina-
tion of Gibbs minimization equilibrium with selected solid 
and gas species. The obtained results represent ideal phase 
equilibrium compositions useful to predict possible reaction 
mechanisms between the Li-RHC matrix and the additive 
involving solid products and gaseous species such as B2H6, 
BxHy (x= 5 to 12, y = 5 to 14) and fluoride species. For all the 
calculations the solid orthorhombic LiBH4 (Pnma) is taken 
into account. Li2B12H12 was not taken into account owing to 
the lack of available physicochemical data. 
 

Results 

Volumetric and calorimetric measurements: Reaction kinetic 



 

 

and reaction mechanism 

The non-isothermal volumetric measurements of the pristine 
2LiBH4+MgH2 and 2LiBH4+MgH2+0.1TiF4 samples are 
presented in Fig. 1. 
 
Figure 1. First non-isothermal dehydrogenation reaction from RT to 400 
°C, heating rate 3 °C/min, and under PH2= 4 bar H2 dehydrogenation for 
2LiBH4+MgH2 and 2LiBH4+MgH2+0.1TiF4 hydride systems  

The dehydrogenation reaction of pristine 2LiBH4+MgH2 
(Fig. 1) evolves roughly in 20 hours. The reaction proceeds 
in two steps separated by a plateau phase where hydrogen is 
almost not released. Subsequently, a plateau phase is built 
which extents for roughly about 6.5 hours. The second step 
of the reaction ends the plateau phase and it is completed 
after roughly 12 hours. The dehydrogenation processes of the 
2LiBH4+MgH2+0.1TiF4 (Fig. 1) also shows two reaction 
steps. However, no plateau phase is observed and the overall 
reaction is completed in roughly after 2 hours. The kinetic 
behaviour of the first dehydrogenation is improved by adding 
10 mol% of TiF4 by a factor of ~ 5 relative to pure hydride 
system. Coupled calorimetric-volumetric measurements 
during the first dehydrogenation of 2LiBH4+MgH2+0.1TiF4 
(ESI: Fig. S1) shows that from 50 ºC to about 360 ºC the 
material does not release hydrogen. However, the phase 
transition of LiBH4 from orthorhombic to hexagonal struc-
ture as well as melting of the hexagonal structure are seen in 
the calorimetric signal at about 120 ºC and 270 ºC, respec-
tively.66,67 Neither the structural phase transition nor the 
melting point of LiBH4 is affected by the presence of the 
used additive. The coupled calorimetric-volumetric meas-
urements exhibit the same behaviour as the volumetric meas-
urement for the 2LiBH4+MgH2+0.1TiF4 material (Fig. S1, 
and Fig. 1). 
Furthermore, both materials were cycled twice and the re-
sults of the second cycle are shown in Fig. 2A and B. These 
volumetric measurements exhibit proper reversibility of the 
2LiBH4+MgH2+0.1TiF4 system and still reduced hydrogena-
tion (~ 1 h) and dehydrogenation (~ 2 h) times. Moreover, 
the hydrogen capacity remains constant in about 8 wt. % 
which is lower than the one of the pristine material because 
of the presence of the additive and a possible interaction 
between the 2LiBH4+MgH2 matrix and the TiF4 additive. 
 

Figure 2. A) Second hydrogenation and B) Second dehydrogenation for 
2LiBH4+MgH2 and 2LiBH4+MgH2+0.1TiF4 hydride systems. Isothermal 
hydrogenation-dehydrogenation at 350 °C under 50 bar H2 and 390 °C 
under 4 bar H2, respectively. 

 

In situ SR-XPD measurements: Phase transformation and 
reaction paths of Li-RHC 

By means of in situ SR-XPD, reaction paths of crystalline 
phases of 2LiBH4+MgH2+0.1TiF4 was investigated (Fig. 3). 
The starting material at room temperature consists of LiBH4, 
MgH2, and LiF. By increasing the sample temperature, the 
diffraction peaks of the starting material become sharper and 
they are shifted slightly simultaneously toward lower diffrac-
tion angles. This is due to recrystallization of the disordered 
milled material and enlarging of the respective unit cells due 
to increased temperature, at the same time. Around 120 °C 
the phase transformation of LiBH4 (from orthorhombic o-
LiBH4 to hexagonal h-LiBH4) is observed. At 280 °C the 
diffraction peaks of LiBH4 suddenly diminish, due to the 
melting of LiBH4.66,67 These findings are in good agreement 
with the results obtained by coupled calorimetric-volumetric 
measurements of the first dehydrogenation of the doped 
system. During the first reaction step MgH2 decomposes 
around 360 °C by forming metallic Mg. In the second reac-
tion step, at roughly 390 °C, the diffraction peaks of Mg 
decrease while diffraction peaks of MgB2 phase start to ap-
pear. This indicates a mutual reaction between metallic Mg 
and the liquid LiBH4. After dwelling for 30 min at 400 ºC 
(ESI: Fig. S2), LiF phase, and small amount of MgO phase 
are observed which remain stable. As the main reaction 
products LiH and MgB2 are observed. 

 

Figure 3. In situ SR-XRD for the first dehydrogenation reaction of 
2LiBH4+MgH2+0.1TiF4 uder 4 bar H2 back-pressure. The temperature was 
increased with a ramp of 3 oC/min from RT to a maximum temperature of 
400 °C. 

 
From the beginning, during the non-isothermal and isother-
mal in situ SP-XPD, no TiF4 or any Ti containing phases 
could be detected (Fig.3 and Fig. S2). This suggests that Ti 
or any Ti containing compounds might be present in the 
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sample as an amorphous- or a nanocrystalline state. There-
fore, X-ray Absorption Spectroscopy (XAS) measurements 
were carried out to determine the chemical state of Ti in the 
doped composite system. The great advantage of XAS tech-
nique is its insensitivity against the crystallinity or amor-
phous state of any given sample. 

XAS measurements: Chemical state and local environment of 
titanium 

Near Edge Structure (XANES) of the XAS-spectra of Ti in 
the 2LiBH4+MgH2+0.1TiF4 system at different hydrogena-
tion state were extracted to determine the respective valance 
states of Ti (ESI: Fig. S3). TiF4 and TiB2 samples were 
measured as reference compounds. A comparison among 
TiF4 spectrum, TiB2 spectrum and the spectra of the 
2LiBH4+MgH2+0.1TiF4 samples at different hydrogenation 
states reveals significant changes in the oxidation state of Ti 
in the hydride matrix. The oxidation state of Ti in the milled 
sample shows high dissimilarity to TiF4 reference sample. 
This suggests a change in oxidation state of Ti already during 
the ball milling process. Thereafter, this oxidation state re-
mains stable upon further de/rehydrogenation processes. On 
the other hand, the XANES spectra of the doped sample at 
different hydrogenation state have high similarity to the 
reference spectrum of TiB2. 
To further investigate the local environment of Ti atoms in 
the hydride matrix with respect to hydrogenation cycles, 
EXAFS (χ(k)) region of the respective spectra were extracted 
and Fourier transformed. Fig. 4 displays the unweighted χ(k) 
(in the k-range from 0 Å to 6 Å) for the 
2LiBH4+MgH2+0.1TiF4 samples together with reference 
spectra of TiF4 and TiB2. 
The local environment of Ti in the 2LiBH4+MgH2 composite 
system shows considerable changes after ball milling proc-
ess. The shift in the position of the main amplitude of Ti 
spectra of the samples relative to TiF4 spectrum hints to a 
removal of flour atoms and the presence of other species as 
the nearest neighborhood (NN). Moreover, substantial dec-
rement of the amplitudes behind the principle amplitude 
around the central Ti atom is observed, which indicates a 
high degree of disorder/dispersion of Ti containing particles 
(nano sized). After first dehydrogenation, the principle 
EXAFS-amplitudes are increased and remain relatively sta-
ble upon further de/rehydrogenation processes. This hints to 
a higher degree of ordering and/or slight growing of Ti con-
taining structures relative to the ball milled samples. Fur-
thermore, a comparison between FT-EXAF-spectra and the 
reference spectrum of TiB2 shows a well correspondence 
over the entire R-range indicating the presence of B as NN of 
the central Ti-atom. 
To verify the formation of TiB2 in the doped samples at 
different hydrogenation states, ab initio calculations were 
carried out using the FEFF6- program.61 The results of these 
calculation together with the EXAFS spectra of the samples 
are presented in Fig. 5. In the calculation, the magnitudes of 
scattering amplitudes were not corrected for electron relaxa-

tion processes, since the existence of the TiB2 phase was the 
center of interest. FEFF-calculations were performed assum-
ing crystalline state of TiF4 (Space Group PNMA; Cryst. 
Sys. Orthorhombic, ICSD #78737) and crystalline state of 
TiB2 (Space Group P6/MMM; Cryst. Sys. Hexagonal, ICSD 
#30330). 
 
 
 

Figure 4. FT-transformation of the EXAFS-function in the k-range 
of [0-6] Å-1 of Ti-containing hydride matrix at different hydrogena-
tion cycles with the reference spectra. 
 
The calculations allocated the first peak of TiF4 to fluorine 
backscattering amplitude and the first and second peak of 
TiB2 reference were addressed to boron and Ti backscat-
tering amplitudes, respectively. This clarifies the transforma-
tion from TiF4 to TiB2 during the milling process of 
2LiBH4+MgH2+0.1TiF4 material, which remains stable upon 
further de/rehydrogenation cycles. To determine the size 
distribution of TiB2 particles in the hydride matrix ASAXS 
measurements were conducted. 
 

 
Figure 5. R-distribution-function of Ti-containing compounds in the 
hydride matrix after first hydrogenation cycle, and the corresponding 
FEFF-fits. 

 

ASAXS measurements: Size distribution of TiB2 particles 



 

 

Anomalous Small-Angle X-ray Scattering (ASAXS) meas-
urements, in the vicinity of titanium K-absorption edge, were 
carried out. The scattering intensities were collected at four 
pre-calculated X-ray energies (see Table 1, Experimental 
section) in order to separate the resonant scattering curves of 
Ti containing structures in the hydride matrix at different 
hydrogenation stages. In the ESI: Fig. S4 the ASAXS curves 
of as-milled 2LiBH4+MgH2+0.1TiF4 material are displayed. 
The anomalous scattering effect is clearly visible as the en-
ergy of incident beam increases (ESI: Fig. S4 - inset plot). At 
higher q-values a stronger energy dependency of scattering 
intensities is observed. This is due to fluorescence and reso-
nant Raman scattering. This incoherent scattering causes a 
constant background at the very high q-values of the scatter-
ing curves, which was removed before analyzing the data. 
This was done by subtracting a constant value from all 
ASAXS-curves in such a manner so that the scattering curves 
at very high q-values follow the Porod-law.68 Exemplarily, 
for all other curves, the resonant scattering curve of as-milled 
sample together with its corresponding total scattering and 
mixed resonant scattering curve are shown in ESI: Fig. S5. 
The resonant scattering curves were fitted by using the pro-
gram Gnom.69 Distance distribution functions of TiB2 parti-
cles were calculated for all samples, assuming spherical 
particles. The results of these calculations are presented in 
Fig. 6. The maxima of the curves indicates the most frequent 
sizes of titanium containing structures in the samples, 
whereas the tail of the distance distribution function denotes 
the largest titanium containing structures. 
 

 
Figure 6. Distance-distribution curves of 2LiBH4+MgH2+0.1TiF4 material 
at different hydrogenation states. 

In the as-milled 2LiBH4+MgH2+0.1TiF4 the most frequent 
TiB2 particle sizes are about 7 nm which grow with the first 
dehydrogenation process up to ~ 13 nm. After the first ab-
sorption, a further growth of Ti-structures from 13 nm to 
approximately 16 nm is observed, which remains stable upon 
further re/dehydrogenation cycling. The largest structures in 

as-milled doped sample are about 27 nm which grow with 
the desorption process up to ~ 30 nm and remain relatively 
stable upon further cycling. 
 

TEM observations: Morphological, nanoscopic structural and 
phase characterization 

An electron diffraction pattern has been taken in order to find 
the most feasible phases (ESI: Fig. S6). The rings are corre-
lated with the d(hkl) values taking into account the intensity of 
the rings. As seen, MgB2 is detected, which is part of the 
matrix material. MgO is also present and its presence can be 
attributed to the short exposure of the sample to air during 
TEM preparation procedure which has not been possible to 
avoid. The LiF is detected, as well, as was shown by in situ 
SR-XPD measurements. Moreover, TiB2 is clearly detected 
by the presence of a ring which can be only ascribed to TiB2 
phase. In Fig. 7, dark field (DF) TEM-images and particles 
size distributions of the 2LiBH4+MgH2 (Fig. 7A) and 
2LiBH4+MgH2+0.1TiF4 (Fig. 7B) after dehydrogenation are 
shown. It can be observed that the MgB2 particles in the 
2LiBH4+MgH2 sample are in average about 100 nm in size, 
whereas, the average MgB2 particles in the doped sample 
measure around 40 nm. Fig. 8 shows HR-TEM images in 
bright field (Fig. 8A, B and D) and in dark field (Fig. 8E) for 
the 2LiBH4+MgH2+0.1TiF4 material after the first dehydro-
genation. Additionally, the Fourier transform from a particle 
(Fig. 8B) and the corresponding simulation along with the 
particle size distribution are exhibited (Fig. 8C and F). From 
the HR-TEM images it is possible to verify the presence of 
small particles of TiB2 in the 2LiBH4+MgH2+0.1TiF4 after 
the first dehydrogenation. FT analysis (Fig. 8C) is in agree-
ment with the electron pattern simulation, thus confirming 
that TiB2 particles are formed. This result is in accordance 
with the XAS analysis. From DF image, size measurements 
have been carried out on numerous particles leading to a 
quite reliable size distribution. The TiB2 shows reduced sizes 
compared to those from MgB2 particles. As it is observed the 
average particle size from TiB2 is about 16 nm with a range 
between 4 nm and 66 nm. This TiB2 nano sizes are in good 
agreement with the ASAXS results (Fig. 6). 
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Figure 7. TEM in Dark field (DF) modus (top) and MgB2 particle size 
distribution (bottom) in: 2LiBH4+MgH2 (left) and 2LiBH4+MgH2+0.1TiF4 
(right). 

 
Discussion 
The addition of TiF4 significantly improves the dehydrogena-
tion/hydrogenation kinetics of the 2LiBH4+MgH2 composite 

system (Fig. 1 and ESI Fig. S1). During the first non-
isothermal dehydrogenation the presence of TiF4 precludes 
the long plateau period. This plateau phase is observed in the 
pristine Li-RHC system which proceeds with almost no 
hydrogen release. It has been reported before that this plateau 
phase might accounted for a slow incubation period required 
for the nucleation of MgB2 seeds43. However, based on ex-
perimental evidence, it has been recently found that the pla-
teau phase during the first dehydrogenation of the Li-RHC 
system is due to the slow formation of small amount of 
Li2B12H12 from LiBH4 according to the reaction: 2LiBH4  
(1/6)Li2B12H12 + (5/3)LiH + (13/6)H2.70-72. The formation of 
Li2B12H12 partially blocks the interaction between LiBH4 and 
Mg and the formation of MgB2 is delayed. Moreover, the 
formation of gaseous B2H6, which further interacts with 
LiBH4, can lead to formation of Li2B12H12. However, the 
presence of backpressure during dehydrogenation can kineti-
cally avoid formation of gaseous diborane (B2H6) as inter-
mediate.73-75 To shed light on the nature of the plateau re-
gion, TiB2 powder has been ball milled for 10 hours. Subse-
quently, 0.1TiB2 (premilled powder) has been added to 
MgH2 which has been already milled for 5 hours. Thereafter, 
2LiBH4 has been added in the mixture and the entire com-
posite system (2LiBH4+MgH2+0.1TiB2) has been further 
milled for additional 5 hours. 
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Figure 8. 2LiBH4+MgH2+0.1TiF4 after the first dehydrogenation: A and B HR-TEM images. C FT and structure simulation. D Bright field. E Dark field in 
the shown bright field region and inset plot of the diffraction used for the DF. F Particle size distribution of TiB2. 



 

 

 

The dehydrogenation kinetic of the 2LiBH4+MgH2+0.1TiB2 
system has been measured by means of volumetric method. 
The results show (ESI Fig. S10.) that the plateau phase is 
significantly reduced by the presence of as-milled TiB2. 
However, the plateau region does not disappear completely. 
Therefore, it is possible to infer that there must be some 
formation of Li2B12H12 coming from the initial LiBH4 de-
composition and the amorphous boron in the starting material 
(ESI: Fig.S8). Despite this fact, the presence of TiB2 pro-
vides more centres for the nucleation of MgB2 promoting the 
early contact between LiBH4 and Mg and thus partially 
avoiding the delay for the MgB2 formation owing to the 
Li2B12H12 barrier. For the case of 2LiBH4+MgH2+0.1TiF4, 
the nature of the in situ formed nanoparticles of TiB2 is more 
effective because the plateau region is totally suppressed 
(Fig. 1 and Fig. S10). This can be ascribed to the nanosize of 
TiB2 and the better distribution of nucleation centres for 
MgB2. These experimental results and analyses allow infer-
ring that the formation of Li2B12H12 and the nucleation of 
MgB2 seeds are two competing reactions upon the decompo-
sition of LiBH4 in the Li-RHC. Upon cycling, it is noticed 
that the presence of the additive causes a drop of the hydro-
gen capacity from about 10 wt. % H2 to 8 wt. % H2 in com-
parison to the pristine 2LiBH4+MgH2 (Fig. 2). Nevertheless, 
the enhanced kinetic behaviour and hydrogen capacity of 8 
wt. % remain stable. 
In previous works, it has been found that the interaction of 
3LiBH4:1TiF3 stoichiometric mixture during milling leads to 
formation of volatile Ti(BH4)3.76,77 Kang et al.78 have shown 
the formation of nanosized TiB2 by the interaction between 
LiBH4 and TiF3. They have found that a one step milling 
process leads to a partial formation of TiB2. However, a three 
step method starting with a 1LiBH4:0.04TiF3 stoichiometric 
mixture provides the full conversion to nanosized TiB2. In 
this work, a one step milling procedure provides the full 
conversion to nanosized TiB2 (Fig. 4, 5 and 8) from the in-
teraction between the 2LiBH4+MgH2 material and 0.1TiF4 
additive. 
To understand the interactions between the 2LiBH4+MgH2 
composite material and TiF4, phase composition equilibrium 
calculations based on the Gibbs free energy minimization 
have been carried out with the HSC Chemistry software.65 
The calculations under different conditions such as mechani-
cal milling, first dehydrogenation and first hydrogenation 
have been performed (ESI: Table S1). The equilibrium calcu-
lations predict that after milling the formation of LiF, TiB2 
and B is thermodynamically favoured according to the reac-
tion (4): 0.4LiBH4 + 0.1TiF4  0.4LiF + 0.1TiB2 + 0.2B + 
0.8H2(g) (ΔG298K= -57.2 kJ). 
In situ SR-XRD shows the presence of LiF after milling (Fig. 
3). Moreover, after milling the crystallite size of MgH2 in the 
2LiBH4+MgH2+0.1TiF4 is further refined down to 8 nm in 
comparison with 15 nm for 2LiBH4+MgH2 (ESI: Fig. S7 Ex 
situ XRD). NMR results (ESI: Fig. S8) evidence the presence 

of amorphous boron and boride compounds in as-purchased 
LiBH4. For the as-milled 2LiBH4+MgH2+0.1TiF4 the amount 
of amorphous boron increases. MS measurement shows the 
presence of hydrogen in the milling chamber atmosphere 
(ESI: Fig. S9). These results are in accordance with the pro-
posed reaction (4). Upon dehydrogenation and hydrogena-
tion, the experimental results (Fig. 3, 4, 5 and 8) and the 
equilibrium thermodynamic calculation show that LiF and 
TiB2 remain stable, under the applied conditions. This ex-
plains the reduction of hydrogen storage capacity of the 
2LiBH4+MgH2+0.1TiF4 composite system in comparison to 
the pure Li-RHC. Furthermore, size distribution of TiB2 has 
been determined via ASAXS measurements and TEM obser-
vations (Fig. 6 and 8). Both methods show roughly a size 
distribution of TiB2 nano particles of around 10-16 nm. 
These TiB2 nano particles are most likely responsible for the 
heterogeneous nucleation and growth of MgB2 phase during 
the dehydrogenation of 2LiBH4-Mg. Calculations, carried out 
based on mismatch theory78 have revealed two possible crys-
tallographic matching planes between TiB2 and MgB2 
(MgB2{1010}//TiB2{1010}=1.9 and MgB2{1011}// 
TiB2{1011}=4.5). These mismatch values are lower than 6 
%, which is considered as the upper limit value.79 Therefore, 
TiB2 can provide two possible crystallographic nucleation 
planes for MgB2. This assumption is further indirectly veri-
fied by the results obtained via TEM observation of MgB2 
particle size distribution in the matrix of pure and doped 
composite system (Fig. 7). In the doped system, the average 
MgB2 particle size is about 40 nm and the maximum ob-
served MgB2 particle range is roughly 80 nm, whereas in the 
pure material the corresponding average size is about 100 nm 
and the maximum one is around 300 nm. This observation 
can be explained by assuming uniformly distributed TiB2 
nano particles in the hydride matrix which act as nucleation 
centres for MgB2 phase during the dehydrogenation. Thus, 
MgB2 seeds start to nucleate and grow around these nuclei. 
Due to vast number of these nucleation centres, which are 
uniformly distributed in material with additive, the nuclea-
tion of MgB2 starts to take place in numerous places in the 
interface of LiBH4/Mg. This mechanism, indeed, leads to 
notably faster reaction kinetics and significantly smaller 
MgB2 structures, in comparison to the corresponding pure 
Li-RHC system. 
Conclusion 
One step in situ synthesis of nanosized TiB2 from the interac-
tion between LiBH4 and TiF4 is observed which improves the 
dehydrogenation/hydrogenation rates of the 2LiBH4+MgH2 
composite system. The presence of nanosized TiB2 notably 
reduces the dehydrogenation and hydrogenation times from 
10-20 hours to less than 3 hours and from 8 h to about 1 h, 
respectively. Moreover, the Li-RHC system doped with 
0.1TiF4 shows reversible hydrogen capacity of 8 wt. %. Fur-
thermore, the chemical state of TiF4 is changed. During the 



 

 

ball milling procedure nanosized TiB2 is formed which re-
mains stable upon dehydrogenation/hydrogenation cycling. 
The observed kinetic improvement of the doped system 
could be inferred on its refined microstructure, homogenous 
distribution of nanosized TiB2 and the feasibility TiB2 to act 
as nucleation interfase for MgB2. 
 
ASSOCIATED CONTENT  

Supposting information: Fig. S1 to S10 and Table S1. 
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