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High catalytic efficiency of amorphous TiB2 and
NbB2 nanoparticles for hydrogen storage using the
2LiBH4–MgH2 system†

Xiulin Fan, Xuezhang Xiao, Lixin Chen,* Xinhua Wang, Shouquan Li, Hongwei Ge
and Qidong Wang

LiBH4–MgH2 system in a 2 : 1 molar ratio constitutes a representative reactive hydride composite (RHC)

for hydrogen storage. However, sluggish kinetics and poor reversibility hinder the practical applications.

To ease these problems, amorphous TiB2 and NbB2 nanoparticles were synthesized and employed as

catalysts for the 2LiBH4–MgH2 system. Isothermal de-/rehydrogenation and temperature programmed

mass spectrometry (MS) measurements show that amorphous TiB2 and NbB2 nanoparticles can

significantly improve the hydrogen storage performance of the 2LiBH4–MgH2 system. 9 wt% hydrogen

can be released within only 6 min for nanoTiB2-doped 2LiBH4–MgH2, while for the undoped composite

limited hydrogen of 3.9 wt% is released in 300 min at 400 �C. The dehydrogenation activation energies

for the first and second steps are dramatically reduced by 40.4 kJ mol�1 and 35.2 kJ mol�1 after doping

with nanoTiB2. It is believed that TiB2 and NbB2 nanoparticles can first catalyze the dehydrogenation of

MgH2, and then induce the decomposition of LiBH4 and meanwhile act as nucleation agents for MgB2,

thereby greatly enhancing the kinetics of dehydrogenation. The present study gives clear evidence

for the significant performance of transition metal boride species in doped RHCs, which is critically

important for understanding the mechanism and further improving the hydrogen storage properties

of RHCs.
1 Introduction

The search for efficient hydrogen storage materials is one of the
most critical challenges as we enter the hydrogen-powered
society as a long-term solution to current energy problems.1

Recently, intensive interest has been focused on complex
hydrides,2 especially for lithium borohydride (LiBH4), owing to
its high reversible hydrogen storage capacity (13.8 wt% H2).3

However, the strong and highly cooperative covalent and ionic
bonds of LiBH4 impose problematic H-exchange thermody-
namics and kinetics for reversible hydrogen storage. To ease
these problems, several strategies have been proposed,
including nanoconnement,4 partial cation/anion substitu-
tion,5 catalyst doping6 and reactant destabilization.7,8 All of
these technological advances have enabled signicant
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improvements in the reversible hydrogen storage properties of
LiBH4. Particularly, the employment of a reactant destabiliza-
tion strategy to form reactive hydride composites (RHCs) has
been proven to be effective to stabilize the dehydrogenated state
and then lower the total reaction enthalpy. The LiBH4–MgH2

system in a 2 : 1 molar ratio constitutes a representative reactive
hydride composite, which reduces the reaction enthalpy by
25 kJmol�1 H2 in comparison with the pristine LiBH4 by forming
MgB2 as shown in the following equation:7

2LiBH4 + MgH2 / 2LiBH4 + Mg + H2 /

2LiH + MgB2 + 4H2 (1)

Although the reaction enthalpy of 2LiBH4–MgH2 is lowered,
dehydrogenation and subsequent rehydrogenation processes
still occur at high temperatures with slow kinetics. Therefore,
extensive efforts have been focused on improving the de-/rehy-
drogenation rates and reducing the reaction temperature for
RHC systems by exploring high-performance catalysts, which
can be classied as chlorides,9–11 halides11c,12,13 and oxides.14,15

However, almost all of these dopants will generate some
byproducts during doping or subsequent cycling, which will
take up some weight in the system, causing a decrease of the
reversible hydrogen storage capacity.9–15
This journal is ª The Royal Society of Chemistry 2013
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Among the halides or oxides, the dopants TiF3, NbF5 and
Nb2O5 are proven to be most effective in advancing the perfor-
mance of hydrogen storage for RHCs.12–15 However, the detailed
mechanism and active species are still controversial. Wang
et al.12 and Sun et al.14 observed the formation of transition
metal hydrides (TiH2 and NbH) in the doping process and
following de-/rehydrogenation procedures and believed that
these hydrides can improve the H-exchange kinetics and play a
key role in the enhancement of hydrogen storage properties.
Deprez et al.15 detected the coexistence of Ti2O3 and TiB2 in the
doped samples, and expected that both of these species exert
favorable effects on kinetic improvement. For Nb-doped RHC
systems, no signals of related Nb–B species were detected.
However, the similarity of kinetic enhancement for doped
RHC systems may arise from the same catalytic mechanism.
Bösenberg et al.9 believed that the in situ formed species of
transition metal borides were the active species for the RHCs.
None of these standpoints have been rmly conrmed until
now, which is believed due to the intricacy of the reactions, slow
transformation of species and more importantly, low sensitivity
of in situ formed species responses to traditional characteriza-
tion techniques, such as XRD, SEM and EDS. However, the
identication of the promoting species and detailed under-
standing of the mechanism are indispensable for further
improvements in reversible de-/rehydrogenation of RHCs.

Herein, we successfully synthesized amorphous TiB2 and
NbB2 nanoparticles with sizes of less than 30 nm, and used
them for the rst time as catalysts to improve the hydrogen
storage properties for the representative RHC 2LiBH4–MgH2

system. Superior kinetics for the doped RHC and excellent
stability of the transition metal boride dopants fundamentally
established the mechanism that amorphous transition boride
nanoparticles will catalyze the de-/rehydrogenation of MgH2

and LiBH4, and meanwhile act as nucleation agents for MgB2 in
the dehydrogenation of the second step, thereby signicantly
enhancing the kinetics of the RHC system.
2 Experimental section

TiCl4 (98%), NbCl5 (99%) and LiCl (99%) were obtained from
Aladdin Reagents. LiH (98%), LiBH4 (95%) and MgH2 (98%)
were purchased from Alfa Aesar. All of the chemicals were used
as received without further purication.
2.1 Synthesis of TiB2 and NbB2 nanoparticles

TiB2 and NbB2 synthesis was carried out mechanochemically
according to the following reactions:

TiCl4(l) + 2LiBH4 + 2LiH/ TiB2 + 4LiCl + 5H2(g),

DG298¼�688 kJ mol�1 (ref. 16) (2)

NbCl5 + 2LiBH4 + 3LiH /NbB2 + 5LiCl + 5.5H2(g),

DG298 ¼�985 kJ mol�1 (ref. 16) (3)

A LiCl buffer was added to the starting reagents to reduce the
borides in the reaction products to ca. 4 wt%. The use of LiCl
buffer was to prevent collisions of product particles during
This journal is ª The Royal Society of Chemistry 2013
milling and a large increase in temperature due to exothermal
reactions.17 The LiBH4, LiH, and plenty of LiCl buffer were rst
milled together for 20 h to adequately mix the reagents to
produce nanoscopic reaction sites within the composite powder.
Aer pre-milling, TiCl4 or NbCl5 was added to the powder and
milling was continued for another 20 h to ensure reaction
completeness. Aer ball milling, the mass spectrometry (MS)
measurements were carried out to detect the gases in the vial
using a QIC-20 (HIDEN ANALYTICAL LTD) gas analysis system.
The results are presented in Fig. S1,† which shows that only
hydrogen is released. The total amounts of hydrogen released
are �3.94 wt% and 3.15 wt% for the synthesis processes using
TiB2 and NbB2, corresponding to purities of 98% and 97% for
the products. Aer ball milling, the buffer and byproduct LiCl
were removed by washing the powder with tetrahydrofuran
(THF). Boride nanoparticles were collected by centrifugation
and washed with THF, then dried under vacuum at 50 �C over-
night. During synthesis and washing processes, Ar was used to
protect the transition metal from oxidization.

2.2 Heat treatment of the amorphous TiB2 and
NbB2 nanoparticles

Aer synthesis, TiB2 and NbB2 nanoparticles were transferred
into a furnace where a continuous argon gas ow was intro-
duced at the rate of 60 mLmin�1. Then the furnace temperature
was elevated to 400 or 700 �C to test the crystallization behavior.

2.3 Synthesis of nano-catalyzed 2LiBH4–MgH2 composite

Before beingmixed with any catalyst, themixture of 2LiBH4–MgH2

was premilled under 1 MPa H2 for 6 h in a planetary ball mill
(QM-3SP4, Nanjing). Then, as-prepared NbB2, TiB2 or annealed
TiB2 nanoparticles were mixed with the premilled 2LiBH4–MgH2

andmilled for 10 h. For comparison, undoped 2LiBH4–MgH2 was
also prepared under the same conditions. All the sample handling
was performed in an Ar-lled glovebox (MBraun), in which the
water/oxygen levels were below 1 ppm.

2.4 Characterization

X-ray diffraction (XRD) experiments of the samples were per-
formed on an X'Pert Pro X-ray diffractometer (PANalytical, the
Netherlands) with Cu Ka radiation at 40 kV and 40 mA. During
the sample transfer and scanning, a lab-built argon lled con-
tainer was used to protect the samples from air and moisture.
X-ray photoelectron spectroscopy (XPS) was carried out on a VG
ESCALAB MARK II system with Mg Ka radiation (1253.6 eV) at a
base pressure of 1� 10�8 Torr. The spectra were recorded with a
pass energy of 50 eV aer Ar+ sputtering of the surface for
20 min (operated at 3 kV with a current density of 15 mA).
All binding energy values were referenced to the C 1s peak of
contaminant carbon at 284.6 eV with an uncertainty of �0.2 eV.
Transmission electron microscopy (TEM, Tecnai G2 F20) and
scanning electron microscopy (SEM, Hitachi SU-70) equipped
with energy dispersive X-ray spectroscopy were used to examine
the microstructure and elemental distribution of materials.
Special caution was taken to prevent H2O–O2 contamination
during the measurements. Fourier transform infrared (FTIR)
J. Mater. Chem. A, 2013, 1, 11368–11375 | 11369
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spectra were obtained with a Bruker Tensor 27 unit in trans-
mission mode. The testing samples were prepared by cold-
pressing a mixture of powder and potassium bromide (KBr) at a
weight ratio of 1 : 250 to form a pellet. Each spectrum was plotted
from 32 scans averaged with a solution of 4 cm�1. The mass
spectrometry (MS) measurements for 2LiBH4–MgH2 composites
were conducted on a Netzsch Q430C mass spectrometer under
owing argon conditions (50 mL min�1). During the experiments
the MS signals at m/z ¼ 2 and 27 were recorded in order to detect
H2 and B2H6. The hydrogen desorption and absorption of the
samples were examined in a carefully calibrated Sievert's type
apparatus. Hydrogen desorption was carried out under 0.38 MPa
H2. Rehydrogenation was performed under an initial hydrogen
pressure of 10 MPa. To allow a practical evaluation of hydrogen
storage performance, the catalyst and hydride masses were taken
into account in the determination of the hydrogen capacity.
Fig. 1 (a) XRD patterns of as-synthesized NbB2 and TiB2; (b) TEM image of as-
synthesized NbB2, the inset shows the corresponding SAED pattern; (c) TEM
image of as-synthesized TiB2, the inset shows the corresponding SAED pattern; (d)
and (e) HRTEM images of NbB2 and TiB2; (f) EDS spectrum of TiB2. The presence of
Cu and C is derived from the copper mesh and carbon film that support the
sample during TEM measurement.
3 Results and discussion
3.1 Characterization of TiB2 and NbB2

Fig. 1(a) shows the XRD patterns of NbB2 and TiB2 powders.
Remarkably, typical diffraction crystalline peaks can not be
observed for NbB2 or TiB2. Only three broad bumps at around
20–35, 35–50 and 60–75� are discernible for the as-synthesized
NbB2, which can be ascribed to the strongest diffraction peaks of
NbB2 according to PDF # 35-0741. For TiB2, two less obvious
bumps can be detected at 25–50�, which originate from the three
highest diffraction peaks (PDF # 65-0512). The signicantly
broad bumps with low intensity for TiB2 and NbB2 indicate the
amorphization of catalysts. To verify this assumption, TEM/
HRTEM and SAED studies were carried out. The particles of
as-synthesized nanoNbB2 and TiB2 have sizes of approximately
30 nmor less (Fig. 1(b) and (c) and SEM, ESI Fig. S2†). The related
selective area electron diffraction (SAED) patterns (Fig. 1(b) and
(c), insets) demonstrate the diffuse diffraction rings of an
amorphous phase, which is in agreement with X-ray diffraction
results. HRTEM further conrmed the amorphization of the
borides, because no evident lattice fringes related to crystals were
observed in the interior (Fig. 1(d)) or edges (Fig. 1(e)) of particles.
Besides, the HRTEM image (Fig. 1(e)) also shows the particles
consist of even smaller primary particles with sizes of �10 nm.
Fig. 1(f) shows the EDS result of TiB2, signicant peaks of Ti and
a minor peak of B prove the elemental composition of TiB2. The
as-synthesized amorphous TiB2 and NbB2 can not be crystallized
at 400 �C, even when the time is extended to 72 h. This might be
able to explain the unidentication of transition metal borides
using conventional XRD technique in halide- or oxide-doped
RHCs. Amorphous TiB2 and NbB2 can be crystallized at 700 �C
(Fig. S3†). Aer heat treatment for 12 h, nanocrystallites with
sizes of �3 nm were observed, while the particle size was almost
unchanged, as shown in Fig. S4.†
Fig. 2 (a) Dehydrogenation curves of 2LiBH4–MgH2 doped with/without 5 mol
% TiB2 or NbB2 at 400 �C; and (b) rehydrogenation curves of 2LiBH4–MgH2 doped
with/without 5 mol% TiB2 or NbB2 at 350 �C. HT means heat treatment for
nanoTiB2 at 700 �C for 12 h.
3.2 Catalytic effects of TiB2 and NbB2 nanoparticles on
2LiBH4–MgH2 system

Fig. 2(a) shows the dehydrogenation proles of 2LiBH4–MgH2

composites at 400 �C under a hydrogen back pressure of
11370 | J. Mater. Chem. A, 2013, 1, 11368–11375
0.38 MPa. It should be pointed out that all of the components
were counted to calculate the hydrogen capacity including the
dopants. For the undoped material, poor kinetics was observed
with 3.9 wt% hydrogen desorbed in 300 min, indicating that the
incubation period for the 2nd step dehydrogenation surpasses
6 h, which is in line with the previous investigations.11,12 Inter-
estingly, the problematic incubation period completely dis-
appeared aer doping with 5 mol% as-synthesized NbB2 or TiB2

amorphous nanoparticles. 9 wt% hydrogen can be released within
only 6 min for 5 mol% nanoTiB2-doped 2LiBH4–MgH2, which is
among the best kinetics ever reported for doped RHCs. Compared
with the higher dehydrogenation temperature of almost 500 �C for
pure LiBH4,18 the doped composites exhibit a pronounced kinetic
improvement with a much lower dehydrogenation temperature.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Dehydrogenation curves of 2LiBH4–MgH2 doped with 5 mol% amor-
phous nano-TiB2 for the first 6 cycles at different temperatures under an initial
back pressure of 0.38 MPa.

Fig. 4 MS results of doped and undoped 2LiBH4–MgH2 samples. Heating rate: 8
�C min�1; purging gas: argon. MS results demonstrate that the gas released from
all samples is pure H2 without B2H6.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
4 

Ju
ly

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
C

ru
z 

on
 2

3/
10

/2
01

4 
20

:1
7:

30
. 

View Article Online
The inset in Fig. 2(a) shows the enlargement of the dehydroge-
nation curves in the rst 30 min. It can be seen that the dopants
TiB2 and NbB2 can signicantly improve the dehydrogenation
kinetics of MgH2 (the rst dehydrogenation step of eqn (1)).
For the undopedmaterial, 15min is needed to acquire 2.8 wt%H2

(the theoretical capacity for the rst step), while for the doped
samples, the time is dramatically reduced to less than 3 min. This
phenomenon is consistent with the results reported by Pitt et al.,
who showed that TiB2 can sufficiently improve the kinetics
of de-/rehydrogenation of MgH2.19 It can also be seen that the
crystallinity of the dopant exerts a detrimental effect on the
enhancement of kinetics, although the particles remain in
the same size range (ESI, Fig. S4†). This could be due to the fact
that the amorphous catalyst has a much greater structural
distortion and therefore a much higher concentration of active
sites for the catalytic reactions than its crystalline counterpart.20

Fig. 2(b) shows that the TiB2 and NbB2 nanoparticles can also
signicantly improve the rehydrogenation kinetics of the
2LiBH4–MgH2 composite. 8.5 wt% H2 can be reabsorbed for
amorphous TiB2 and NbB2 doped samples within only 5 and
8 min, respectively, while a period as long as 120 min is needed
for the undoped 2LiBH4–MgH2.

Fig. 3 exhibits the dehydrogenation curves of TiB2-doped
2LiBH4–MgH2 for the rst 6 cycles at different temperatures.
Before dehydrogenation, all of the samples were hydrogenated
at 350 �C under 10 MPa for 2 h. As the temperature is lowered,
Table 1 Comparison of similar RHC systems with the present investigation

RHC system Dopant Byproduct Hydrogen

2LiBH4–MgH2 TiF3 LiF �8
2LiBH4–MgH2 NbF5 LiF �8
2LiBH4–MgH2 Nano-TiB2; nano-NbB2 None >9
2LiBH4–Al TiF3 LiF <7
LiBH4–MHx (M ¼ Ti, Ca) None None <5
3NaBH4–NdF3 None NaF <3.5

This journal is ª The Royal Society of Chemistry 2013
an incubation period shows up, however, it still presents a
pronounced kinetics. The TiB2-doped composite can release
9.5 wt% H2 within 30 min at 390 �C, and 9.3 wt% H2 within
50 min at 380 �C; even at 365 �C, it can also desorb 9.0 wt%
within 180 min. Aer the 6th cycle, TiB2-doped 2LiBH4–MgH2

can still exhibit a reversible capacity of ca. 9.0 wt%, demon-
strating that the doped composite possesses a favorable cycling
stability. This characteristic dramatically improves the poor
cycling behavior of LiBH4 composites6b and is of signicant
importance for doped 2LiBH4–MgH2 composite as a hydrogen
storage material. Table 1 summarizes similar RHC systems in
the literature and compares them with the present investiga-
tion. It can be clearly seen that by doping with amorphous TiB2

or NbB2 nanoparticles, signicantly improved hydrogen storage
performance with high hydrogen storage capacity and superior
kinetics is achieved for the 2LiBH4–MgH2 RHC system.

For the purpose of comparison, additional MS experiments
were carried out, as shown in Fig. 4. Aer doping with nanoTiB2

or nanoNbB2, the starting decomposition temperature of MgH2

and LiBH4 is signicantly reduced. The peak temperatures of
MgH2 and LiBH4 aer doping with 5 mol% TiB2 are lowered by
49 and 43 �C, respectively, compared with those of the undoped
materials, which reconrms the superior catalytic effects of
nanoTiB2 and NbB2 for decomposition of MgH2 and LiBH4.
Besides, MS results show that no impurity gas of B2H6 is released
(wt%)

Conditions (dehyd) Conditions (rehyd)

ReferencesTemp (�C) Time (min) Temp (�C) Time (min)

400 �30 350 �50 12 and 22
400 �60 400 �40 13b
400 <10 350 <20 Present work
450 200 400 200 8a and 23
400 3000 — — 8f
400 �30 400 �90 2d

J. Mater. Chem. A, 2013, 1, 11368–11375 | 11371

http://dx.doi.org/10.1039/c3ta12401k


Fig. 5 Kissinger plots of the undoped and nanoTiB2, nanoNbB2-doped 2LiBH4–

MgH2 composites: (a) the dehydrogenation of MgH2 (the first step of eqn (1)); (b)
the dehydrogenation of LiBH4 (the second step of eqn (1)).

Table 2 Apparent activation energy (Ea) for the dehydrogenation of the
2LiBH4–MgH2 system

Dopant

Apparent activation energy Ea (kJ mol�1)

MgH2

(rst step)
LiBH4

(second step)

Undoped 141.6 139.8
NanoTiB2 101.2 104.6
NanoNbB2 116.2 105.1
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in the dehydrogenation process. This is substantially important
for the utilization of doped 2LiBH4–MgH2 as a hydrogen source
for fuel cells. To get a further understanding of the enhancement
of kinetics, the activation energy Ea for the dehydrogenation of
doped RHC was determined using the non-isothermal Kissinger
method according to the following equation:

d ln
�
b=Tm

2
�

dð1=TmÞ ¼ Ea

R
(4)

where b, Tm, and R are the heating rate, the absolute tempera-
ture for the maximum desorption rate, and the gas constant. In
this work, Tm was obtained using MS measurement with the
selected heating rates of 4, 6, 8, 10, 15 K min�1. The detailed MS
curves are shown in Fig S5.† Fig. 5 shows the Kissinger plots for
the rst and second dehydrogenation steps of 2LiBH4–MgH2
11372 | J. Mater. Chem. A, 2013, 1, 11368–11375
systems. The apparent activation energies can be calculated
from the slope of the tted lines, and these are tabulated in
Table 2. The apparent activation energy for the dehydrogena-
tion of undoped MgH2 is estimated to be 141.6 kJ mol�1, which
is in good agreement with the published results in previous
work.21 It is found that the apparent activation energy (Ea) is
substantially lowered by doping with nanoTiB2 or nanoNbB2

amorphous particles. For the nanoTiB2-doped composite, the
apparent activation energies are lowered by 40.4 kJ mol�1 and
35.2 kJ mol�1 for the rst and second steps of dehydrogenation,
in comparison with the undoped composite. These results
quantitatively evidenced the superior catalytic effects of amor-
phous nanoTiB2 and NbB2 on the dehydrogenation of MgH2

and LiBH4.
Fig. 6(a) and (b) shows the typical SEM images of TiB2-doped

2LiBH4–MgH2 aer rehydrogenation in the 2nd cycle and aer
dehydrogenation in the 3rd cycle, respectively. It is clear that
nanoparticles of TiB2 are well dispersed in the matrix of
hydrides. Aer dehydrogenation, the formed particles of MgB2

and LiH are uniformly mingled in the nanometer range without
obvious phase separation. This phenomenon is also conrmed
by the EDS mapping results for the TiB2-doped 2LiBH4–MgH2

(Fig. S6†). TEM (Fig. 6(c)) and HRTEM (Fig. 6(d)) images show
that nanoparticles of MgB2 with size of 10 nm are homoge-
neously dispersed in the composite aer dehydrogenation. The
lattice spacing of 0.213 nm can be indexed to be the (101) plane
of hexagonal MgB2. Fig. 6(e) and (f) show the STEM-HAADF
image of nanoNbB2-doped 2LiBH4–MgH2 aer dehydrogena-
tion and the corresponding cross-sectional compositional line
proles. It can be seen that nanoparticles of NbB2 are in the
size range 10–40 nm and well dispersed in the composites.
Appreciable distinctions between the nanoparticles of MgB2

and LiH can be observed from the STEM-HAADF image.
According to the results described above, we deduce that the
nanoNbB2 and TiB2 can rst catalyze the dehydrogenation of
MgH2, and then induce the decomposition of LiBH4 and
meanwhile act as nucleation agents for MgB2. The blast crys-
tallization of MgB2 results in a homogeneous dispersion of LiH
and MgB2. This is important since phase separation necessarily
hinders reversibility.9 Catalysis of nanoborides together with
favorable contact of composites results in a superior kinetics.

Due to the poor crystallization of as-synthesized TiB2 and
NbB2, no peaks of Ti or Nb-containing phases can be identied
from XRD, even when the concentration is increased to 15mol%,
as shown in Fig. 7. No other phases show up except for LiBH4,
MgH2, MgB2 and LiH, during dehydrogenation and rehydroge-
nation cycles. Aer ball milling, only LiBH4 and MgH2 phases
can be observed with broadened peaks, indicating the ball
milling results in the reduction of crystallites. Aer rehydroge-
nation, the phases return to LiBH4 andMgH2 phases, conrming
the good reversibility of the system. The broad peaks of MgB2

aer dehydrogenation indicate that the grains are extremely ne.
The mean grain sizes of MgB2 for TiB2 and NbB2 dopedmaterials
are about 15 and 14 nm respectively, calculated by using the
Scherrer equation, in agreement with the TEM observations.
These results further evidence the blast crystallization of MgB2

for the doped 2LiBH4–MgH2 RHC, which is favorable for kinetic
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 SEM image of nanoTiB2-doped 2LiBH4–MgH2 after rehydrogenation in the 2nd cycle (a); (b)–(d) are SEM and TEM images of nanoTiB2-doped 2LiBH4–MgH2

after dehydrogenation in the 3rd cycle. The inset in (d) shows a zoom-in image of the dashed square in (d); (e) and (f) are STEM-HAADF image and the corresponding
cross-sectional compositional line profiles of nanoNbB2-doped 2LiBH4–MgH2 after dehydrogenation in the 3rd cycle.
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enhancement of the subsequent hydrogenation. The FTIR results
(Fig. S7†) for the nanoTiB2-doped 2LiBH4–MgH2 aer ball
milling and rehydrogenation together with its dehydrogenated
samples verify the favorable cyclic stability, since rehydrogenated
samples clearly show the corresponding signals for the bending
mode (at 1120 cm�1) for the [BH4]

� complex as well as the
stretching modes (at 2180–2400 cm�1), while for the dehydro-
genated samples the signals are not observed.

To investigate the local atomic environment of the surface
for Ti species in the composites, XPS analyses were conducted
on the doped samples and compared with the as-synthesized
TiB2 nanoparticles. Fig. 8 shows XPS spectra of as-synthesized
TiB2 and TiB2 in the 2LiBH4–MgH2 system. The two peaks at
454.2 and 460 eV can be attributed to Ti 2p3/2 and Ti 2p1/2 of
TiB2 respectively.24 Aer doping into 2LiBH4–MgH2 and cycling,
the dopant TiB2 remains constant, thereby conrming the good
stability of TiB2. The XPS spectra provide direct evidence for the
This journal is ª The Royal Society of Chemistry 2013
good stability of the doped borides, which makes us believe that
boride nanoparticles are the active species in promoting dehy-
drogenation and rehydrogenation reactions for 2LiBH4–MgH2

RHC composites.
4 Conclusions

In summary, we have successfully synthesized amorphous TiB2

and NbB2 nanoparticles via reactive ball milling using LiBH4, LiH
and TiCl4/NbCl5 as reactants with quantities of LiCl as buffer.
It was found that thus-prepared amorphous nanoparticles exhibit
a superior catalytic effect on de-/rehydrogenation kinetics for the
2LiBH4–MgH2 RHC system. 9 wt% hydrogen can be released
within only 6 min for nanoTiB2-doped 2LiBH4–MgH2 at 400 �C.
Even at a temperature as low as 365 �C, it also can desorb 9.0 wt%
within 180 min. The activation energies for the rst and second
dehydrogenation are signicantly reduced by 40.4 kJ mol�1 and
J. Mater. Chem. A, 2013, 1, 11368–11375 | 11373
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Fig. 7 XRD patterns of TiB2-doped (a) and NbB2-doped (b) 2LiBH4–MgH2 at
different stages: (A) after ball milling; (B) after hydrogenation in the 3rd cycle; (C)
after dehydrogenation in the 6th cycle.

Fig. 8 High resolution XPS spectra of Ti 2p: (a) as synthesized boride nano-
particles; (b) doped 2LiBH4–MgH2 after dehydrogenation in the 6th cycle.
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35.2 kJ mol�1 aer doping with 5 mol% nanoTiB2. Besides, the
doped materials also exhibit a signicant enhancement of rehy-
drogenation kinetics, with an average hydrogenation rate 15
times faster compared with the undoped RHC composite.

XRD, XPS, SEM and TEM/EDS analyses demonstrate that the
amorphous TiB2 and NbB2 remain stable in the ball milling
11374 | J. Mater. Chem. A, 2013, 1, 11368–11375
process and subsequent de-/rehydrogenation cycles, and act as
active catalytic species in promoting dehydrogenation and
rehydrogenation reactions for 2LiBH4–MgH2 RHC. It is believed
that directly introducing these stable catalytic species will open
up a new way to improve the hydrogen storage properties for the
RHC systems, which can avoid the generation of byproducts,
and thereby get a higher reversible hydrogen storage capacity.
Besides, the proposed boride nanoparticles might also exhibit a
favorable kinetic activity for other complex boride hydride and
RHC systems, such as LiBH4–Al, LiBH4–MH2, NaBH4 etc.
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