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a b s t r a c t

Lithium alanate (LiAlH4) is regarded as one of the potential materials for on-board hydrogen storage
applications because of its high hydrogen capacity. However, this advantage is restricted by several
obstacles such as high decomposition temperature and slow desorption kinetics that deny its
marketability. Hence, efforts such as decreasing the particle size by the mechanical milling technique and
by adding dopants/catalysts have been investigated widely to overcome these drawbacks. In this work,
the influences of strontium titanate (SrTiO3) on the dehydrogenation properties of LiAlH4 have been
investigated for the first time. The onset decomposition temperature of the 10 wt% SrTiO3-doped LiAlH4

sample decreased from 145 �C to 80 �C in the first dehydrogenation step and from 178 �C to 120 �C in the
second dehydrogenation step. For the desorption kinetic measurements at 90 �C, the 10 wt% SrTiO3-
doped LiAlH4 sample could desorb about 3.0 wt% of H2 in 20 min compared to 0.2 wt% by the as-milled
LiAlH4. The activation energies calculated by Kissinger analysis in the two-step dehydrogenation process
of LiAlH4 were lowered after the addition of SrTiO3. From the X-ray diffraction analysis, we found that
SrTiO3 did not react during the mechanical milling and heating (desorption) processes. SrTiO3 is believed
to play a catalytic role by reducing the physical size of LiAlH4 during the mechanical milling process
thereby improving the dehydrogenation storage properties of LiAlH4.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Currently, metal hydrides and complex hydrides attracts a great
attention as a solid-state hydrogen storage medium [1,2]. Metal
hydrides (especially MgH2) shows an outstanding reversible
desorb/absorb hydrogen meanwhile complex hydrides such as
LiAlH4 and NaBH4 has a high hydrogen storage capacity [3e7].
Theoretically, LiAlH4 and NaBH4 can desorb 7.9 wt% and 10.6 wt% of
H2, respectively. This hydrogen amount fulfils the U.S. Department
of Energy 2020 goals for on-board vehicle applications (4.5 wt% of
hydrogen) [8]. Although LiAlH4 and NaBH4 shows a promising
characteristic as a solid-state hydrogen storage medium, its high
desorption temperature and sluggish dehydrogenation kinetics
hinder its wider applications.

To lower the decomposition temperature and improve the
desorption kinetics of complex hydrides, several strategies have
been carried out previously such as decreasing the particle sizes by
mechanical milling [9,10], producing reactive hydride composites
. Ismail).
(mixed with other hydride materials) [11e13], doping with cata-
lysts/additives [14e16] and regeneration process by hydrolysis
[17e21]. From the literature, doping with catalysts/additives is the
most active approach for the modification of LiAlH4 as a potential
material for hydrogen storage [3,22]. Catalysts/additives such as
metals [23e25], metal oxides [26e28], metal halides [29,30],
carbon-based materials [31,32] and hard materials [33,34] have
been used as doping agents in enhancing the dehydrogenation
characteristics of LiAlH4.

Hard and brittle additives, such as TiC and SiC, have been re-
ported to act as surface catalysts for metal/complex hydrides
[33,35,36]. The results showed that the catalysts did not react with
the host material during the mechanical milling process and during
the de/rehydrogenation process. Rafi-ud-din et al. [33] claimed that
the desorption properties of LiAlH4 had improved aftermilling with
nano-TiC. The addition of hard and brittle nano-TiC reduces the
particle sizes and creates larger surface areas for hydrogen to
interact, thus improving the dehydrogenation characteristics of
LiAlH4. Furthermore, Ranjbar et al. [36] stated that using a hard
material, SiC, the grain size of the MgH2 could decrease and reduce
the agglomeration of MgH2 crystallites; thus, further enhancing the
ab/desorption kinetic properties of the MgH2eSiC composite.
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Fig. 1. Thermal decomposition temperature of commercial LiAlH4, 1 h milled LiAlH4,
and LiAlH4-10 wt% SrTiO3 sample.

Table 1
Comparison of onset decomposition temperature of LiAlH4 doped with different
catalysts.

System Onset decomposition temperature
(�C)

First stage Second stage

LiAlH4 þ micro TiH2 [40] 90.0 150.0
LiAlH4 þ TiN [41] 90.0 140.0
LiAlH4 þ NbN [42] 95.0 169.1
LiAlH4 þ nano Nb2O5 [43] 95.0 130.0
LiAlH4 þ SrTiO3 [this work] 80.0 120.0
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Therefore, motivated by the above-mentioned strategies, it is
desirable to study the effects of other hard materials on the dehy-
drogenation properties of LiAlH4.

Our previous studies have shown that SrTiO3 is a promising
catalyst for MgH2 [37e39]. The results showed that the main cat-
alytic role of the SrTiO3 catalyst on MgH2 is because of the hardness
of SrTiO3. From the X-ray diffraction (XRD) results, the SrTiO3 phase
was still unchanged after the mechanical milling and ab/desorption
process, confirming that no reaction had occurred between MgH2
and SrTiO3. SrTiO3 is believed to play a catalytic role by reducing the
physical size of MgH2 during the mechanical milling process.
Inspired by these studies, in this study, SrTiO3 was used as a catalyst
to examine its influence on the hydrogen storage properties of
LiAlH4. It is reasonable to believe that SrTiO3 could be an effective
catalyst to lower the decomposition temperature and boost the
dehydrogenation kinetics of LiAlH4. According to the author’s
knowledge, this study is the first comprehensive work to examine
the effect of the SrTiO3 catalyst on the dehydrogenation behaviour
of LiAlH4.

2. Experimental details

All the chemicals in this work were used directly without any
purification. LiAlH4 powder (95% purity; Sigma-Aldrich) was milled
with 10 wt% of SrTiO3 (98% purity; Sigma-Aldrich) at 400 rpm for
1 h; the ratio of the steel balls to powder was about 30:1. The
undoped LiAlH4 was also milled mechanically using the same
method for comparison purposes. All the preparation processes,
such as weighing, were carried out in an atmosphere Ar-filled
glovebox (Mbraun Unilab) to minimise oxidation.

The onset decomposition temperature and dehydrogenation
kinetic measurements were examined using a Sieverts-type appa-
ratus (Advanced Materials Corporation). To measure the onset
decomposition temperature, a 300-mg sample was placed into the
sample holder and heated from room temperature to 300 �C under
vacuum at a heating rate of 5 �C/min. The dehydrogenation kinetic
measurements were done at 90 �C under a hydrogen pressure of
0.1 MPa.

Differential scanning calorimetry (DSC) to investigate the ther-
mal properties was carried out using the Mettler Toledo DSC/TGA
under an Ar-flow atmosphere (30 mL/min). About 7 mg each of
undoped and doped samples were placed into alumina crucibles
and heated at various rates (15, 20, 25 and 30 �C/min) from room
2

temperature to 300 �C.
The phase confirmation of the samples was analysed by XRD

(Rigaku MiniFlex X-ray diffractometer) with CueKa radiation. The
Fourier-transform infrared (FTIR) spectra of the samples were
recorded using an infrared (IR) Tracer-100 Shimadzu within the
wave number ranging from 800 to 2000 cm�1 with a spectral
resolution of 4 cm�1. The morphology of the undoped and doped
samples was viewed by scanning electron microscopy (SEM; JEOL
JSM�6350LA).
3. Result and discussions

Fig. 1 shows the thermal decomposition temperatures of the
commercial LiAlH4, 1-h milled LiAlH4 and LiAlH4e10 wt% SrTiO3
samples. The commercial LiAlH4 sample started to desorb hydrogen
at 148 �C in the first dehydrogenation step and at 180 �C in the
second dehydrogenation step. After milling for 1 h, the onset
decomposition temperature of LiAlH4 reduced slightly to about
145 �C and 178 �C in the first and second dehydrogenation steps,
respectively. After adding 10 wt% of SrTiO3, the onset decomposi-
tion temperature of LiAlH4 decreased dramatically to 80 �C and
120 �C in the first and second dehydrogenation steps, respectively.
From the results, it is obvious that the onset decomposition tem-
perature of LiAlH4 decreased remarkably in both steps of dehy-
drogenation after the addition of 10 wt% SrTiO3. For display the
catalytic effect of SrTiO3 on the onset decomposition of LiAlH4, the
comparison of LiAlH4 doped with different catalysts is showed in
Table 1.

The next investigation was to study the influences of SrTiO3 on
the dehydrogenation kinetics of LiAlH4. The dehydrogenation ki-
netics of the commercial LiAlH4, 1-h milled LiAlH4 and
LiAlH4e10 wt% SrTiO3 samples were examined at a fixed temper-
ature of 90 �C as shown in Fig. 2. From the results, we can see that
the dehydrogenation kinetics rate of LiAlH4 was enhanced after the
addition of 10 wt% SrTiO3. The LiAlH4e10 wt% SrTiO3 sample des-
orbed approximately 3.0 wt% H2 at 90 �C within 20 min whereas
the commercial and 1-h milled LiAlH4 samples desorbed below
0.5 wt% of hydrogen in the same time. The dehydrogenation kinetic
measurements revealed that the 10 wt% SrTiO3-doped LiAlH4
sample displayed an average dehydrogenation kinetics rate seven
times quicker than that of the undoped LiAlH4 samples. The com-
parison of dehydrogenation kinetic of LiAlH4 doped with different
catalysts is listed in Table 2.

The impact of the catalyst on the thermal event of LiAlH4 was
further examined by DSC as shown in Fig. 3. As can be seen, the
thermal properties of the 1-h milled LiAlH4 sample showed four
curves corresponding to two endothermic and two exothermic
events. The first exothermic and endothermic event peaks at 137 �C
and 166 �C refer to the reaction of surface hydroxyl impurities with
LiAlH4 and the melting of LiAlH4, respectively. The second
exothermic and endothermic event peaks at 190 �C and 243 �C
correspond to the decomposition of LiAlH4 (first step of



Fig. 2. Dehydrogenation kinetics of commercial LiAlH4, 1 h milled LiAlH4, and LiAlH4-
10 wt% SrTiO3 sample.

Fig. 3. Differential scanning calorimetry profiles of 1 h milled LiAlH4 and LiAlH4-10 wt
% SrTiO3 sample (heating rate 30 �C/min).
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dehydrogenation; Eq. (1)) and the decomposition of Li3AlH6 (sec-
ond step of dehydrogenation; Eq. 2). After 10 wt% of SrTiO3 was
added, the number of peaks reduced to two, of which one was
exothermic and the other was endothermic, and this occurred at a
lower temperature. The exothermic peak (decomposition of LiAlH4)
occurred at 126 �C, while the endothermic peaks (decomposition of
Li3AlH6) occurred at 233 �C. To examine the effect of SrTiO3 addition
on the activation energy (Ea) for hydrogen desorbed from LiAlH4,
different heating rates were measured using DSC. Fig. 4 shows the
DSC curves for the 1-h milled LiAlH4 and 10 wt% SrTiO3-doped
LiAlH4 samples at several heating rates (15, 20, 25 and 30 �C/min).

The Ea values of the dehydrogenation process of the 1-h milled
LiAlH4 and LiAlH4e10 wt% SrTiO3 samples were obtained by
applying the Kissinger equation [47] as follows:

ln[b/Tp2] ¼ �Ea/RTp þ A (1)

Thus, the Ea can be calculated from the slope in a plot of ln[b/Tp2]
versus 1000/Tp as shown in Fig. 5. As shown in the Kissinger plot,
the Ea of the as-milled LiAlH4 was 91 and 110 kJ/mol in the first and
second dehydrogenation steps, respectively. After the addition of
10 wt% of SrTiO3, the Ea of LiAlH4 decreased notably. The Ea of the
LiAlH4e10 wt% SrTiO3 sample was calculated to be 70 kJ/mol in the
first step and 94 kJ/mol in the second step of dehydrogenation.
Owing to the reduction of the Ea, the dehydrogenation properties of
10 wt% of SrTiO3-doped LiAlH4 were enhanced. Table 3 shows the
apparent activation energy (Ea) of LiAlH4 doped with different
catalysts calculated by the Kissinger method.

Fig. 6 shows the powder morphology viewed by SEM for the
commercial LiAlH4, commercial SrTiO3, 1-h milled LiAlH4 and
Table 2
Comparison of dehydrogenation kinetic of LiAlH4 doped with different catalysts.

System Dehydrogenation temperature (�C)

LiAlH4 þ CoFe2O4 [27] 90.0
LiAlH4 þ ScCl3 [15] 150.0
LiAlH4 þ NbN [42] 130.0
LiAlH4 þ NiFe2O4 [28] 90.0
LiAlH4 þ FeCl2 [44] 110.0
LiAlH4 þ MnFe2O4 [45] 90.0
LiAlH4 þ K2TiF6 [46] 90.0
LiAlH4 þ SrTiO3 [this work] 90.0
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LiAlH4e10 wt% SrTiO3 samples. For the commercial LiAlH4 sample
(Fig. 6(a)), the image shows ‘block-shaped’ particles. The particle
sizes were estimated to be between 10 and 50 mm. Meanwhile, the
commercial SrTiO3 particles have a spherical morphology with an
inconsistent size (their average size was about 50 mm) as shown in
Fig. 6(b). The images of LiAlH4 after undergoing 60 min of ball
milling showed agglomeration and an inhomogeneous distribution
(their average size was 1e5 mm) as can be seen in Fig. 6(c).
Compared to commercial LiAlH4, clearly, the size of the particles
decreased after the milling process. After doping with SrTiO3
(Fig. 6(d)), the particle size reduced dramatically and showed less
agglomeration than undoped LiAlH4. It is reasonable to believe that
the reduction in particle size accounts for the improvement in the
desorption properties of the SrTiO3-doped LiAlH4 sample. A pre-
vious study revealed that smaller particles and less agglomeration
in the metal/complex hydrideecatalyst system provided more
grain boundaries and higher surface areas and benefited the
diffusion path for hydrogen during the dehydrogenation process
[27].

Fig. 7 illustrates the XRD patterns of the commercial SrTiO3,
commercial LiAlH4, 1-h milled LiAlH4 and LiAlH4e10 wt% SrTiO3
samples after 1 h of milling. The commercial LiAlH4 sample showed
that only LiAlH4 phases were detected, as presented in Fig. 7(a).
Besides, the results of the XRD spectra after the milling process of
LiAlH4, as shown in Fig. 7(b), revealed that only LiAlH4 phases were
detected, indicating the high stability of LiAlH4 during the ball
milling process. This phenomenon is in good agreement with our
previous studies [50e52]. Fig. 7(c) shows the XRD results after the
addition of SrTiO3, in which the peaks corresponding to LiAlH4 still
exist. In addition, new peaks corresponding to Al could also be
detected for the SrTiO3-doped LiAlH4 sample, demonstrating that
Dehydrogenation time (min) Hydrogen release (wt.%)

20.0 1.4
20.0 1.8
25.0 1.2
25.0 1.5
50.0 2.0
20.0 1.0
20.0 2.6
20.0 3.0



Fig. 4. Differential scanning calorimetry profiles of (a) 1 h milled LiAlH4 and (b) LiAlH4-10 wt% SrTiO3 sample at different heating rates (15, 20, 25, and 30 �C/min).

Table 3
Comparison of apparent activation energy (Ea) of LiAlH4 doped with different
catalysts.

System Activation energy (Ea) (kJ/mol)

First stage Second stage

LiAlH4 þ K2TiF6 [46] 78.20 90.80
LiAlH4 þ Ti3C2 [48] 79.81 99.68
LiAlH4 þ FeCl2 [44] 81.48 105.01
LiAlH4 þ ScCl3 [15] 82.30 93.20
LiAlH4 þ Co@C [49] 95.36 115.60
LiAlH4 þ SrTiO3 [this work] 70.00 94.00
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LiAlH4 decomposed slightly (Eq. (1)) during the mechanical milling
process. Based on Eq. (1), the peaks of Li3AlH6 should have formed,
but surprisingly no peak corresponding to Li3AlH4 was detected in
the doped sample (Fig. 7(c)). This phenomenon is comparable to
other studies in which TiF3 and NbF5-doped LiAlH4 samples started
decomposing during the milling process and no peak for Li3AlH6
could be detected from the XRD spectra [53,54]. In addition, SrTiO3
peaks were detected, indicating that the additive does not react
with the host material (LiAlH4), similar to previous reports where
SrTiO3 phases were still stable after the mechanical milling and de/
rehydrogenation processes [37e39]. The XRD results of commercial
SrTiO3 as shown in Fig. 7(d) indicate that the SrTiO3 purchased was
pure, as no other peak was detected except SrTiO3 peaks.

FTIR analyses were carried out to confirm the existence of
Li3AlH6 after the milling process of the SrTiO3-doped LiAlH4 sample
as displayed in Fig. 8. From the results, an extra absorbance peak is
obvious at around 1400 cm�1 for the LiAlH4e10 wt% SrTiO3 sample
(Fig. 8(c)). This IR absorption peak can indicate the presence of
Li3AlH6 (AleH stretching mode) [29]. For the commercial and 1-h
milled LiAlH4 samples, as displayed in Fig. 8(a) and (b), only IR
absorption peaks correlating to LiAlH4 appeared; LieAleH bending
modes occurred at 800e900 cm�1 and the AleH stretchingmode at
1600e1800 cm�1 [46], and no IR absorption peak was observed at
about 1400 cm�1. The FTIR results confirm that slight decomposi-
tion of LiAlH4 (Eq. (1)) occurred during the milling process, in
accordance with the XRD results (Fig. 7(c)).

Fig. 9 shows the XRD pattern of the 10 wt% SrTiO3-doped LiAlH4
Fig. 5. Kissinger plots of (a) the first step dehydrogenation and (b) the second st
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sample after the complete dehydrogenation process at 250 �C
(second step of dehydrogenation). As can be seen, the XRD pattern
shows the LiH, Al and SrTiO3 peaks; no peaks of LiAlH4 and Li3AlH6
were detected. The presence of the LiH and Al peaks shows that the
second step of the dehydrogenation process of LiAlH4 has been
completed (Eq. (1) and 2). The presence of the SrTiO3 peaks proved
that SrTiO3 is hard to decompose and has not reacted with LiAlH4
during the dehydrogenation process. In previous studies, we have
shown that SrTiO3 did not react with MgH2 and Na3AlH6 during the
ball milling and de/rehydrogenation processes [37e39].

Previous studies have revealed that the main catalytic role
played by the additives or dopant in the LiAlH4ecatalyst system
was as an in-situ active species formed during the milling or
dehydrogenation process. The active species are believed to
ep dehydrogenation for 1 h milled LiAlH4 and LiAlH4-10 wt% SrTiO3 sample.



Fig. 6. SEM micrographs for (a) commercial LiAlH4, (b) commercial SrTiO3, (c) 1 h milled LiAlH4, and (d) LiAlH4-10 wt% SrTiO3 sample.

Fig. 7. XRD pattern for (a) commercial LiAlH4, (b) 1 h milled LiAlH4, (c) LiAlH4-10 wt%
SrTiO3 after 1 h ball-mill and (d) commercial SrTiO3.

Fig. 8. FTIR pattern for (a) commercial LiAlH4, (b) 1 h milled LiAlH4 and (c) LiAlH4-
10 wt% SrTiO3 after 60 min ball-mill.
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improve the dehydrogenation properties by acting as the active
sites for the nucleation and creation of the dehydrogenation yield
by reducing the diffusion length of the reaction ions [45,55]. In the
current study, the XRD results show that SrTiO3 does not decom-
pose or react with LiAlH4 during the ball milling and dehydroge-
nation processes. Therefore, we hypothesised that SrTiO3 plays a
catalytic role owing to its hardness. SrTiO3 is reported to have a
hardness of 6.0e6.5 Mohs [56] compared with 4.0 Mohs of LiAlH4.
Therefore, adding SrTiO3 into LiAlH4 minimised the agglomeration
of particles, and thus, this facilitated the refinement of LiAlH4
particles during the milling process. It was reported previously that
smaller particles in metal/complex hydrides improve the sorption
properties [57]. In this study, smaller particles and less
5

agglomeration in the SrTiO3-doped LiAlH4 sample (Fig. 6(d)) pro-
vided higher surface areas (increased grain boundaries) and
benefited the diffusion path for hydrogen during the dehydroge-
nation process [36]. The hardness of the catalyst confers positive
effects by improving the dehydrogenation characteristics of LiAlH4
when SrTiO3 is added. However, further characterisation such as
that using transmission electron microscopy, is needed to elucidate
in more detail the precise role of SrTiO3 in enhancing the dehy-
drogenation properties of the SrTiO3-doped LiAlH4 catalyst system.
4. Conclusion

In conclusion, we have demonstrated that SrTiO3 is an excellent



Fig. 9. X-ray diffraction pattern of LiAlH4-10 wt% SrTiO3 sample after dehydrogenation
at 250 �C.
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material to catalyse the desorption behaviours of LiAlH4. The
LiAlH4e10 wt% SrTiO3 sample starts to desorb H2 at about 80 �C and
120 �C in the first and second dehydrogenation steps, respectively,
reductions of about 65 �C and 58 �C compared to the milled LiAlH4.
For the desorption kinetic process at a fixed temperature of 90 �C,
the LiAlH4e10 wt% SrTiO3 sample can release about 4.0 wt% of H2 in
60min compared to 0.3 wt% released by the pure ball milled LiAlH4.
Kissinger analysis showed that the Ea in the first and second
dehydrogenation steps for pure ball milled LiAlH4 decreased from
91 and 110 kJ/mol to 70 and 94 kJ/mol, respectively, by the addition
of 10 wt% SrTiO3. In the XRD spectra post ball milling for the doped
sample, there are peaks matching Al, indicating that the addition of
SrTiO3 encourages the slight decomposition of LiAlH4 during the
milling process. The XRD pattern also showed that SrTiO3 did not
decompose or react with the host material during the milling and
dehydrogenation processes. SrTiO3 is assumed to play a catalytic
role by reducing the particle size of LiAlH4 during the milling
process. Small particles of LiAlH4 will increase the grain boundaries
and surface areas and consequently improve the dehydrogenation
properties of LiAlH4.
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