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a b s t r a c t

The catalytic effect of TiC nanopowder addition in varying proportions on the hydrogen storage properties
of LiAlH4 has been investigated by pressure-composition-temperature (PCT) experiments, thermo-
gravimetry (TG), and differential scanning calorimetry (DSC). The results indicate that doped samples
are able to dehydrogenate at much lower temperatures; for example, the onset of dehydrogenation is
85 ◦C for LiAlH4–2 mol% TiC, and the majority of hydrogen (∼6.9 wt.%) can be released by 188 ◦C. About
5 out of 6.9 wt.% of H2 can be released in the range of 85–138 ◦C (heating rate 4 ◦C min−1). Isothermal
desorption results at 115 ◦C reveal that doped alanate exhibits dehydriding rate 7–8 times faster than
omplex hydrides
ithium alanate (LiAlH4)
anocatalyst doping
echanical (ball) milling
ano-sized TiC
esorption temperature and kinetics

that of pure LiAlH4. DSC measurements indicate that enthalpies of decomposition in LiAlH4 decrease
significantly with doping. From Kissinger analysis, the apparent activation energies are estimated to be
59 kJ/mol, 70 kJ/mol and 99 kJ/mol for the decompositions of LiAlH4, Li3AlH6 and LiH, respectively. The
results of first rehydrogenation indicate that 5 mol% dopant exhibits the maximum absorption of about
1.9 wt.%. XRD, FESEM, EDS, FTIR, and XPS analyses are utilized to put forward a possible catalytic mech-
anism of nano-sized TiC in ameliorating the dehydriding/rehydriding characteristics of doped LiAlH4.
ifferential scanning calorimetry (DSC)

. Introduction

The major obstacle to the transition from a carbon-based/fossil
uel energy system to a hydrogen-based economy is the identifi-
ation of efficient and cost-effective means for on-board storage
f hydrogen. Despite the decades of intense research efforts,
o far none of the materials has satisfied the performance tar-
ets specified by automotive industry with respect to gravimetric
ensity, hydrogenation/dehydrogenation kinetics, and thermody-
amic properties. Recently, complex hydrides such as alanates
AlH4

−), amides (NH2
−), and borohydrides (BH4

−) have attracted
onsiderable attention, as they inevitably provide extremely high
ravimetric storage capacities compared to that of conventional
etal hydrides [1–14]. But, the practical utility of most of these

omplex hydrides is limited by their poor kinetics and difficulty in
eversing the hydrogen under the moderate conditions. Alanates of
he general form MAlH4, where M is a light weight alkaline metal

Li, Na or K), have a high gravimetric density of hydrogen, which is
ssential for their potential use as hydrogen storage materials. Fol-
owing the breakthrough work on Ti-doped NaAlH4 [15], lithium
lanates (LiAlH4) as well as alanates of other alkali-and alkaline-
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earth-metal-based complex aluminum hydrides have received a
great deal of attention as possible candidate materials because
of their light weight and high inherent storage capacity [16,17].
Among the alanates, the hydrogen content of two alkali metal
aluminohydrides, LiAlH4 and NaAlH4, are 10.5 wt.% and 7.3 wt.%
H2, respectively. However, the relatively low hydrogen content of
sodium aluminohydrides (5.6 wt.% H when NaAlH4 decomposes to
NaH, Al and H2) renders them inferior to other hydrides such as
lithium aluminohydrides (7.9 wt.% H when LiAlH4 decomposed to
LiH, Al and H2) and magnesium hydride (7.6 wt.% H2). Upon heat-
ing, the decomposition of LiAlH4 takes place in three steps [1] with
5.3 wt.%, 2.6 wt.% and 2.6 wt.% release of hydrogen, respectively.

3LiAlH4 → Li3AlH6 + 2Al + 3H2 (1)

Li3AlH6 + 2Al → 3LiH + 3Al + 3/2H2 (2)

3LiH + 3Al → 3LiAl + 3/2H2 (3)

Reaction (3) occurs above 400 ◦C and is not considered viable
for practical purposes. The decomposition temperature ranges for
reactions (1) and (2) are 150–175 ◦C and 180–220 ◦C, respectively

[1].

Lithium alanate (LiAlH4) hydrid indeed exhibits among the high-
est hydrogen capacity, but its high capacity is plagued by some
of its drawbacks such as the presence of exothermic decompo-
sition reaction, extremely high plateau pressure at relatively low

dx.doi.org/10.1016/j.jallcom.2010.08.008
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rafi_682@yahoo.com
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emperatures which makes the hydride practically irreversible and
elatively slow hydrogen desorption kinetics. Recent studies have
ndicated that both ball-milling and doping with various cata-
ysts have not only rendered the low-temperature decomposition
f lithium aluminohydride into lithium hexahydroaluminate, alu-
inum, and hydrogen but also to some extent has caused the partial

eversibility of reaction (2) by eliminating the kinetic restrictions.
t is documented that by using TiF3 [18], Ce (So4)2 [19,20], TiCl3
21], TiCl3. (1/3)(AlCl3) [22,23], LaCl3 [20,24], VBr3 [25], Ni [19,20],
e [26], Ti, Sc, V [20,26,27], NiCl2 [28], NbF5 [29], VCl3, and car-
on nanofibers [30], a significant reduction in the decomposition
emperatures of the first and the second steps can be achieved. In
ddition, partial reversibility of reaction (2) has been claimed by
aCl3 [20,24], Ni [19,20], Ti [20], Ce (SO4)2 [19,20], VCl3 [30], car-
on nanofibers [30], and TiCl3 [23]. However, the most of these
atalysts induce the reduction in hydrogen storage capacity during
he ball-milling. Therefore, there have been persistent efforts to
nd new effective catalysts that can enhance the reaction kinetics
hile maintaining the high hydrogen capacity.

Tailoring nanophase structure by using foreign scaffolds is found
o dramatically improve kinetics and thermodynamics of hydro-
en exchange reactions of the complex hydride materials. The
anostructured catalytic dopants may offer several advantages

or the physicochemical reactions such as surface interactions,
dsorption in addition to bulk absorption, rapid kinetics, low-
emperature sorption, hydrogen atom dissociation, and molecular
iffusion via the surface catalyst [31–34]. TiC is well known for its
igh degree of hardness and stability due to its high Ti–C bond
nthalpy. Recently, Xuezhang et al. [35] have reported the role
f TiC as a catalyst in the improvement of hydriding/dehydriding
roperties of the sodium alanate. In the present work, the effi-
acy of TiC nanoparticles is evaluated by subjecting the doped
amples to the dehydrogenation and rehydrogenation experiments
y pressure-composition-temperature (PCT) apparatus, thermo-
ravimetry (TG), and differential scanning calorimetry (DSC). TiC
anopowder, in varying proportions, has been incorporated into
iAlH4 by high-energy ball-milling.

. Experimental details

LiAlH4 (≥95%, average 325 mesh) and TiC (≥99%, <30 nm) were purchased from
igma–Aldrich Co. and Hefei Kaier Development Co., Ltd. (China), respectively. Both
he materials were used as-received without any further purification. All material
andlings (including weighing and loading) were performed in high purity argon
lled glove box, with low oxygen and water vapour content. LiAlH4 (typically 1–2 g)
as mixed with 1 mol%, 2 mol%, 3 mol%, 4 mol% and 5 mol% TiC and ball-milled for

0 min by using a high-energy Spex mill. All the samples were loaded into the hard-
ned steel vial under an argon atmosphere in a glove box. Steel balls (1 g and 3 g)
ere added with a ball to powder weight ratio of 15:1. Air-cooling of the vial was

mployed to prevent its heating during the ball-milling process.
Hydriding/dehydriding properties of the as-received and doped samples were

nvestigated by using a pressure-composition-temperature (PCT) apparatus. The
etails of apparatus are given in our previous report [36]. The apparatus can be
perated up to the maximum pressure of 10 MPa and 600 ◦C. About 0.5 g of sample
as loaded into the sample vessel. For dehydrogenation (first two steps) measure-
ents, the samples of LiAlH4 doped with 1 mol%, 2 mol%, 3 mol%, 4 mol% and 5 mol%

iC were heated up to 250 ◦C at a heating rate of 4 ◦C min−1 under a controlled vac-
um atmosphere. During the heating process, all the temperature and pressure data
ere documented and the curves for the two-stage process were drawn by using

omputer software. Following the first complete dehydrogenation (first two steps),
he samples were subjected to rehydrogenation studies at 165 ◦C under 9.5 MPa for
h. The pressure drop with time in the closed system testified the rehydrogenation
f the samples. Subsequently, the rehydrogenated samples were dehydrogenated
t similar temperature.

The simultaneous DSC and TG analyses were conducted by using NETZSCH STA
49C. All measurements were carried out under a flow (50 ml min−1) of high purity

rgon (99.999%). Sample mass was typically 5 mg. Heating runs were performed at
ifferent rates (4 ◦C min−1, 7 ◦C min−1 and 10 ◦C min−1) from 35 ◦C to 500 ◦C.

The phase structure of the sample following the ball-milling, dehydrogenation,
nd rehydrogenation was determined by a MXP21VAHF X-ray diffractometer (XRD
ith CuK� radiation) at room temperature. XRD was done at a tube voltage of 40 kV

nd a tube current of 200 mA. The X-ray intensity was measured over a diffraction
Fig. 1. Thermal desorption profiles of as-received LiAlH4 and LiAlH4 doped with
1 mol%, 2 mol%, 3 mol%, 4 mol%, and 5 mol% TiC. The samples are heated up to 250 ◦C
at the heating rate of 4 ◦C min−1.

angle from 10◦ to 90◦ with a velocity of 0.02◦ per step. The samples were covered
with the liquid paraffin to prevent the oxidation during the XRD test.

FTIR spectroscopy was performed by using an infrared spectrophotome-
ter (NEXUS670). The spectral resolution was 4 cm−1. Scans were done between
2000 cm−1 and 800 cm−1 under an argon atmosphere. X-ray photoelectron spec-
troscopy (XPS) was performed with a PHI-5300 XPS spectrometer.

The as-received, doped, and dehydrogenated samples were examined by a field
emission scanning electron microscope (FESEM-6301F) coupled with energy dis-
persive spectroscopy (EDS). Sample preparation for the FESEM measurement was
carried out inside the glove box and, moreover, the samples were transferred to the
SEM chamber by means of a device maintaining an Ar overpressure.

3. Results and discussion

Fig. 1 exhibits the non-isothermal dehydrogenation perfor-
mances of the as-received LiAlH4, and the LiAlH4 doped with
1 mol%, 2 mol%, 3 mol%, 4 mol%, and 5 mol% TiC nanopowders. The
desorption curves clearly depict that the LiAlH4 samples balled
milled with nano-sized TiC have rendered quite striking effects
not only on the dehydrogenation characteristics of the first reac-
tion (1) but also on the second reaction (2). Obviously, the onset
temperature of dehydrogenation for all the Li alanate/carbide com-
posite samples is below 100 ◦C, a significant reduction compared
with neat LiAlH4, in which dehydrogenation starts at around 150 ◦C.
The pure LiAlH4 starts to decompose at around 150 ◦C for the first
stage and desorbs about 4.9 wt.% hydrogen. In the second stage, it
initiates to dehydrogenate at 180 ◦C, and about 2.5 wt.% hydrogen
is released. Hence the total dehydriding capacity of pure alanate
is about 7.4 wt.%. LiAlH4 with 1 mol% TiC releases about 6.96 wt.%
hydrogen in a desorption temperature range between 100 ◦C and
200 ◦C. The addition of 2–3 mol% TiC nanopowders further reduces
the first decomposition temperature of LiAlH4 by the factor of
around 60–65 ◦C, and the second decomposition temperature by
the factor of around 50–55 ◦C, respectively. The sample of 2 mol%
dopant initiates to decompose at 90 ◦C and terminates at 130 ◦C
for the first stage, whilst the sample with 3 mol% dopant starts
the decomposition at 85 ◦C and concludes at 125 ◦C. The second
stage of the decomposition of 2 mol% and 3 mol% samples ter-
minates at 190 ◦C and 185 ◦C, respectively. The hydrogen release

contents in the first and second steps, for the sample doped with
2 mol%, are 4.60 wt.% and 2.25 wt.%, respectively. However, the des-
orption capacity with 3 mol% addition degrades, and amounts to
4.41 wt.% and 2.06 wt.% in the first and second stages, respectively.
Further raising the doping amount to 5 mol% shortens the desorp-
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Fig. 2. DSC profiles of as-received LiAlH4 within the temperature range of 3

ion temperature range to 80–170 ◦C but with the cost of more loss
f hydrogen release content. The overall hydrogen release content
ith 5 mol% sample is 5.43 wt.%, which is about 74% of the total

mount of hydrogen released by the pure LiAlH4. The decrease
n the maximum capacity may be associated with the impurity
n the original LiAlH4 powder, the amount of dopant, and some
artial decomposition of LiAlH4 during high-energy ball-milling
ith very hard and brittle nano-sized TiC. Despite the air-cooling of

he vial employed during the milling process, the localized impact
ssociated with the ball-milling induces the localized temperature
ncrease of the alanate powders being ball-milled and heavily cat-
lyzed with TiC nanoparticles. We assume that the simultaneous
ffect of both the temperature increase during milling and catalyst
auses the partial decomposition of alanate. For the small additions,
he loss in capacity is insignificant owing to the moderate exposure
f alanate to the catalyst. However, it is noted that doped alanate
ventually releases hydrogen as much as 6.96 wt.%, which is quite
arge compared to the hydrogen capacity of LiAlH4 with various
atalysts reported in the literature [18–21,23,24,26,27,30,37]. By
onsidering that large amount of dopant is detrimental in terms of
ravimetrical hydrogen density, the 2 mol% doping amount can be
onsidered a best compromise between the dehydrogenation rate
nd the hydrogen yield.
Figs. 2 and 3 demonstrate the results of TG/DSC experiments
erformed with the samples of undoped LiAlH4 and LiAlH4 doped
ith 2 mol% TiC nanopowder. The TG/DSC profiles are measured
ithin the temperature range of 35–500 ◦C at various heating rates

4 ◦C min−1, 7 ◦C min−1 and 10 ◦C min−1, respectively). Fig. 2 illus-
◦C at the heating rates of (a) 4 ◦C min−1, (b) 7 ◦C min−1, and (c) 10 ◦C min−1.

trates the DSC results of the as-received LiAlH4. It is clear that
for the as-received LiAlH4, there are two peaks corresponding to
exothermic processes and three peaks corresponding to endother-
mic processes. The first exothermic peak around at 160–163 ◦C may
be assigned to the interaction of LiAlH4 with surface hydroxyl impu-
rities, and the first endothermic peak at 166–172 ◦C corresponds to
the melting of LiAlH4. The second exothermic peak at 173–192 ◦C
corresponds to the decomposition of liquid LiAlH4 (first reaction
stage), and the second endothermic peak at 232–253 ◦C is assigned
to the decomposition of Li3AlH6 (second reaction stage). The third
endothermic peak at 398–428 ◦C is ascribed to the decomposition
of LiH (third reaction stage). With doping of TiC, the number of ther-
mal events is reduced from five to only three. The one exothermic
and two endothermic peaks of the DSC profiles, in Fig. 3, corre-
spond to the three hydrogen desorption steps in reactions (1), (2),
and (3), respectively. The resulting peak temperatures, measured
in Fig. 3(a), are quite small compared to that of pure and catalyzed
Li alanate documented in the previous reports [18,23,29,38]. The
TG curve in Fig. 3(a) presents a signal of an obvious weight loss of
about 6.91 wt.% in a desorption temperature range between 85 ◦C
and 188 ◦C. These results are in good agreement with that obtained
from the determined dehydriding capacity of the 2 mol% additions
in Fig. 1. Fig. 3(a) indicates that the dehydrogenation begins at 85 ◦C

and about 5 wt.% H2 is released with the temperature going up to
138 ◦C. The time interval is only 12 min. Thereby, the dehydrogena-
tion is very rapid under moderate temperature. The DSC curves are
analyzed by the NETZSCH thermal analysis software. First, the onset
and end temperatures of the peak are determined. Then, the peak
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Fig. 3. TG/DSC profiles of LiAlH4 +2 mol% TiC within the temperature range of

rea is calculated by using the linear approach from the onset tem-
erature to the end temperature by the DSC software. From the
eak areas, the decomposition enthalpies of undoped and doped
ample are determined. For the as-received sample, the reaction
nthalpies of first two decompositions are −10.3 ± 0.05 kJ/mol and
.7 ± 0.07 kJ/mol, respectively. Table 1 compares the desorption
nthalpies determined in the present work to those of previously
eported ones. The desorption enthalpies of the doped samples, for
he first and second stages, are determined to be −2.5 ± 0.09 kJ/mol
nd 4.7 ± 0.16 kJ/mol, respectively. These values indicate that the
ehydrogenation enthalpy for exothermic reaction increases and

or endothermic reaction decreases compared with that of pure
iAlH4 [39–41], which verifies the destabilization of LiAlH4 by TiC
anoparticles. Hence, the improved dehydriding properties of the
oped alanate can be attributed to a favorable thermodynamic
odification, namely the change of enthalpy here.

able 1
ctivation energies and decomposition enthalpies of pure LiAlH4.

Parameter Way of determination

Activation energy
(kJ/mol)

Kissinger method
Isothermal
Desorption curve fitting
Kissinger method
Kissinger method
Kissinger method
Isothermal

Decomposition
enthalpy (kJ/mol)

Experimental
Theoretical
Experimental
Experimental
00 ◦C at the heating rates of (a) 4 ◦C min−1, (b) 7 ◦C min−1, and (c) 10 ◦C min−1.

By performing the Kissinger’s analysis [42], i.e., an analysis of
the sensitivity of the peak positions, in terms of T, the temperature
of the peak maximum, to the applied heating rate, ˇ, the apparent
activation energy, EA, can be obtained from the equation

d ln(ˇ/T2)
d(1/T)

= −EA

R
(4)

The apparent activation energy EA can be estimated from the
slope of the plot of ln(ˇ/T2) vs. 1000/T. The calculated apparent acti-
vation energies, EA, for the first, second, and third decomposition
steps for the pure alanate are 86 kJ/mol, 101 kJ/mol, and 138 kJ/mol,

respectively. It is evident in Table 1 that the value of activation
energy for first stage obtained in our work compares very well with
that reported by Andreasen [38,43]. For second stage, our present
value of 101 kJ/mol compares favorably with nearly all the liter-
ature reported values except 153 kJ/mol in [44] and 86 kJ/mol in

First Stage Second Stage References

122 153 [44]
99.6 100 [45]
82 90 [43]

115 86 [39]
86 101 This work
81 108 [38]

111 100 [46]

−14 15 [39]
9.79 15.72 [41]

−10 – [40]
−10.3 9.7 This work
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geometry of the particles and the different driving forces. Table 2
summarizes the most commonly used rate equations where ˛ is
the transformed fraction in time t with the reaction constant k. All
the models, listed in Table 2, have been examined for the mea-
ig. 4. Isothermal dehydrogenation kinetics of (A) as-received LiAlH4 at 115 ◦C and
he LiAlH4 + 2 mol% TiC at (B) 100 ◦C, (C) 115 ◦C, and (D) 125 ◦C.

39,44]. The derived apparent activation energies, EA, for the doped
amples for the first, second, and third decomposition reactions
re 59 kJ/mol, 70 kJ/mol, and 99 kJ/mol, respectively. These val-
es are slightly higher than that reported for LiAlH4 doped with
iCl3·1/3AlCl3 [23] and carbon nanofibre (CNF) [30] but smaller
han that reported for NbF5 and Ti-doped LiAlH4 [29,38]. Andreasen
38] have shown that the doping of TiCl3 to LiAlH4 exhibits no vari-
tion in the apparent activation energy of undoped Li alanate. On
he contrary, TiC has displayed a significant effect on the decompo-
ition kinetics of Li alanate. This discrepancy between TiC and TiCl3
ay be attributed to the difference in their catalytic mechanisms.
The isothermal dehydrogenation kinetic curves of composite

aterials based on lithium aluminium hydride ball-milled with
mol% nano TiC powder, at different temperatures, are shown

n Fig. 4. For comparison the dehydrogenation kinetics of pure
iAlH4, decomposed at 115 ◦C, is also included. The dehydriding
ates of the doped sample increase noticeably with increasing
he dehydriding temperature. Within 2 h, the dehydriding capaci-
ies of the LiAlH4/TiC composite at 100 ◦C, 115 ◦C, and 125 ◦C are
.6 wt.%, 6.05 wt.%, and 6.6 wt.%, respectively. It is evident that

ristine LiAlH4 exhibits the poor kinetics. The dehydrogenation
inetics improves considerably by the addition of titanium carbide
anopowder. The TiC-doped sample shows an average dehydriding
ate 7–8 times faster than that of neat LiAlH4.

able 2
inetic models examined for the isothermal dehydrogenation curves of TiC-doped
iAlH4 at 100 ◦C, 115 ◦C and 125 ◦C.

Symbol Reaction model description Integral f(˛) form

D1 1D diffusion ˛2

D2 2D diffusion ˛ + (1 − ˛) ln(1 − ˛)
D3 Jander equation for 3D diffusion [1 − (1 − ˛)1/3]2

D4 3D diffusion (Ginstling–Braunshtein
equation)

(1 − 2˛/3) − (1 − ˛)2/3

F1 Mampel unimolecular law −ln(1 − ˛)
R2 2D growth with constant interface

velocity
1 − ln(1 − ˛)1/2

R3 3D growth with constant interface
velocity

1 − ln(1 − ˛)1/3

A1 Branching nuclei: Prout Tompkins
equation

ln[˛/1 − ˛]

A2 Avarami–Erofeev (2D growth of
existing nuclei with constant interface
velocity)

[−ln(1 − ˛)]1/2

A3 Avarami–Erofeev (3D growth of
existing nuclei with constant interface
velocity)

[−ln(1 − ˛)]1/3
Compounds 508 (2010) 119–128 123

Decomposition reactions can be complex, with a number of dif-
ferent parameters influencing the kinetics (e.g., grain boundaries,
defects, surface area, nucleation sites, and thermal conductivity).
Generally, a single mechanism dominates, and this rate-limiting
step can be determined from isothermal decomposition experi-
ments. Many solid-state reaction mechanism models have been
proposed including the diffusion, the geometrical contraction, the
nucleation, and the reaction order models based on the different
Fig. 5. The curves of different kinetic models applied to the isothermal dehydro-
genation of LiAlH4 + 2 mol% TiC at (a) 100 ◦C, (b) 115 ◦C, and (c) 125 ◦C. Illustration
of kinetic models is given in Table 2.
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vent TiC from reacting with LiAlH4 to create any reaction products.
Therefore, it is believed that TiC nanoparticles exist as stable and
separate entities, and catalytically ameliorate the dehydrogenation
performance of Li alanate.
ig. 6. X-ray diffraction spectra for (a) as-received LiAlH4, (b) TiC nanopowder, (c)
iAlH4 + 3 mol% TiC after ball-milling, and (d) LiAlH4 + 5 mol% TiC after ball-milling.

urements achieved at 100 ◦C, 115 ◦C, and 125 ◦C. The results are
resented in Fig. 5. In Fig. 5(a), the best correlation coefficient value
R2 > 0.99) corresponds to the Mampel unimolecular law. There-
ore, the desorption at 100 ◦C follows the Mampel unimolecular
aw formulated through random nucleation. In this approach, two-
imensional growth of randomly placed product nuclei in the form
f edge-shaped planar circular discs proceeds simultaneously with
he uncovering of surface gaseous species by desorption [47]. How-
ver, Fig. 5(b and c) clearly indicates that different mechanisms
re controlling the rates at different temperatures of desorption.
t higher desorption temperatures, the diffusion rate limitations
redominate over random nucleation. It is evident in Fig. 5(b and c)
hat the hydrogen desorption at 115 ◦C and 125 ◦C correlates closely
o the Avarami–Erofeev models represented by A3 and A2, respec-
ively. These models involve two or three-dimensional growth with
onstant interface velocity.

Fig. 6 represents the powder X-ray diffraction patterns of as-
eceived Li alanate, nano-sized TiC, and the Li alanate doped with
mol% and 5 mol% TiC nanopowders. The crystallite size is cal-
ulated by the Scherrer equation [ˇ = �/(B cos �), where ˇ is the
rystallite size, � is the X-ray wavelength, and B is the full width
t half maximum (FWHM)]. The FWHM values are corrected for
nstrumental broadening using warren’s correction B2 = Bt

2 − Bi
2,

here Bt is the total broadening and Bi is the instrumental broaden-
ng. The Instrumental broadening is determined using the strongest
eak from the XRD pattern of a silicon reference. The average crys-
allite size of as-received TiC is found to be 18 nm. In comparing the
RD profiles of pure and doped LiAlH4, significant changes such as
ecrease in the relative intensities and increase in the full width at
alf maximum (FWHM) of XRD peaks corresponding to LiAlH4 are
bserved. This phenomenon suggests the reduction of the average
rystallite size of coarse LiAlH4 matrix and the formation of large
umber of defects in the ball-milled composite. Some new weak
eaks corresponding to Al phase appear in the XRD profiles of the
oped samples. It is believed that the formation of Al is due to the
rst step decomposition reaction of LiAlH4 during the ball-milling
rocess, not the reaction of LiAlH4 and TiC, because the diffrac-
ion peaks of any other reaction products are invisible. The absence

f the diffraction peaks of the corresponding decomposition prod-
ct Li3AlH6 is probably due to its small amount and weak X-ray
cattering intensity.
Fig. 7. Rehydrogenation (at 165 ◦C under 9.5 MPa) and subsequent dehydrogenation
(at 165 ◦C) curves of LiAlH4 doped with 1 mol%, 2 mol%, 3 mol%, 4 mol%, and 5 mol%
TiC.

The diffractogramms of all the doped samples exhibit peaks at
35.9◦, 41.7◦, 60.4◦, 72.3◦, and 76.2◦ corresponding, respectively,
to the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) reflections of f.c.c.
TiC. This observation is rather curious since it is known that the
existence of well-defined catalyst bearing phases, at low temper-
atures through X-ray diffraction, has not clearly been observed
in TiF3, NiCl2, and NbF5 doped LiAlH4 systems [18,28,29]. How-
ever, the existence of catalyst bearing phases in the XRD spectra of
sodium aluminum hydride catalyzed with TiC and TiN has already
been proven [34,35]. In our investigation, the presence of X-ray
diffraction peaks from TiC suggests that the TiC nanocrystalline par-
ticles/clusters are present with the LiAlH4 matrix. Moreover, TiC is
extremely hard and brittle, and it is thermodynamically more stable
compound with a high Ti–C bonding strength. These features pre-
Fig. 8. X-ray diffraction spectra for (a) LiAlH4 + 3 mol% TiC after ball-milling, (b)
LiAlH4 + 3 mol% TiC after first dehydrogenation at 125 ◦C for 3 h, (c) LiAlH4 + 3 mol%
TiC after first rehydrogenation, and (d) LiAlH4 + 5 mol% TiC after first rehydrogena-
tion.
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ig. 9. Field emission scanning electron microscopy (FESEM) images of (a) as-rec
iAlH4 + 5 mol% TiC after ball-milling, (e and f) LiAlH4 + 3 mol% TiC after ball-milling
Another important aspect of the hydrogen storage on alanates
s the reversibility. It should be pointed out that the experiments
arried out so far regarding the rehydrogenation of the Li alanate
ave not been quite successful [18,29]. After several trial runs of
ehydrogenation experiments, it has been found that TiC:LiH:Al
LiAlH4, (b) nano-sized TiC powder, (c) LiAlH4 + 3 mol% TiC after ball-milling, (d)
ferent magnifications, and (g) LiAlH4 + 3 mol% TiC after first dehydrogenation.
residues exhibit the rehydrogenation in the temperature range of
165–190 ◦C, and under a pressure of 9.5 MPa. Fig. 7 brings out the
results of rehydrogenation followed by the subsequent desorption
at 165 ◦C. After complete dehydrogenation of first two reactions,
the samples have been rehydrogenated at 165 ◦C under 9.5 MPa.
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Fig. 10. Energy dispersive spectroscopy (EDS) results of (a) LiAlH4 + 3 mol% TiC
before dehydrogenation (area circled in Fig. 9(e and f)) and (b) LiAlH4 + 3 mol% TiC
after dehydrogenation (area circled in Fig. 9(g)).
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he maximum rehydriding capacity is 1.9 wt.% for 5 mol% dopant.
he amount of hydrogen absorption increases with an increase of
he doping amount.

Fig. 8 shows the XRD patterns of the dehydrogenated and rehy-
rogenated samples. The weak diffraction peak of Li3AlH6 in the
iffractogram b suggests that only small amount of Li3AlH6 is
emained after dehydrogenation at 125 ◦C. The diffractograms c and
present the XRD profiles of the rehydrogenated samples follow-

ng the rehydrogenation. The reduction in the intensity of Al/LiH
eaks and the appearance of some new additional peaks of Li3AlH6

ndicate that reaction (2) is partially reversible.
The FESEM images of as-received LiAlH4, nano-sized TiC pow-

er, and the ball-milled samples of LiAlH4 doped with 3 and 5 mol%
iC nanopowders are shown in Fig. 9. As it can be seen, the sample
f pure LiAlH4 consists of large irregular shaped particles of up to
40 �m extent. Fig. 9(c–f) exhibit representative FESEM pictures
f the LiAlH4 mechanically ball-milled with 3 mol% and 5 mol% of
ano-sized TiC. Fig. 9(g) brings out the microstructural features of
he doped material after complete dehydrogenation. The sample
onsists of segregated Al and LiH along with a porous surface matrix
aused by the hydrogen release from the host structure. A compar-
son of Fig. 9(a) with Fig. 9(c–f) brings out two features. Firstly,
he initial particles break into smaller particles of the sizes up to
bout one-fourth of the starting sample as also observed from the
RD profiles of the doped alanate. Secondly, the ball-milled parti-
les show disordered surface features. This is vividly discernible
n Fig. 9(e and f). Two important mechanical properties of TiC,

hich are relevant here, are its high hardness and the strength as
ypified by the Young’s modulus of ∼0.5 TPa. Thus, the TiC nanopar-
icles will act like grinding agent for the comparatively soft LiAlH4

atrix. Wang et al. [48] have also shown that graphite acts as a
icro-grinding agent through the formation of carbide species. Due

o the rigorous ball-milling, the Ti carbide particles will undergo
epeated collisions with LiAlH4 matrix. Because of the nanosize and
trength, the carbide particles may penetrate in alanate matrix. It
s clear in Fig. 9(e and f) that the boundary division between cata-
yst and matrix becomes inconspicuous. After penetration, the TiC
anoparticles will produce deformed surface regions around them
xhibiting many surface defects. The surface features as typified
y the FESEM pictures, shown in Fig. 9(e and f), tallies with this
nvisaged scenario.

Fig. 10 shows the surface EDS spectra of TiC-doped LiAlH4 com-
osite before and after dehydrogenation. The EDS results of area
ircled in Fig. 9(e–g) confirm that the particle consists of Ti, C, Al
nd O. The exact quantitative analysis is not available owing to the
ifficulty in Li detection and the possible oxidation of the sample in
he handling of sample preparation. However, the statistical anal-
sis of EDS measurements over many places demonstrate that the
ariation of Ti contents is rather small, and the amount of Al con-
ents is much higher than that of Ti contents at all the places of

easurements.
IR spectroscopy has also been performed to study the influ-

nce of titanium carbide on LiAlH4 vibrational spectrum. Active
nfrared vibrations of the Al–H bond of LiAlH4 are found in two
egions [39]: Al–H stretching modes (1760 cm−1 and 1610 cm−1)
nd Li–Al–H bending modes (900 cm−1 and 830 cm−1). With regard
o Li3AlH6, it also exhibits two regions of active infrared vibra-
ion: Al–H stretching modes (1386 cm−1 and 1276 cm−1) and
i–Al–H bending modes (1000 cm−1, 950 cm−1, and 850 cm−1).
ig. 11(a) shows the FTIR spectra of as-received LiAlH4. The bands
ith stretching modes are observed at 1770 cm−1 and 1610 cm−1,

hile the bands with bending modes are found at 827 cm−1 and

00 cm−1. With doping, all the four bands are still of LiAlH4 and
o band of Li3AlH6 is visible. However, in doped alanate, the Al–H
tretching modes are shifted to higher frequencies (15 cm−1). This
hift may be attributed to the strain effects on the Al–H bond

Fig. 11. FTIR spectra of as-received LiAlH4 (a) and 2 mol% TiC-doped LiAlH4 after
ball-milling (b).
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Fig. 12. (a) XPS survey spectrum of TiC-doped LiAlH

aused by the high pressures reached during the milling process
49].

Fig. 12 displays the XPS complete survey and narrow scan spec-
ra of the ball-milled TiC-doped alanate sample. It is evident that
he sample is consisted primarily of five elements, Li, Al. Ti, C and O.
ig. 12(a) shows the photoemission spectrum of Li1s, which occurs
t about 54.95 eV. The binding energy of Li1s in LiCl lies in the range
f 55.80–56.20 eV, which suggests that Li1s may correspond to the

iAlH4 [50]. This result further testifies the absence of any reaction
roduct during the ball-milling process. Two Al2p and Al2s peaks,

ocated at 75.5 eV and 119.7 eV, are close to the Al peaks in LiAlH4
t 75.6 eV and 199.90 eV [50]. The C1s and Ti2p XPS signals, corre-
pond to the C and Ti in TiC, [50] present two doublets (Fig. 12(d
–(e) Narrow scan XPS spectra of TiC-doped sample.

and e)). Ti2P is composed of Ti2p3/2 and Ti2p1/2 with the binding
energy of 454.7 eV and 460.6 eV, respectively. The C1s spectrum
exhibits two peaks at 281.8 eV and 285.6 eV, respectively.

From above analysis, it can be surmised that nano particle TiC
enhances the dehydriding/rehydriding performances of Li alanate
by acting as a surface catalyst. The high-energy ball-milling of
alanate with TiC nanopowder increases the surface defects and
grain boundaries by reducing the particle and crystallite size of

alanate. In the previous work by the authors [36], it is found that
hydrogen absorption has a direct correlation with the defects in the
nanostructures, and hydrogen desorption/absorption capability
increases with increase in the vacancy defects in the nanostruc-
tures. The small values of enthalpies, acquired in this work for
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he doped samples, may be attributed to the small grain size and
arge number of defects which can also upset the order in the
lanate crystal structure and enable hydrogen to desorb more eas-
ly. As the energies of both reactants and products change going
rom bulk materials to nano-sized particles, the reaction thermo-
ynamics will be affected by the size of the grains. Moreover, TiC
1 1 1} surface has been shown to be highly active for dissociative
dsorption of hydrogen at room temperature [51]. Therefore, the
dditive TiC can have greater affinity for hydrogen compared to
luminium, thus destabilizing the Al–H bond. This feature facili-
ates the transfer of hydrogen from catalyst and alanate interface
nd thereby improves the desorption kinetics during dehydrogena-
ion. Theoretical studies [52] also reveal dihydrogen binding and
elf-catalyzed hydrogenation for TiC nanocrystals. Ti atoms on the
urface of the nanocarbides are capable of the dissociating the H2 to
orm carbon hydrides. Therefore, during the rehydrogenation pro-
ess, hydrogen molecule is easily dissociated into active hydrogen
toms on the catalyst surface, which are transferred through the
ydrogen spillover provided by the TiC active species to react with
he LiH and Al to form Li3AlH6.

. Conclusions

The nano-sized TiC-doped Li alanate is shown to have greater
nd improved hydrogen performance in terms of storage capac-
ty, kinetics, and initial temperature of decomposition, over the
ndoped Li alanate. Out of the various samples corresponding to
iAlH4–x mol% TiC (x = 1, 2, 3, 4 and 5), it has been found that
he sample with x = 2 mol% is the optimum material, which shows
he highest desorption capacity leading to about 6.9 wt.% of H2 by
88 ◦C (heating rate 4 ◦C min−1). Addition of 2 mol% TiC nanopow-
er to lithium aluminum hydride results in the lowering of its
ecomposition temperature by 65 ◦C for the reaction (1) and about
0 ◦C for the reaction (2), respectively. Investigations reveal that the
pparent activation energy as well as the enthalpy of dehydrogena-
ion is considerably lowered by the addition of TiC nanopowder.
iAlH4 doped with 5 mol% doping exhibits the maximum rehydro-
enation capacity of 1.9 wt.% of hydrogen at 165 ◦C and 9.5 MPa.
RD, FESEM-EDS, FTIR, and XPS analyses show that nano TiC par-

icles act as surface catalyst and remain stable during the milling
rocess. Furthermore, it is believed that the addition of hard and
rittle nano TiC to lithium aluminium hydrid increases the surface
efects and grain boundaries by reducing the particle size, creating

arger surface area for hydrogen to interact, thereby increasing the
ydrogen capacity and decreasing the temperature for decomposi-
ion.
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