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Abstract: TiC-doped NaAlH, complex hydrides were prepared by hydrogenation of ball-milled NaH/Al mixture with x TiC powder
(x =0, 5%, 8%, 10%, mole fraction). The effects of TiC catalyst content on the absorption/desorption behaviors of the samples were
investigated. The results show that TiC can improve the hydriding/dehydriding kinetics of sodium aluminum hydride, the hydriding
rate of the sample increases with increasing TiC content. It is found that the TiC-doped NaAlH4 composites have a relatively good
cyclic stability. The composite doped with 10% TiC maintains steadily about 4.5% (mass fraction) hydrogen absorption capacity as
against about 3.8% (mass fraction) hydrogen desorption capacity over 8 cycles. The particle sizes of the TiC-doped NaAlH,
composites can be reduced to 50-100 nm, which may play an important role in improving the hydriding/dehydriding kinetics.
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1 Introduction

Regarding the use of hydrogen as fuel for the
zero-emission vehicle, one of the main issues to be
solved is the storage of hydrogen. After the first
stimulating ~ work by = BOGDANOVIC and
SCHWICKARDI [1], which showed reversible hydrogen
storage behavior in the Ti-doped sodium alanate,
attempts have been made to develop and modify
hydrogen desorption/absorption in terms of its kinetics,
reversibility and capacity. Unlike traditional intermetallic
hydrides, NaAlH, releases hydrogen through a series of
decomposition reaction described in the following two
equations:

3NaAlH, == Nas;AlH, + 2Al + 3H, (1)
Na;AlHg = 3NaH + Al + 1.5H, (2)

The two combined reactions give a theoretical
reversible hydrogen storage capacity of 5.6% (mass
fraction). Although many investigations have been
focused on the sodium alanate, there is still much room
for improving both hydriding/dehydriding kinetics and
the less than theoretical reversible capacities.

Heretofore, the most widely used dopants are Ti
halides [2—8], although Ti halides significantly improve
the hydrogen hydriding/dehydriding kinetics of NaAlH,,
their addition will reduce the reversible hydrogen storage
capacity of NaAlH4 due to the formation of Na halide as
the reaction byproducts between NaH and/or NaAlH,
with Ti halides [2, 7, 9—11]. Because of this, the current
state-of-the-art hydrogen storage capacity of NaAlH, is
only about 4.0% (mass fraction) [12—14], much less than
the theoretical capacity (5.6%). Therefore, there are
persistent efforts to find new effective catalysts that
enhance the hydriding/dehydriding kinetics while
maintaining its high hydrogen capacity. WANG and
JENSEN [15] prepared the Ti-doped NaAlH, by
ball-milling in hydrogen atmosphere with off-the-shelf
Ti powder, and got about 3.3% restored hydrogen
capacity. SUTTISAWAT et al [16] and LEE et al [17]
investigated NaAlH, catalyzed TiO,, which showed a
good catalytic effect, and got hydrogen storage capacities
of 3.5% and 4.3%, respectively. LEE et al [17] showed
that TiO, remained stable in the hydrogen
desorption/absorption process. It is believed that TiO, do
not react with NaH or/and NaAlH,. In our previous
works, we found that doping with 5% (mole fraction)
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TiC can reduce the decomposition temperature and
enhance the dehydriding kinetics of NaAlH,; complex
hydride [18]. In this work, we prepared the TiC-doped
NaAlH; complex hydrides by hydrogenating the
ball-milled NaH/Al+xTiC composites (x=0, 5%, 8%,
10%, mole fraction), and investigated the effects of TiC
catalyst content on the improved absorption/desorption
behaviors and microstructures of NaAlH, system.

2 Experimental

The starting materials were NaH powders (95%,
<74 pum), Al powders (99%, <154 um), TiC powders
(99%, <4 pm), which were purchased from Sigma-
Aldrich Corp.), and all were used as-received. The
powder mixtures of NaH + Al + TiC in a molar ratio of
L:1: x (x =0, 5, 8%, 10%) were mechanically milled for
48 h by planetary milling at 300 r/min. Steel balls were
added at a mass ratio of 30:1 (masses of balls and
samples were approximately 90 and 3 g, respectively).
The milling was performed under a hydrogen atmosphere,
with initial pressure of 0.6 MPa. All operations were
performed in an Ar-filled glove box, in which the H,O
and O, levels were below 1 x107°,

Hydrogen absorption/desorption behaviors of the
samples were monitored with a carefully calibrated
Sievert’s apparatus. A typical cycling experiment
entailed hydrogenation at 120 °C under an initial
hydrogen pressure of 12 MPa and dehydrogenation at
155 °C against 0.1 MPa, respectively. The sample was
dehydrided at 155 °C and 0.1 MPa for 40 h before
hydriding every time, it was
completely dehydrogenated for testing in next hydriding/

to make sure that

dehydriding cycle. To minimize the oxygen/moisture
contamination, the super pure hydrogen gas (99.9999%)
was adopted. Hydrogen capacity was determined with
respect to the total mass of sample including the TiC
catalyst.

The crystal structures of as-prepared samples were
characterized by X-ray diffraction (XRD) using a
diffractometer (ARL X’TRA, Thermo Electron Corp.)
with Cu K, radiation. To prevent the reaction with
oxygen/moisture during XRD examination, the specimen
was covered with a special plastic tape layer, which has a
negligible effect on diffraction patterns. The data were
collected in the range between 28° and 90° in steps of
0.02°. Scanning electron microscopy (SEM, Hitachi
S—4800) was used to study the morphology and
microstructure of the samples. Due to the high affinity of
the samples to oxygen/moisture, the sample preparation
and transfer from the inert gas box to the vacuum
chamber were carried out under argon.

3 Results and discussion

3.1 Absorption/desorption behaviors

Figure 1 shows the hydriding curves and hydriding
rate of the ball-milled NaH/Al composites doped with x
TiC (x =0, 5%, 8%, 10%, mole fraction, the same below
if not mentioned) at 120 °C and the initial hydrogen
pressure of 12 MPa. As seen from Fig. 1(a), the undoped
sample absorbs little hydrogen of 0.43% (mass fraction)
in 9 h. However, doping with 5%-10%, TiC causes a
remarkable improvement in the hydriding kinetics of the
composite, indicating that TiC surely enhances the
hydrogenation process of Na and Al. It can be seen from
Fig. 1(b) that, the more TiC is doped in the sample, the
higher hydriding rate measured in the first 2 h is got. The
10% TiC-doped composite exhibits the most rapid
hydriding rate of 1.406% (mass fraction). It is also found
that, after about 5.5 h and 7.5 h, the hydrogen absorbed
amounts of 5% and 8% TiC-doped composites exceed
that of the 10% TiC-doped composite. This is
because though TiC can improve the hydriding kinetics
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Fig. 1 Hydriding curves (a) and average hydriding rates in the
first 2 h (b) for ball-milled NaH/Al composites doped with
xTiC (x = 0, 5%, 8%, 10%) at 120 °C and 12 MPa hydrogen
pressure
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of sodium aluminum hydride, it is at the expense of
hydrogen absorption capacity of the system. Since
hydrogen absorption capacity is determined with respect
to the total mass of the sample including the TiC
catalysts, the theoretical effective hydrogen absorption
capacity of the sample system decreases as the TiC
content increases.

Figure 2 presents the dehydriding curves and
average dehydriding rates measured in the first 0.5 h of
hydrided NaH/Al composites doped with xTiC (x=0, 5%,
8%, 10%) at 155 °C. It can be seen that, the undoped
composite only releases about 0.3% H, (mass fraction) in
8 h. As x increases from 0 to 8%, the dehydriding rate
and hydrogen desorption capacity increase gradually. In
the first 0.5 h, the composites doped with 5% and 8%
TiC desorbed about 1.55% and 2.31% H, (mass fraction),
respectively. Yet, the difference between samples with
8% TiC and 10% TiC is limited.
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Fig. 2 Dehydriding curves (a) and average dehydriding rates
measured in the first 0.5 h (b) for hydrided NaH/Al composites
doped with xTiC (x = 0, 5%, 8%, 10%) at 155 °C and 0.1 MPa

In order to clarify the change of reversible hydrogen
storage capacity and kinetics upon further hydriding-
dehydriding cycles, a cycling test was carried out using

the sample doped with 10% TiC. The hydrogen
absorption of the composite was performed at 120 °C
with an initial hydrogen pressure of 12 MPa (see Fig. 3).
Figure 3(a) shows the cycling hydriding curves of the
NaH/Al+10%TiC composite. It is found that the
composite gets the highest hydrogen absorption capacity
and the fastest hydriding rate in the first cycle, which can
absorb about 4.0% (mass fraction) hydrogen after 3 h
and 4.6% (mass fraction) hydrogen after 9 h. This
indicates that TiC-doped NaH/Al composite does not
have to be activated by a cycling procedure to achieve a
high reversible and optimum kinetics, which is quite
similar to NaAlH, doped with other catalysts [19-21].
The hydrogen absorption capacities and hydriding
kinetics in the following cycles are very close; however,
all of these deteriorate compared with those in the first
cycle. Figure3(b) presents the hydrogen capacities within
9 h. It can be seen that the composite absorbs about 4.6%
(mass fraction) hydrogen in the first cycle. In the
following cycles, its hydrogen absorption capacities
maintain about 4.5% (mass fraction) steadily, and there
is no significant change in the absorption behavior.
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Fig. 3 Cycling hydriding curves (a) and hydrogen absorbed
capacities (b) of NaH/Al composite doped with 10% TiC at
120 °C and 12 MPa of hydrogen pressure
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The cycling dehydriding curves of hydrided NaH/Al
composite doped with 10% TiC are shown in Fig. 4. The
dehydriding behaviors of the hydrided composite were
measured at 155 °C and 0.1 MPa. Before
dehydrogenation each time, the sample was first
hydrided at 120 °C for 10 h with an initial hydrogen
pressure of 12 MPa. As seen from Fig. 4(a), the
dehydriding kinetics of TiC-doped NaAlH, in different
cycles is very similar. The amount of hydrogen desorbed
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Fig. 4 Cycling dehydriding curves for 8 h (a), hydrogen
desorbed capacities (b) and cycling dehydriding for 40 h (c) of
hydrided NaH/Al composite doped with 10% TiC at 155 °C
and 0.1 MPa

after 8 h in different cycles maintains about 3.8% (mass
fraction) steadily (Fig. 4(b)). Moreover, the desorption
capacity can be a maximum value of about 4.5% (mass
fraction) after 40 h (Fig. 4(c)), which agrees well with
the desorption capacity obtained in Fig. 3(b).

3.2 Microstructures

Figure 5 presents the XRD patterns of the NaH/Al
composite doped with 10% TiC in different
hydrogenation stages. Na;AlH, diffraction peaks can be
observed in the ball-milled sample before the first
hydrogenation; however, its main phases are still Al and
NaH. After the first hydrogenation, the main phase of the
sample turns to NaAlH,, yet a few phases of NazAlHg
and Al can still be found, which suggests that the
hydrogenation reaction is incomplete. In the XRD
pattern of the sample after dehydriding for 8 h, the
NaAlH, phase disappears, while residual Na;AlHg can be
observed. This indicates that neither hydrogenation
reaction nor dehydrogenation reaction is complete, which
is in line with result reported by BOGDANOVIC et al
[22] and can explain why the hydrogen absorption
capacity is less than theoretical capacity, and its
hydrogen desorption capacity is less than hydrogen
absorption value. The mechanism for the incomplete
hydrogenation and dehydrogenation
uncertain. It may be due to an inhomogeneous
distribution of the catalysts or impurity effects [23].
From Fig. 5, we also find that the peaks of the
ball-milled composite before the first hydrogenation are
much broader than those of the sample after
dehydrogenation of the first cycle, indicating that the
crystal grain of the composite grows quickly during the
first hydriding-dehydriding cycle. However, the
patterns of the sample after dehydrogenation in different
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Fig. S XRD patterns of ball-milled NaH/Al composite doped
with 10% TiC: (a) Before the first hydrogenation; (b) After
hydrogenation of the first cycle; (c) After dehydrogenation of
the first cycle at 155 °C; (d) After dehydrogenation of the 7th
cycle at 155 °C
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cycles are quite similar, as shown in Figs. 5(c) and (d). It
has been proved that the bulk diffusion of Al species is
the rate-limiting step in the dehydrogenation of Ti-doped
NaAlH, [24], grain boundaries may accelerate the
diffusing, thus cause the difference of hydriding kinetics
between the first cycle and the following cycles. Because
TiC powders are thermodynamically more stable than
alkali hydride in the hydrogenation/dehydrogenation
processes, they are not reduced and kept in its initial
phase. So it does not produce the “dead mass” of
byproduct such as Na halides, and the sodium alanate
system can maintain relatively high hydrogen storage
capacities. It is believed that TiC is stable in the whole
process of hydrogenation/dehydrogenation, and may
serve as a surface catalyst affecting the
hydriding/dehydriding reactions, such as other catalysts
[25-26].

The SEM micrographs of the NaH/Al mixture
doped with 10% TiC at different stages are shown in
Fig. 6. The initial sodium hydride particles exhibit strip
of typically 30 um in size, while aluminium particles are

Fig. 6 SEM images of NaH/Al mixture doped with 10% TiC: (a)
Before ball-milling; (b) After ball-milling; (c) After the first
dehydrogenation at 155 °C for 8 h

irregular with size in the range of 10-20 um (Fig. 6(a)).
The particle size and morphology of the samples after the
ball-milling and the first dehydrogenation are shown in
Figs. 6(b) and (c). After ball-milling, the composite
particles become much finer and exhibit spherical form,
with size ranging from about 50 nm to over 100 nm.
However, due to the resolution limit of SEM, it is hard to
conclude that these nano-particles are made of one
crystal or several smaller nanocrystal. It has been proved
that the particle size will affect the hydriding/
dehydriding kinetics greatly [27—-29]. This may play a
partial role in improving the hydriding/dehydriding
kinetics of the present NaAlH, system. After the first
dehydrogenation, some larger particles can be observed,
presumably formed by agglomeration of very small
primary particles. Moreover, it is believed that if the
particle size of the catalyst is reduced to below several
nanometers, the catalysis can be greatly improved [17].
Such further investigation on the nano-TiC catalyst is
necessary.

4 Conclusions

1) The effects of TiC catalyst content on the
absorption/desorption behaviors of the ball-milled
NaH/Al composites doped with x TiC powder (x = 0, 5%,
8%, 10%) were investigated.

2) TiC can improve the hydriding/dehydriding
kinetics of sodium aluminum hydride, and the hydriding
rate of the sample increases with increasing TiC content.

3) The composite doped with 10% TiC has a
hydrogen absorption capacity of 4.6% (mass fraction)
after 9 h at 120 °C in the first cycle, and a relatively good
cycling stability, maintaining above 4.5% (mass fraction)
hydrogen cycling storage capacity.

4) The particle sizes of the TiC-doped composites
can be reduced to 50—100 nm by dry ball-milling, which
may play a partial role in improving the
hydriding/dehydriding kinetics.
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