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Abstract Nanocrystalline Na,LiAlHg was directly syn-
thesized by mechanical milling 2NaH/LiH/Al mixture with
TiF; catalyst under hydrogen pressure of 3.0 MPa. The
synthesized Na,LiAlHg exhibits a dehydriding capacity of
3.09 wt% in the first cycle, which is higher than that of
Na3AlHg. Because of the complexity of mass transfer, the
rehydrogenation process of the dehydrided Na,LiAlHg is
more intricate than that of the dehydrided sodium alanate,
causing the formation of NajAlHg and the reduction of
rehydriding capacity in the following cycles. As tempera-
ture increases from 70 to 120 °C, hydrogen absorption
kinetics is extremely enhanced. The dehydrided material
can reabsorb 80% of the reversible hydrogen capacity
within 5 min when the temperature is above 100 °C with
an initial hydrogen pressure of 4 MPa. The scanning
electron microscopy and energy dispersive X-ray spec-
troscopy show that the as-synthesized Na,LiAlHg along
with the catalyst form a much homogeneous composite
with a spherical particle size of 200 nm-2 pm.

Introduction

Onboard hydrogen storage has been recognized as one of
several scientific challenges in promoting the hydrogen
fuel cell-powered vehicle. Several solid-state storage media
have been proposed, for example Mg-based hydrides [1-4],
metal organic frameworks [1, 5], amides/imides [6, 7],
and complex aluminum hydrides [7-10]. As potential
solid-state hydrogen storage materials, complex aluminum
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hydrides have offered good perspectives due to their high
hydrogen content and relatively low decomposition tem-
peratures, since it was found that some transition metal
halides (such as TiCl; and CeCl;) can considerably lower
kinetic barriers for both hydriding and dehydriding [8, 11].
Of the light representative of complex aluminum hydrides,
sodium alanate with Ti-based additives has been system-
atically studied [12-18].

Sodium alanate can give a theoretical reversible
hydrogen storage capacity of 5.6 wt% through the fol-
lowing two steps:

3NaAlH4 = NaszAlHg + 2Al + 3H, (1)
NazAlHg¢ = 3NaH + Al + 1.5H,. (2)

Recent investigation showed that the transition of NaH/
Al to NazAlHg was the main block during the rehydroge-
nation of the NaH/Al mixture to NaAIH, [19]. With the full
understanding of the behaviors of this hydrogenation pro-
cess, we may develop methods to further improve the
kinetics of hydrogenation. Moreover, it is known that if
some Na™ is substituted by Li* in sodium alanate, the
hydrogen storage capacity will be further improved [20]. So
it is of importance to examine the preparation and hydrogen
storage characteristics of the intermediate state such as
NaszAlHg, Na,Liz_,AlHs (0 < x < 3). Thus, we chose
Na,LiAlHg as a representative specimen, and investigated
its preparation methods and hydrogen storage behaviors.

Earlier, Na,LiAlHg was synthesized using wet chemical
method at relatively high temperature under high hydrogen
pressure (usually under 30 MPa H, at 160 °C), and
required filtering, washing, and drying to get a purified
product [8, 21]. The whole process is quite intricate.
So, there is a need for a low temperature and pressure
preparation method which can give high yield without
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purification steps. Recently, preparation of Na,LiAlHg
in the solid state by ball-milling of NaH-LiH-NaAlH,,
NaH-LiAlH,; or NaAlH,-LiAlH; mixtures has been
described [22-28]. However, all of these methods involve
alanates such as NaAlH, and LiAlH,4, which are also not
easy to prepare.

Quite recently, Liu et al. [28] studied the mechanisms of
the hydrogen desorption performance of the Ti fluoride
catalyzed Na,LiAlHg, and stated that Ti and F play critical
roles in the dehydrogenation/hydrogenation process of the
Na,LiAlHg. Motivated by this, we performed a systematic
investigation on the direct synthesis of Na,LiAlH¢ by
2NaH/LiH/Al at the presence of TiFs. In this study, we
report that Na,LiAlH¢ could be directly synthesized by dry
mechanical milling 2NaH/LiH/Al with 4 mol% TiF; cata-
lyst at ambient temperature. The prepared sample can
reversibly absorb hydrogen at relatively low temperature
under low hydrogen pressure. Besides this, it shows that the
mass transfer is more complicated during the rehydroge-
nation process compared with that of dehydrided Na;AlH.

Experimental

The starting materials of NaH powder (95%, <74 pum), Al
powder (99%, <154 pm), LiH powder (98%), and TiF;
powder were all purchased from Sigma-Aldrich Corpora-
tion. The powder mixture of NaH + LiH + Al + TiFzina
molar ratio of 2:1:1:0.04 were mechanically milled by
Planetary mill at 300 rpm at ambient temperature. The
milling vial and balls were made of stainless steel, and the
weight ratio of balls to powder was 30:1. The milling was
performed under 3 MPa hydrogen pressure. All the oper-
ations were performed inside a glove box under continu-
ously purified argon atmosphere.

Hydrogen absorption/desorption behaviors were moni-
tored with a Sievert’s apparatus. The hydriding temperature
range was 60-120 °C with 4 MPa. The dehydriding tem-
perature range was 150-190 °C against 0.1 MPa. The
samples were characterized by X-ray diffraction (XRD,
ARL X’TRA, Thermo Electron Corp, CuK, radiation) and
Scanning electron microscopy (SEM, Hitachi S-4800)
equipped with an energy dispersive X-ray spectroscopy
analysis unit (EDS, EX350). The value of e-beam energy
used in SEM measurements is 25 kV. Special caution had
been taken to prevent the H,O/O, contamination during the
measurements.

Results and discussion

To investigate the phase transition during direct synthesis
of Na,LiAlHg, the XRD patterns of the 2NaH/LiH/

Al 4+ 4 mol% TiF; mixture milled for a period ranging
from 20 to 120 h and under 3 MPa hydrogen pressure are
presented in Fig. 1. It is observed that only traces of
Na,LiAlHg show up at the first 20 h milling time, while
NaH, LiH, and Al are still the dominating phases. As the
milling time extends, the Na,LiAlHg phase increases con-
tinuously. After 100-120 h milling time, the diffraction
peaks for NaH become almost undetectable, signifying the
reaction near completion. It should be noted that: LiH and
Al can hardly be distinguished in patterns because of the
similarity of their structures. In a comparative investiga-
tion, we failed to synthesize Na,LiAlHg from the 2NaH/
LiH/Al mixture without TiF; catalyst under an identical
milling condition. We believe that upon doing with TiF3
catalyst active Ti-species may be produced in the milling
process and play a critical role in the in situ hydrogenation.

The SEM and EDS results of the as-synthesized
Na,LiAlHg sample prepared by ball milling for 120 h
under 3 MPa hydrogen pressure are shown in Fig. 2. The
sample has a wide range of size: some smaller particles
have about 200 nm diameters, while some particles as large
as 2 pm are also present. In higher magnification of SEM,
we could see that most of these larger particles are formed
by agglomeration of the small ones. Three different areas
(labeled as A, B, and C) in Fig. 2a were characterized
with EDS and the results show no difference (Fig. 2c).
In addition, no phase contrast can be distinguished even in
higher magnification (Fig. 2b). All of these suggest that
after synthesis, the Ti and F containing species have been
highly dispersed in the host hydride. It is hard to detect
these species using the above XRD and SEM and EDS
techniques, which is quite consistent with the former
reported investigations [27-30]. By adding more TiF;
(10 mol%) into Na,LiAlHg systems, Nakamura et al. [30]
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Fig. 1 XRD patterns of 2NaH/LiH/Al + 4 mol% TiF; milled for
different milling time under 3 MPa hydrogen pressure
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Fig. 2 Scanning electron micrographs and EDS results of 2NaH/LiH/
Al 4+ 4 mol% TiF; milled for 120 h under 3 MPa hydrogen pressure

still did not find any traces of Ti after ball milling. After
several cycles, two types of Al-Ti phases were detected by
synchrotron radiation powder XRD. Quite recently, using
X-ray photoelectron spectroscopy analysis one of our
authors [28] observed that Ti cations could be reduced to
zero-valent Ti in the Na,LiAlHg doped with 20 wt% Ti
fluoride after ball milling. After several dehydrogenations
at 260 °C, the formation of Ti—Al clusters was detected.
However, due to the low concentration of TiFs; in the
system and the prolonged ball milling in this study, we

@ Springer

Fig. 3 Scanning electron micrographs of sample at different exper-
imental stages: a after the second hydrogenation; b after the ninth
dehydrogenation

could not detect the traces of effective catalyzing species.
Yet, by comparing the doped material and the undoped
mixture, we can basically reach the conclusion that Ti
species, probably in the form of atomic Ti or Ti—Al clus-
ters, account for the formation of Na,LiAlHg. Like in
NaAlIH, system, the Ti species may favor the mobility of
Al-bearing species [31] and lowers the activation energy
for the formation of Na,LiAlHs. However, for the undoped
system, there is no such catalysis, and nothing more than
milling could not give birth to Na,LiAlHg.

It is found that the hydrogenation—dehydrogenation
cycles can alter the morphology of the particles signifi-
cantly. Figure 3a shows electron micrograph taken after
hydrogenation of the second cycle. It shows that after a
hydrogenation—dehydrogenation cycle, the smallest parti-
cle size reaches about 500 nm, most of particles exhibit
spherical form. The larger particles still remain about
2 pm. After ninth cycle, morphology of the particles
changes greatly, presenting irregular form (Fig. 3b).

The dehydriding/rehydriding behaviors of the as-syn-
thesized Na,LiAlHg sample milled for 120 h have been
investigated. At 150 °C, no hydrogen is released from the
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Fig. 4 Dehydriding/hydriding curves of the sample: a cycling
dehydriding curves of the hydrided sample at 190 °C against
0.1 MPa pressure; b hydriding curves of the dehydrided sample at
different temperature under 4 MPa hydrogen pressure

as-synthesized Na,LiAlHg against 0.1 MPa pressure, indi-
cating that the hydrogen desorption plateau of Na,LiAlHg
is below 0.1 MPa at this temperature. At 190 °C, the
dehydrogenation of the as-synthesized Na,LiAlHg sample
is achieved, and its cycling dehydriding curves are pre-
sented in Fig. 4a. The results show that the sample releases
about 3.09 wt% H, at the first cycle within 4.5 h, which is
lower than the theoretical reversible capacity of 3.5 wt%.
However, if we take account of the alkali halide produced
by the reaction between Ti halide and alkali hydride or
alanate [32], the values fit well. The hydrogen desorption
capacities in the following cycles show an obvious
decrease compared with that in the first cycle. After that,
the value remains almost unchanged in the following
cycles. In the next four cycles, only about 0.1 wt% capacity
was reduced. This phenomenon may be related to the
complicated hydrogenation process, which causes the
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Fig. 5 XRD patterns of the sample containing 4 mol% TiF; at
different experimental stages: (a) after dehydrogenation of the first
cycle; (b) after hydrogenation of the second cycle; (c) after hydro-
genation of the eighth cycle; (d) after dehydrogenation of the ninth
cycle

sample not fully restored and is discussed in the following
paragraph. The dehydriding kinetics improve significantly
in the first three cycles, which means that TiF3-doped
Na,LiAlHg has to be activated by a cycling procedure to
achieve an optimum kinetics. As rehydriding temperature
increases from 60 to 120 °C, the hydriding rate is extre-
mely enhanced due to the improvement of dynamic reac-
tivity (Fig. 4b). In order to exclude the cycling effect on the
rehydrogenation, the rehydriding data shown are all col-
lected in the third cycle. It is found that the dehydrided
sample can absorb 80% of the reversible hydrogen capacity
at 100 °C within 5 min, and absorb 2.35 wt% hydrogen at
60 °C in 110 min.

To investigate the cause of the reduction of rehydriding
capacity after the first cycle, the XRD patterns of the
samples at different experimental stages are examined,
presented in Fig. 5. For dehydrogenation, the sample was
entailed on dehydriding at 190 °C for 5 h against 0.1 MPa.
While for hydrogenation, the sample was subjected to
hydriding at 120 °C for 5 h under an initial hydrogen
pressure of 4 MPa. In the XRD patterns of the dehydrided
samples, the diffraction peaks of Na,LiAlHg have disap-
peared (shown in Fig. 5a, d). However, in the XRD pat-
terns of the rehydrided samples, residual NaH, Al, and LiH
can be observed (shown in Fig. 5b, c). These results sug-
gest that the dehydrogenation reaction of the sample is
fully completed, while its rehydrogenation reaction is not.
Furthermore, some Na3zAlHg phase could also be observed
in the rehydrided samples. One probable mechanism
explaining the phenomenon is a mass transfer problem:
during dehydrogenation, rather large metallic aluminum
particles are formed, which has been evidenced by
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Bogdanovic et al. [33] using NMR experiment and SEM
investigations during sodium alanate desorption. When it
comes to Na,LiAlHg, the mass transfer will become more
complicated because more kinds of resultant will give birth
during dehydrogenation. By fitting the kinetic data in the Ti
fluoride-doped Na,LiAlHg, Liu et al. [28] analyzed the
kinetic behaviors of the system with the Johanson—-Methl—
Avrami equation, and the results showed that the reaction
was controlled by a diffusion mechanism. During the
process of rehydrogenation, there will be not only Al mass
diffusion, but also LiH mass transfer. The metallic alumi-
num particles would first react with neighboring LiH and
NaH to form Na,LiAlH¢ and then all of the particles would
be coated by a layer of Na,LiAlHg, terminating the rehy-
drogenation reaction. At the presence of catalyst, Al atoms
can be transferred via AlH, vacancies which show a relatively
high diffusion rate at moderate temperature [31, 34, 35],
however, the mass transfer rate of LiH is much lower, thus
causing the formation of some Na3zAlHg. Although, at
these conditions Na,LiAlHg is more stable in thermody-
namics [30].

Conclusions

In summary, direct synthesis of Na,LiAlHg from 2NaH/
LiH/Al was achieved by dry mechanical milling with
4 mol% TiF; catalyst under H, atmosphere at ambient
temperature. The as-prepared Na,LiAlHg has a wide dis-
tribution range of particle size from 200 nm to 2 pm. The
synthesized Na,LiAlHg exhibits a high dehydriding
capacity of 3.09 wt% in the first cycle and a reversible
hydrogen capacity of about 2.60 wt% in the following
cycles. The complicated mass transfer during rehydriding
process of the dehydrided sample induces the formation of
some NazAlHg and the reduction of reversible hydrogen
capacity in the following cycles.
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