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bstract

Al3Ti was directly utilized as catalyst precursor to examine its catalytic activity in the reversible dehydrogenation of NaAlH4. It was observed that
l Ti possessed considerable catalytic effect on the de-/hydriding reactions of NaAlH . The catalytic enhancement by Al Ti doping significantly
3 4 3

ncreased with increasing ball-milling time. Moreover, it was noted that dehydriding kinetics and cycling performance of the Al3Ti-doped NaAlH4

ere highly dependent on the starting material, 1:1 NaH/Al mixture or NaAlH4. The combined property and phase examinations suggest that Al3Ti
ay act as active species to catalyze the reversible de-/hydrogenation of NaAlH4.
2006 Published by Elsevier B.V.
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. Introduction

Upon doping with a Ti-based catalyst, NaAlH4 may undergo
eversible dehydrogenation following Eq. (1) under moderate
emperatures.

aAlH4 � 1/3Na3AlH6 + 2/3Al + H2

� NaH + Al + 3/2H2 (1)

he two-step reversible reactions of NaAlH4 yield a theoretical
ydrogen capacity of 5.6 wt.%. The relatively high capacity, in
ombination with the moderate operation temperature and large
eversibility, makes catalytically enhanced Ti–NaAlH4 rather
ttractive as a potential hydrogen storage medium for onboard
pplication [1–11].

While the catalytic enhancement arising upon doping
aAlH4 with a Ti catalyst has been well established, the
echanism by which active Ti-species catalyze the dehydrid-

ng/rehydriding reaction of NaAlH4 is still unclear. Even the
ature of active Ti–species is still a subject of speculation and

ontroversy. Several Ti-containing species, including zerova-
ent Ti [1,12–15], Al–Ti Alloy [9,16–23], Ti hydride(s) [23,24]
nd Ti cation with variable valances [25,26], have been sug-
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ested to act as active catalysts. Among them, Al3Ti is the
ost thermodynamically stable phase (�G◦

f = −136 kJ/mol),
ollowed by TiH2 (�G◦

f = −86 kJ/mol) and AlTi alloy (�G◦
f =

72 kJ/mol). The speculation that Al3Ti acts as active species
as also supported by theoretical calculation, X-ray absorption

nd electron-microscopy studies [19,21]. Actually, the forma-
ion of Al3Ti has already been experimentally confirmed in the
echanically milled 4:1 LiAlH4/TiCl4 and 3:1 NaAlH4/TiCl3
ixtures. And the pronounced catalytic enhancement achieved

n TiCl4 or TiCl3-doped hydrides has been partially attributed to
he in situ formed nano/micro-crystalline Al3Ti during milling
9,16]. At a typical doping level of <5 mol%, however, direct
hase identification has provided no convincing evidence about
he existence of crystalline Al3Ti. Therefore, it was gener-
lly speculated that Al3Ti presents in the hydride matrix in
n X-ray amorphous state [1,12,17–19,23]. On the other hand,
he hypothesis about Al3Ti acting as active species was chal-
enged by the property measurements. It was reported that direct
oping the hydrides with Al3Ti did not result in a consider-
ble catalytic enhancement [16,29]. Therefore, whether Al3Ti
an explain the nature of active Ti-species is still an open
uestion.
The present study aims at clarification of the catalytic
ffect of Al3Ti on the reversible dehydrogenation reactions of
aAlH4. For this purpose, Al3Ti was prepared and directly
tilized as a dopant precursor to prepare doped NaAlH4, and
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value corresponds to about 80% of the theoretical hydrogen
capacity of the doped sample containing 4 mol% Al3Ti dopant.
Here, it should be noted that the increasingly favorable de-
/hydriding performance arising upon increasing the milling time
66 X.D. Kang et al. / Journal of Alloy

he property and structure of the Al3Ti-doped NaAlH4 were
nvestigated.

. Experimental section

The starting materials NaH (95%, 200 mesh, <74 �m), Al powder (99.95+%,
00 mesh, <74 �m) were all purchased from Sigma–Aldrich Corp. and used
s received. Raw NaAlH4 was purchased from Albemarle Corp. and purified
ollowing a procedure as described in [27] before usage. Al3Ti was prepared by
rc-melting stoichiometric mixtures of pure Al (99.9%) and Ti (99.8%) metals
nder Ar atmosphere in a water-cooled copper hearth. To ensure composition
omogeneity, the alloy ingot was turned over and re-melted for three times
uring arc-melting. The as-prepared Al3Ti(D022) ingot was smashed and then
echanically milled for 10 h under Ar atmosphere by using a high-energy SPEX

000 mill to prepare a metastable Al3Ti(L12) dopant precursor.
The powder mixtures of NaH + Al + 4 mol% Al3Ti and NaAlH4 + 4 mol%

l3Ti were mechanically milled under Ar atmosphere by using a Fritsch 7 Plan-
tary mill at 400 rpm in a vial together with eight balls (10 mm in diameter)
ade of stainless steel. The ball-to-powder weight ratio was around 40:1. All

ample operations were performed in an Ar-filled glove box equipped with a
ecirculation system to keep the H2O and O2 levels < 1 ppm.

Hydriding/dehydriding behaviors of the samples were examined by using a
arefully calibrated Sievert’s type apparatus. A typical cyclic experiment entailed
bsorption at 120 ◦C and desorption at 150 ◦C with an initial pressure condition
bout 11 MPa and <100 Pa, respectively. To minimize H2O/O2 contamination,
he high-purity hydrogen gas (with 99.999%) was further purified using a hydro-
en storage alloy system. Hydrogen capacity was determined with respect to the
otal sample weight, including the catalyst.

The samples were characterized by powder X-ray diffraction (XRD, Rigaku
/MAX-2500, Cu K� radiation) and scanning electron microscope (SEM,
EO Supra 35) equipped with an energy dispersive X-ray (EDX) analysis unit

Oxford). All the sample preparation was operated in the Ar-filled glove-box.
o minimize the H2O/O2 contamination during the XRD measurement, small
mount of grease was used to cover the surface of the samples. The SEM sam-
les were prepared by spreading the dry powder on conducting tape supported
n a copper pole. The subsequent sample transferring into SEM equipment was
erformed in a specially designed Ar-filled device.

. Results and discussion

Al3Ti has two types of crystal structure. Upon mechanical
illing, Al3Ti may undergo polymorphic modification from

etragonal D022- to metastable cubic L12-structure [9]. In view
f that mechanical milling has been generally adopted as a
redominant technique in preparation of doped hydrides, we
elected cubic L12-type Al3Ti as dopant to prepare doped
aAlH4. Metastable cubic L12-Al3Ti was prepared by mechan-

cally milling the arc-melted Al3Ti under Ar atmosphere by
sing a high-energy SPEX 8000 mill. As shown in Fig. 1, a
omplete transformation from tetragonal D022- to cubic L12-
hase had been achieved after 10 h milling. The XRD pattern
f this metastable phase is characterized by low-intensity and
ide diffraction peaks, indicating the grain pulverization and

he introduction of micro-strain during milling process. Accord-
ng to Scherrer equation, the grain size of L12-Al3Ti after 10 h

illing was estimated to be about 5 nm.
Nanocrystalline Al3Ti was found to possess catalytic function

n the de-/hydriding reactions of NaAlH4. Moreover, the cat-

lytic enhancement by Al3Ti doping becomes more pronounced
ith increasing milling time. Fig. 2 gives the XRD patterns of

he samples prepared by mechanical milling 1:1 NaH/Al mix-
ure with 4 mol% Al3Ti under Ar atmosphere for 1, 5, and

F
N
T
c

ig. 1. XRD patterns of the conventionally prepared Al3Ti (D022) (a) and the
etastable Al3Ti (L12) formed after ball-milling for 10 h (b).

0 h, respectively, followed by hydrogenation with an initial H-
ressure of about 11 MPa for over 10 h. For the 1 h sample,
he long period of hydrogen exposure only resulted in a partial
estoration of Na3AlH6. While for the sample milled for 10 h, a
argely complete restoration of NaAlH4 from the NaH/Al mix-
ure has been achieved in the hydriding process.

The increased hydrogenation level with increasing the milling
ime was further quantified by dehydriding measurements. As
een in Fig. 3, the sample milled for 1 h only released about
.6 wt.% hydrogen after being kept at 150 ◦C for over 10 h.
hen the milling time was increased to 10 h, the sample was

bserved to release 4.0 wt.% hydrogen within about 10 h. This
ig. 2. The XRD patterns of the samples prepared by mechanically milling
aH + Al + 4 mol% Al3Ti under Ar atmosphere for (a) 1 h; (b) 5 h; (c) 10 h.
he inset gives the magnified patterns of the marked region in Fig. 2 and the
orresponding multi-peaks lines fitted by Lorentz function.
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ig. 3. The typically dehydriding profiles at 150 ◦C of NaH + Al + 4 mol% Al3Ti
ixtures milled under Ar atmosphere for 1, 5 and 10 h, respectively.

ere also observed in our studies on the metallic Ti-doped
aAlH4 [27,28].
Al3Ti is highly stable according to thermodynamic consid-

ration. It was therefore highly expected that Al3Ti retained its
hase stability during milling process. However, definite iden-
ification of Al3Ti in doped samples by XRD is difficult due to

he combined effects of co-existence of large amount of Al, the
lose peak position of Al3Ti to that of Al and the nanostructure
f Al3Ti. To minimize the interference of Al phase, we exam-
ned the samples in the hydrogenated state, as given in Fig. 2.

d
T
g
F

ig. 4. Back scattering electron (BSE) images of NaH + Al + 4 mol% Al3Ti mechan
epresentative EDX results. It should be noted that, despite the special caution taken
amples during sample transfer.
Compounds 424 (2006) 365–369 367

ven in this case, the diffraction signal of Al3Ti only appears
s a weak and broad peak at the higher angle side of Al peaks
at 2θ = 39.3◦). In addition, no reaction between NaH/Al mix-
ure (or sodium aluminum hydride) and nanocrystalline Al3Ti
s expected to occur during the milling process. Therefore, the
mproved catalytic enhancement arising upon increasing milling
ime should be correlated to the increasingly favorable disper-
ion of Al3Ti in the hydride matrix. This was evidenced by the
EM morphology observation combined with EDX analyses.
s seen in Fig. 4, a more homogeneous distribution of the Ti-

ontaining particles (bright ones) in the NaH/Al matrix has been
chieved after increasing the milling time from 1 to 10 h. EDX
nalyses confirm that the Al/Ti atomic ratio in the bright particles
s close to 3:1. Recently, there have been several experimental
fforts to clarify the catalytic activity of Al3Ti in the reversible
ehydrogenation of NaAlH4, but with no positive results and
onclusions being reported [16,29]. This is in great contrast to
ur findings. One possible reason is that the applied milling time
n the literatures, typically around 1 h, was insufficient to achieve
favorable distribution of Al3Ti phase in the hydride matrix.

We further examined the sample prepared by milling 1:1
aH/Al with Al3Ti under Ar atmosphere for 10 h, and found

hat its cycling performance was highly stable. As shown in
ig. 5, other than a slightly decreased H-capacity from the
aAlH4/Na3AlH6 + Al decomposition step in the first cycle, the

ehydriding profiles of the following cycles are almost identical.
he samples after the first and 5 cycles, both in the hydro-
enated state, were examined by XRD. It was observed from
ig. 6 that the phase stability of Al3Ti was well maintained in

ically milled under Ar atmosphere for 1 h (top, left), 10 h (top, right), and the
, a significant amount of oxygen contamination has been introduced into the
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ig. 5. The cyclic stability of the NaH + Al + 4 mol% Al3Ti mixture milled under
r atmosphere for 10 h.

he de-/hydriding cycles. This is consistent with the recent stud-
es using X-ray absorption spectroscopy [14,19,21].

These results suggest that Al3Ti may act as active species and
atalyze the reversible de-/hydriding reactions of NaAlH4, thus
roviding evidence to support the previous speculation about the
atalytic function of Al3Ti. However, before this finding could
e generalized to account for the nature of active Ti-species in
he Ti–NaAlH4 system, further investigations are still required to
chieve a comprehensive understanding of the following exper-
mental findings:

1) Catalytic effect of Al3Ti was significantly weaker than that

of Ti(III) or Ti(IV) dopants on the sorption properties of
NaAlH4. As seen in Fig. 5, the Al3Ti-doped hydrides take
about 1 h to fulfill the first dehydriding step, and another
10 h to complete the second step at 150 ◦C. While for the

ig. 6. The XRD patterns of the NaH + Al + 4 mol% Al3Ti mixture milled under
r atmosphere for 10 h. (a) in the hydrogenated state in the first cycle; (b) in the
ydrogenated state in the sixth cycle. The inset gives the magnified patterns of
he marked region in Fig. 6 and the corresponding multi-peaks lines fitted by
orentz function.

(

m
o
e
p
p

ig. 7. The cyclic stability of NaAlH4 + 4 mol% Al3Ti mechanically milled
nder Ar atmosphere for 10 h.

TiF3/TiCl3-doped samples, the typical dehydriding periods
for fulfilling the two steps are within 10 min and 2–3 h,
respectively.

2) The variation of starting materials for Al3Ti doping leads
to substantially different hydrogen storage performance. In
great contrast to the highly stable cycling performance of the
1:1 NaH/Al mixture doped with Al3Ti (as seen in Fig. 5),
the sample prepared by milling NaAlH4 with Al3Ti was
observed to undergo serious capacity degradation during
the first several cycles. As shown in Fig. 7, the H-capacity
decreased from the initial 3.2 to about 2.0 wt.% after four
cycles, especially with a degradation of ∼0.8 wt.% in the
first two cycles. In addition, the dehydriding kinetics of the
sample doped from NaAlH4 was found to be significantly
lower than that of the sample doped from the 1:1 NaH/Al
mixture.

3) Recently, we have found that mechanical milling the 1:1
NaH/Al mixture (or NaAlH4) together with metallic Ti pow-
der resulted in the in situ formation of nanocrystalline Ti
hydride, which might act as active species to enhance the
reversible dehydrogenation of NaAlH4 [30]. This finding
further complicated the situation of the Ti–NaAlH4 system.
In view of thermodynamic consideration, both Al3Ti and
TiH2 are more stable than zerovalent Ti. Experimentally,
the phase stability of both phases in the de-/hydriding cycles
was evidenced by the XRD examinations [30]. Therefore,
it is hard to generalize a common active Ti-species origi-
nated from different Ti-sources. Rather these findings sug-
gest a possibility that there exist different active Ti-species
that can catalyze the reversible de-/hydriding reactions of
NaAlH4.

Further research efforts to answer these “puzzling” questions
ay provide valuable hints for understanding the key aspects
f the catalytically enhanced Ti–NaAlH4 system, including the
ffect of distribution of catalyst particles, the nucleation/growth
rocesses of the parent hydride with the presence of catalyst
articles, and the catalysis mechanism.
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. Conclusions

Directly doping the hydride with Al3Ti through long period of
echanical milling results in a considerable catalytic enhance-
ent on the reversible dehydrogenation of NaAlH4. This finding

upports the previous hypothesis about the catalytic function of
l3Ti. However, the catalytic effect from Al3Ti doping was sub-

tantially weaker than from Ti-halide doping. In addition, dehy-
riding kinetics and cycling performance of the Al3Ti-doped
ydrides was found to be highly dependent on the starting mate-
ial, 1:1 NaH/Al mixture or NaAlH4. Therefore, further investi-
ations on distribution of the catalyst particles and its influence
n the H-storage performance of the material, and the nucle-
tion/growth processes involved in de-/hydriding reactions of
aAlH4 are still required to firmly establish the catalytic mech-

nism of Al3Ti in the reversible dehydrogenation of NaAlH4.
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[2] L. Schlapbach, A. Züttel, Nature 414 (2001) 353.
[3] C.M. Jensen, K.J. Gross, Appl. Phys. A 72 (2001) 213.
[4] K.J. Gross, G.J. Thomas, C.M. Jensen, J. Alloys Compd. 330–332 (2002)

683.

[5] A.M. Seayad, D.M. Antonelli, Adv. Mater. 16 (9–10) (2004) 765.
[6] W. Grochala, P. Edwards, Chem. Rev. 104 (2004) 1283.
[7] E. David, J. Mater. Process Technol. 162–163 (2005) 169.
[8] A. Zaluska, L. Zaluski, J.O. Ström-Olsen, J. Alloys Compd. 307 (2000)

157.

[
[

[

Compounds 424 (2006) 365–369 369

[9] V.P. Balema, J.W. Wiench, K.W. Dennis, M. Pruski, V.K. Pecharsky, J.
Alloys Compd. 329 (2001) 108.

10] P. Chen, Z. Xiong, J. Luo, J. Lin, K.L. Tan, Nature 420 (2002)
302.
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