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bstract

The main objective of this work was to investigate the different effects of transition metals (TiO2, VCl3, HfCl4) on the hydrogen desorp-
ion/absorption of NaAlH4. The HfCl4 doped NaAlH4 showed the lowest temperature of the first desorption at 85 ◦C, while the one doped with
Cl3 or TiO2 desorbed at 135 ◦C and 155 ◦C, respectively. Interestingly, the temperature of desorption in subsequent cycles of the NaAlH4 doped
ith TiO2 reduced to 140 ◦C. On the contrary, in the case of NaAlH4 doped with HfCl4 or VCl3, the temperature of desorption increased to 150 ◦C

nd 175 ◦C, respectively. This may be because Ti can disperse in NaAlH4 better than Hf and V; therefore, this affected segregation of the sample
fter the desorption. The maximum hydrogen absorption capacity can be restored up to 3.5 wt% by doping with TiO2, while the amount of restored
ydrogen was lower for HfCl4 and VCl3 doped samples. XRD analysis demonstrated that no Ti-compound was observed for the TiO2 doped

amples. In contrast, there was evidence of Al–V alloy in the VCl3 doped sample and Al–Hf alloy in the HfCl4 doped sample after subsequent
esorption/absorption. As a result, the V- or Hf-doped NaAlH4 showed the lower ability to reabsorb hydrogen and required higher temperature in
he subsequent desorptions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sodium aluminiumhydride or sodium alanate, NaAlH4, has
een considered as a candidate media for on-board hydrogen
torage in fuel cell applications. One of the advantages of this
aterial is its capability of reversible hydrogen storage [1,2].
his discovery was reported by Bogdanović and Schwickardi

3]. They found that NaAlH4 doped with Ti- or Fe-compound
an reabsorb hydrogen at moderate conditions. This ignited the
evelopment of complex metal hydrides, particularly NaAlH4
oped with Ti-compound. NaAlH4 has been modified by dop-

ng with precious metal catalysts in different forms using dif-
erent doping techniques [4–10]. However, none has met the
.S. Department of Energy goals (6.0 wt% hydrogen for 2010)
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11]. An understanding of the hydrogen desorption/absorption
f NaAlH4 doped with transition metal is unclear. The ques-
ions are: how do metal dopants activate the hydrogen desorp-
ion/reabsorption in NaAlH4; what is the state of metal species
fter doping; and why does Ti dopant show higher potential than
ther metal dopants in the hydrogen desorption/reabsorption in
aAlH4? The answers are still not quite understood. There are
number of proposed mechanisms, one of which suggested that
i dopant might catalyze the hydrogen desorption/absorption of
aAlH4. The substitution of dopant in the lattice of NaAlH4

ffects the activation and involves the lattice distortions as pro-
osed by Sun et al. [12]. In the mechanism, Ti is thought to
ubstitute Na+ and form Ti4+ with Ti(OBun)4 doped less than
mol% resulting in lattice distortions and vacancy formation

nd enhancement of hydrogen desorption kinetics. However, the
roposed mechanisms by Graetz et al. using Ti K-edge X-ray
bsorption near-edge spectroscopy shows that Ti does not sub-
titute in the bulk lattice nor form Ti metal, but it is present on
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occur about 15–20 ◦C lower, at 135 ◦C and 200 ◦C for the first
step and second step, respectively. The amount of hydrogen
released, however, is slightly lower, 4.45 wt% hydrogen, because
98 Y. Suttisawat et al. / Journal of P

he surface in the form of amorphous TiAl3 [13,14]. Recently,
ang et al. directly doped metallic Ti in NaAlH4. They sug-

ested that Ti hydride(s) is in situ formed during the doping
rocess and acts as an active species to catalyze the reversible
ydrogen desorption of NaAlH4 [15,16].

The purpose of this work was then to present the effects of a
ransition metal (TiO2, VCl3 and HfCl4) on the hydrogen des-
rption/reabsorption of NaAlH4 and to understand how each
opant acts in the hydride.

. Experimental

All experiments in this study were performed under nitrogen
tmosphere. The NaAlH4 (90%, Aldrich Chemical) sample was
oped with TiO2 (Degüssa P25), VCl3 (99%, Merck) or HfCl4
98%, Aldrich Chemical) using a centrifugal ball mill (Retsch
all mill model S100, stainless steel vial size 250 ml, stainless
alls with 1 cm and 2 cm diameters) for 15 min with a speed of
00 rpm. Immediately after mixing, approximately 1 g of a sam-
le was placed into the thermovolumetric apparatus. The high
ressure stainless steel reactor (316SS) was heated from room
emperature to 280 ◦C via a furnace controlled by a PID tem-
erature controller. The K-type thermocouple was placed inside
he reactor to measure the temperature. The pressure transducer
Cole Parmer, model 68073–68074) was used to measure the
ressure change resulting from hydrogen desorption from the
ample. For the absorption experiments, hydrogen (99.99%) was
sed to pressurize the high pressure vessel in a step-wise man-
er. The sample was reabsorbed at about 120 ◦C and 10 MPa
vernight. Once the pressure reading was constant over a period
f time, the data was used to calculate the amount of hydrogen
bsorbed on the sample. The same procedure was repeated to
nvestigate their reversibility. Samples characterization was also
erformed using a Rigaku X-ray diffractometer at room temper-
ture over a range of diffraction angles from 28 to 80 with Cu
� radiation (40 kV, 30 mA) in order to understand the roles of

he transition metals on the hydrides.

. Results and discussion

.1. Hydrogen desorption/absorption on doped NaAlH4

Fig. 1 shows the temperature program desorption of as-
eceived NaAlH4 doped with 4 mol% TiO2 (4%TiO2–NaAlH4).
he first step of desorption occurs clearly at 155 ◦C while the sec-
nd step takes place at 215 ◦C with 5.07 wt% hydrogen released.
fter the desorption, the sample was reabsorbed with hydrogen

nd desorbed later to determine the amount of reversible hydro-
en absorption. We found that the temperature of subsequent
esorption decreases about 12 ◦C and the amount of hydro-
en released is 3.4–3.5 wt% hydrogen, as indicated Fig. 1(c).
his further confirms that even though their hydrogen absorp-

ion capacity and temperature of the subsequent desorption are

elatively the same, they are definitely not up to the original
ample efficiency.

In the case of hydrogen desorption of NaAlH4 doped with
mol% HfCl4 (4%HfCl4–NaAlH4) (Fig. 2) during the first des-
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ig. 1. Correlation between temperature and hydrogen released during hydrogen
esorption on NaAlH4 doped with 4 mol% TiO2 by stainless steel ball milling for
5 min: (a) undoped NaAlH4, (b) first desorption and (c) subsequent desorptions.

rption, the sample releases hydrogen at 85 ◦C and ∼150 ◦C
n the subsequent desorption with 5.8 wt% and 2.9–2.45 wt%
ydrogen, respectively. This study substantiates that the transi-
ion metals increase the desorption/absorption of NaAlH4 and
ecrease the temperature of desorption compared with the the-
retical value (185 ◦C) [7]. In addition, the reversibility of the
ample is not complete and at the point where it starts.

The temperature program desorption of NaAlH4 doped with
mol% VCl3 (4%VCl3–NaAlH4) is shown in Fig. 3. Compared

o the NaAlH4 sample doped with TiO2, the temperatures at
hich the first and second steps of the first desorption cycle
ig. 2. Correlation between temperature and hydrogen released during hydro-
en desorption on NaAlH4 doped with 4 mol% HfCl4 by stainless steel ball
illing for 15 min: (a) undoped NaAlH4, (b) first desorption and (c) subsequent

esorptions.
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ig. 3. Correlation between temperature and hydrogen released during hydrogen
esorption on NaAlH4 doped with 4 mol% VCl3 by stainless steel ball milling for
5 min: (a) undoped NaAlH4, (b) first desorption and (c) subsequent desorptions.

ome partial decomposition of 4%VCl3–NaAlH4 occurs dur-
ng the milling process. For the subsequent desorptions, the
mount of released hydrogen drops to 1.5 wt% while the tem-
erature of desorption increases 35 ◦C from the first desorption
ycle. Again, the subsequent absorption experiment results are
ncluded in the figure. Clearly, only some fraction of hydrogen
torage capability could be attained, and it is less than that of
%TiO2–NaAlH4.

Some observations of the effects of different metals on the
ydrogen desorption/absorption of NaAlH4 can be made as fol-
ows: the decomposition temperature in the first desorption can
e compared in the series HfCl4 < VCl3 < TiO2. In the case of
he decomposition, temperature in the subsequent desorption of
%TiO2–NaAlH4 decreases while that doped with HfCl4 and
Cl3 increases as follows: TiO2 < HfCl4 < VCl3. Better hydro-
en capacity of NaAlH4 doped with TiO2 than those doped with
fCl4 and VCl3 can be obtained in the subsequent desorption.

t may be suggested that, for the samples loaded with one of
hese two metals (HfCl4 or VCl3), it is likely that after the first
esorption, the sample particles melt due to the high tempera-
ure higher than the melting point of NaAlH4 (178 ◦C) resulting
n the segregation of particles, especially Al particles. This may
e attributed to the incomplete subsequent desorption and the
eed for higher temperature for decomposition in the subse-
uent cycle. However, for the sample doped with TiO2, Ti or a
i-compound may alleviate the segregation of Al and enhance

he dispersion in the hydride after the first desorption [1,17].
lthough doping TiO2 shows the highest hydrogen capacity in

he subsequent desorption of NaAlH4, the amount of released
ydrogen tends to decrease in the subsequent cycle. Haiduc et
l. reported that the amorphous Ti–Al tends to form an inter-
etallic compound at increased temperature during the cycling
rocess. This results in a decrease in the catalytic activity and
oor cycling stability [17].

Fig. 4 shows temperature program desorption of 4%VCl3–
aAlH4 prepared by centrifugal ball milling in different media

O
d
a
s

ig. 4. Correlation between temperature and hydrogen released during hydrogen
esorption on NaAlH4 doped 4 mol% VCl3 by (a) stainless steel ball milling
nd (b) agate ball milling for 20 min.

stainless steel balls and vial compared with a 250 ml agate vial
nd five of 1 cm diameter and two of 2 cm diameter agate balls).
e found that the sample milled by the stainless ball mill pos-

esses lower desorption temperature than the one milled by agate
all mill, 35 ◦C. This may be due to the different types of ball
ill resulting in different particle sizes, different microstain and

omogeneity of the samples. However, the amounts of desorbed
ydrogen from both milling media are only slightly different, as
ndicated by the slopes.

.2. X-ray diffraction

After hydrogen desorption/absorption, the samples were
haracterized by the Rigaku X-ray diffractometer. Due to the
ir sensitivity of the samples, they were covered with a Kapton
ape layer to minimize any contamination. To confirm the differ-
nt particle size of the samples milled by stainless steel balls/vial
nd the one milled by agate balls/vial, the X-ray line broadening
as applied. The X-ray line of the sample milled by stainless

teel vial/balls is broader than that of the sample milled by agate
ial/balls as shown in Fig. 5. Moreover, we observed that the
RD pattern of the sample milled by stainless steel vial/balls

hifts to the lower angle compared with the diffraction peaks of
he sample milled by agate vial/balls. This further confirms the
ifference of particle size and microstrain of the sample milled
y stainless steel vial/balls and milled by agate vial/balls that
ffects the desorption temperature (Fig. 4).

Figs. 6–8 show the XRD patterns of all samples. NaAlH4,
aCl and Al peaks can be observed after the milling for the
fCl4 and VCl3 doped samples. This result confirms the partial
ecomposition of the doped hydride during the milling process.

n the contrary, only NaAlH4 peaks were observed for the TiO2
oped sample. No peak of TiO2 (Fig. 6(b)), HfCl4 (Fig. 7(b))
nd VCl3 (Fig. 8(b)) was observed after milling. Surprisingly,
ome unknown peaks were clearly found at 2θ ∼ 41◦ in the sam-
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ig. 5. XRD patterns of NaAlH4 doped 4 mol% VCl3 by (a) agate ball milling
or 20 min and (b) stainless steel ball milling.

d
d
c

ig. 6. XRD patterns of (a) as-received NaAlH4, (b) 4%TiO2–NaAlH4, (c) 4%TiO2–N

ig. 7. XRD patterns of (a) as-received NaAlH4, (b) 4%HfCl4–NaAlH4, (c) 4%H
eabsorption.
Sources 163 (2007) 997–1002

le doped with VCl3 Fig. 8. The main products after complete
ecomposition consist of NaH and Al, while the main con-
tituents are NaAlH4 and Al for the reabsorbed hydride doped
ith TiO2, HfCl4 and VCl3. However, by-products in the sample
oped with TiO2 cannot be observed. The increase in the peak
ntensity and the narrow peak of Al and NaCl show the higher
ormation of crystallites. Moreover, the intensity of unknown
eaks are higher and can be distinctly observed in the VCl3
oped sample after desorption/reabsorption (Fig. 8(c and d)).
hese peaks were expected to be the formation of V-species.
eak identification using JCPD-International Centre for Diffrac-

ion Data suggested that they should be peaks of an intermetallic
ompound of V–Al in the form of Al3V. This supports the vis-
bility of V–Al peaks in VCl3 doped NaAlH4. In addition, no
eak is observed in HfCl4 or TiO2 doped NaAlH4. To determine
he form of the Hf-compound in the NaAlH4 sample, 10 mol%
fCl4 were doped in NaAlH4, after the subsequent hydrogen

esorption/absorption, the sample doped with 10%HfCl4 was
issolved in THF (>99.998%, J.T. Baker), stirred for 2 h and
entrifuged in order to separate the precipitate. Finally, the

aAlH4 after subsequent desorption and (d) 4%TiO2–NaAlH4 after reabsorption.

fCl4–NaAlH4 after subsequent desorption and (d) 4%HfCl4–NaAlH4 after
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Fig. 8. XRD patterns of (a) as-received NaAlH4, (b) 4%VCl3–NaAlH4, (c) 4%VCl3–NaAlH4 after subsequent desorption and (d) 4%VCl3–NaAlH4 after reabsorption.
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Fig. 9. XRD patterns of (a) undoped NaAlH4 after complete desorption, (

recipitate was dried by vacuum and characterized by XRD.
urprisingly, the XRD pattern of the THF precipitated sample
hows some unknown peaks at 2θ ≈ 41.5◦ and 50.48◦, which
atch with the reference data base of intermetallic compound

etween Al–Hf would be in form of Al3Hf as shown in Fig. 9(c).
The above results are suggested that Ti lacks the long-range

rder to form Ti–Al crystal structure and would form as Ti–Al
morphous or be very dispersed particle on NaAlH4, which
vidences by XRD as suggested by Graetz et al. [13] and Wei-
enthaler et al. [18], while V or Hf shows the strong formation
f V–Al or Hf–Al crystalline. As the result, the V- or Hf-doped
aAlH4 shows a lower ability to reabsorb hydrogen than that
oped with Ti. The formation of Al3V or Al3Hf intermetallic
s a stable compound that would decrease the activity of the
atalyst. In other words, the high stability of Al3V or Al3Hf
ould affect the reformation to NaAlH4. In addition, the forma-

ion of crystal Al3V or crystal Al3Hf would reduce the amount

f Al metallic to reabsorb hydrogen. Moreover, the formation
f intermetallic compound between Al with Hf or V would
eparate the transition metal from the hydride after the high
emperature desorption that causes the subsequent desorption

b
m
g
b

HfCl4–NaAlH4 after milling and (c) the precipitate from THF solution.

ehaviour shifted to be closer to that of the undoped hydride
Figs. 2 and 3). For the Ti-doped hydride, it seems that the for-
ation of the unstable Ti–Al amorphous promotes the reduction

f Al metallic to hydride, compared with those of the undoped
nd V- or Hf-doped hydrides. Comparisons among the intensity
f NaAlH4 to Al ratio in the XRD results of NaAlH4 doped
ith TiO2 (Fig. 6(d)), HfCl4 (Fig. 7(d)) and VCl3 (Fig. 8(d))

fter the hydrogen reabsorption show that the TiO2 doped sam-
le demonstrates the highest intensity of NaAlH4 to Al ratio.
his indicates that more Al in the sample doped with TiO2 is
onverted to NaAlH4 than that doped with HfCl4 or VCl3 as
reviously discussed.

. Conclusion

Doping transition metals (TiO2, HfCl4, or VCl3) on NaAlH4
ffects the hydrogen desorption/absorption. Ti doping seems to

e the most effective dopant among the three tested transition
etals. By doping the hydride with TiO2, the maximum hydro-

en absorption capacity can be restored at 3.5 wt%. That may
e attributed to the formation of Ti–Al amorphous that can be
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educed to the hydride easily and prevent the segregation of
etallic Al. In contrast, V or Hf prefers to the form order of Al3V

r Al3Hf, which would decrease the activity of the catalyst in
he hydrogen desorption/reabsorption. Using different milling

edia (stainless steel media and agate media) also results in
ifferent hydrogen desorption behaviours.
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