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a  b  s  t  r  a  c  t

CeCl3-doped  NaAlH4 was  directly  synthesized  in  hydrogenation  process  using  NaH/Al  with  2  mol%  CeCl3
under  ball-milling.  X-ray  diffraction  was  utilized  to  unveil  the  nature  of  cerium  during  NaAlH4 synthesis
process  and  succedent  cycling.  It  is  found  that,  CeCl3 is  reduced  in  the  ball-milling  process  and  following
cycles,  causing  the  formation  of  NaCl  and  Al–Ce  alloy  with  a structure  of  CeAl4. The catalytic  enhancement
arising  upon  doping  the  ball-milled  CeAl4 alloy  is  quite  similar  to that  achieved  in  the  CeCl3-doped  sodium
alanate.  Because  the  CeAl4 dopant  does  not  consume  the  effective  hydrogen  storage  component,  the
ey words:
odium alanate
ydrogen storage
ctive species
eAl4

CeAl4-doped  NaAlH4 exhibits  more  hydrogen  storage  capacity.  Moreover,  CeCl3-doped  NaAlH4 and  CeAl4-
doped NaAlH4 exhibit  similar  apparent  activation  energies  estimated  from  Kissinger’s  method,  suggesting
the reactions  are  all determined  by  the  same  rate-limiting  step.  These  results  clearly  demonstrate  that  the
in  situ formed  CeAl4 acts  as active  species  to  catalyze  the reversible  dehydriding/rehydriding  of  NaAlH4.

© 2010 Elsevier B.V. All rights reserved.

eCl3

. Introduction

Since the discovery of the catalytic effect of Ti halide precursors
1],  NaAlH4 has become a promising candidate for the solid-state
torage of hydrogen. Extensive research has been focused on the
odium alanate, especially for the exploration of the dopants [2–6].
eretofore, the most effective dopants are still halides, in particu-

ar TiCl3 and CeCl3 [5,7]. With the aid of these halides, NaAlH4 can
e hydrogenated and dehydrogenated under technically applicable
onditions. Therefore, understanding of the catalytic mechanism in
he metal-doped NaAlH4 system has been a subject of great inter-
st. During the past decade, several species have been proposed as
he active species in the Ti-doped sodium alanate [4,7–13],  yet the
mpirical results show that these species are all significantly infe-
ior to that arising upon doping the hydrides with halide dopant
recursors [3,8,14].

For the CeCl3-doped NaAlH4, the mechanism of the enhance-
ent of the kinetics is not revealed, neither is the nature of active

erium species. According to the amount of hydrogen evolved dur-
ng ball-milling, Bogdanović et al. [5] suggested that the metals may
xist in zero-valent or hydridic forms in their active states. Recently,

éon et al. [15] found that the no formation of a bimetallic entity
onsisting of Ce and Al which is the case in Ti doped sample can
e detected. Instead of that, the authors report oxidation state of
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Ce(III) remains constant during preparation and cycling. In contrast,
our recent work [16] shows that Ce–Al phase with a structure of
CeAl4 will be formed during the dehydrogenation of the first cycle.
To gain further understanding of the catalytic effect of the CeCl3
dopant, we  therefore decided to investigate this problem in more
detail to picture the nature of active cerium species. For this pur-
pose, a systematic structure/property investigation has provided
convincing the evidence of the nature of active cerium species in
the Ce-doped NaAlH4.

2. Experimental

Directly synthesis of metal-doped NaAlH4 from NaH/Al and additives by ball-
milling has been utilized as a novel method to prepare the hydrogen storage
materials [17]. This novel method not only further improves the kinetics of the
rehydrogenation process of the material, but also provides a perspective to probe
and testify the nature of active metal species.

2.1. Sample preparation

All samples were prepared and handled in an argon-filled glovebox with the
oxygen and water concentrations below 1 ppm. NaH (Aldrich, 95%, <74 �m),  Al pow-
der (Aldrich, 99.9%, <74 �m)  and CeCl3 (Alfa Aesar, anhydrous, 99.5%) were used as
received. The catalyst of the CeAl4 was prepared by induction melting stoichiomet-
ric  mixtures of pure Ce (99.9%) and Al (99.9%) metals in argon atmosphere. The
as-prepared CeAl4 was smashed and then mechanically milled for 10 h under argon
atmosphere by the Planetary mill at 300 rpm to prepare powder precursors.
The powder mixture of NaH, Al, and CeCl3 or CeAl4 with a molar ratio of 1:1:0.02
was  milled in the Planetary ball mill (QM-3SP4J, Nanjing) at 350 rpm under a hydro-
gen pressure of 3 MPa. Around 2 g of mixture was  prepared each time. The vial is
made of stainless steel and the volume is 120 ml. The ball is made of stainless steel
with a diameter of 1 cm.  The ball-to-powder weight ratio was around 60:1. The G-
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Fig. 1. XRD patterns collected in the synthesis and the following
dehydrogenation–rehydrogenation cycles of CeCl3-doped NaAlH4: (a) start-
ing  materials before ball-milling; (b) milled for 80 h; (c) after dehydrogenation
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Fig. 2. XRD patterns of dopant CeAl4 ball-milled for 10 h (a) and comparison of
f  the first cycle at 170 ◦C; (d) after rehydrogenation of ninth cycle; (e) after
ehydrogenation of tenth cycle at 120 ◦C; (f) after dehydrogenation of tenth cycle
t  170 ◦C.

orces generated in the process of milling was about 8.57 g. In a parallel investigation
or  comparison, the powder mixture of NaH and Al without the dopant was prepared
n the same way.

.2. Characterization

Dehydrogenation and rehydrogenation cycling of the prepared samples were
arried out on a calibrated Sievert’s type apparatus. The volume of sample holder is
bout 2.5 ml.  A sample of about 0.7 g was tested. The sample holder had a thermo-
ouple located in the center of the sample to monitor temperature in the reaction
one. For hydrogenation, the sample was first heated to the temperature of 120 ◦C,
nd  then pressurized with 11 MPa  H2. After hydrogenation, the pressure decreased
o  10.00–10.40 MPa  due to hydrogen uptake by the sample. For dehydrogenation,
he  measurements proceeded against a constant pressure of 1 atm. The apparatus
as heated at first to 120 ◦C and then to 170 ◦C (first and second dehydrogenation

tep). It should be noted that the wt% of hydrogen is calculated on the basis of the
otal weight of the samples including the weight of dopants.

X-ray diffraction (XRD) experiments of the samples were performed on the ARL
’TRA diffractometer (Thermo Electron Corp.) with Cu-K� radiation. The data were
ollected in the range between 28◦ and 80◦ with a step width of 0.02◦ at a rate of
.5◦/min. The DSC measurements were performed on a Netzsch STA 449F3 instru-
ent. A sample of about 5 mg was tested using 0.1 MPa  of argon as the purge gas
ith a rate of 40 ml/min. Special caution had been taken to prevent the H2O/O2

ontamination during the measurements.

. Results and discussion

.1. X-ray diffraction analysis

Fig. 1. shows the XRD patterns collected in the synthesis and
he following dehydrogenation–rehydrogenation cycles of CeCl3-
oped NaAlH4. It shows that after a milling time of 80 h, NaH
nd Al are almost completely transformed to NaAlH4. Meanwhile,
aCl phase is detected at 2� = 45.7◦ according to JCPDS 05-0628
hile CeCl3 disappears (Fig. 1b). However, no Ce-containing phases

an be observed, which probably are disordered/amorphous after
all milling. This phenomenon is quite similar to the TiCl3-doped
aAlH4 [10,18].  Based on these facts, we can conclude that during

he synthesis the dopant of CeCl3 will react with NaH, resulting in
he formation of NaCl and “Ce” entity. The reaction can be assumed
o be:

′′
NaH + CeCl3 → 3NaCl + “Ce + H2 (1)

After the synthesis, the dehydrogenation–rehydrogenation
ycling of the CeCl3-doped NaAlH4 was carried out. After the first
ehydrogenation, CeAl4 is observed (Fig. 1c), which remains almost
XRD patterns obtained during the ball milling of 2 mol% CeAl4-doped and undoped
NaH/Al: 2 mol% CeAl4-doped NaH/Al milled for 40 h (b); milled for 80 h (c); milled
for  100 h (d); undoped NaH/Al milled for 100 h (e).

unchanged in the process of following cycles. The broad peak at
2� = 34◦ can be assigned to the overlap of (1 1 2) and (1 0 3) diffrac-
tion of the CeAl4 phase according to JCPDS 65-2678. The formation
of CeAl4 can be postulated to be:

“Ce′′ + 4Al → CeAl4 (2)

In the cycling, CeAl4 is identified as the sole newly formed
Ce-containing species in the XRD examination. The result clearly
suggests a possible correlation between the formed CeAl4 and cat-
alytic enhancement achieved in the CeCl3-doped NaAlH4.

To check this possibility, CeAl4 was directly utilized as the
dopant precursor and mechanically milled with NaH/Al mixture
under a hydrogen pressure of 3 MPa. As the catalyst, the catalytic
enhancement will exhibit effectively only if the parent hydrides and
the catalyst can integrate effectually. The direct synthesis method
provides us a simple way, which may  suffice for this possibility.
During ball milling, the instant temperature and the higher pres-
sure conditions created by collision among the balls and between
the vial wall and the balls may  favor the integration of the dopant
and the parent hydrides. The selection XRD patterns of the synthe-
sis of CeAl4-doped NaAlH4 are shown in Fig. 2. As can been seen
from the figure, the mixture of NaH/Al with 2 mol% CeAl4 exhibits
similar behaviors during ball milling: NaH reacts with Al and H2
resulting in the formation of Na3AlH6, then the formed Na3AlH6 and
Al transforms to NaAlH4 under relatively high H2 pressure. After a
milling time of about 100 h, the mixture almost totally transforms
to NaAlH4 (Fig. 2d). In a comparative investigation, we failed in
our attempt to synthesize NaAlH4 just from the mixture of NaH/Al
without any dopants under identical milling conditions. After 100 h
milling time, only part of Na3AlH6 came into being (Fig. 2e). There-
fore, it can be concluded that the doped CeAl4 plays a critical role
in the formation of NaAlH4.

3.2. Hydrogen storage properties examination

If the in situ formed CeAl4 surely is the active species in the
CeCl3-doped NaAlH4, effectively doping the CeAl4 to the hydrides
should result in the similar kinetics. Comparative hydrogenation
curves for CeCl3- and CeAl4-doped NaAlH4 are shown in Fig. 3.
As can be seen, the hydrogenation for the CeCl3-doped NaAlH4

exhibits a good cycle stability, which can be reloaded in 25 min.
No obvious deterioration can be found in the tested cycles. This is
in good agreement with previous investigations [5,17].  As for the
CeAl4-doped NaAlH4, its kinetics underwent a little degradation
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Fig. 4. (a) DSC traces at a heating rate of 2 ◦C/min for CeCl3- and CeAl4-doped NaAlH4

after the second hydrogenation. (b) Kissinger plots for the first and the second

the dopant concentration will result a faster decomposition, how-
ever, the Ea turns out to be identical for all the doped samples.
As to our experiment, in situ formed CeAl4 may  exhibit smaller

Table 1
Experimental activation energy Ea calculated using a Kissinger analysis.

Dopant Activation energy Ea (kJ/mol)

NaA1H4 Na3A1H6
ig. 3. Comparison on the hydrogenation profiles between the directly synthesized
eCl3-doped NaAlH4 (a), and CeAl4-doped NaAlH4 (b).

uring the first 3 cycles and then stabilized. For catalyzed reactions,
he practical catalytic effectiveness relies not only on the intrinsic
ctivity of the catalyst, but also on the distribution state of the cat-
lyst particles. In the case of the hydrides doped with CeCl3, it is
elieved that the CeCl3 can react with NaH and Al forming a much
igh dispersion of CeAl4 in the hydride matrix. However, by directly
oping the CeAl4 into the hydrides, the particle size and the disper-
ion will all be inferior to that of the in situ formed CeAl4, which
ay  caused these differences in the catalytic performance.
Because the dopant of CeAl4 does not consume the effective

ydrogen storage constitute, CeAl4-doped NaAlH4 exhibits a higher
ydrogen capacity compared with that of CeCl3-doped NaAlH4. As
an be seen from Fig. 3(b), the capacity level of 4.8 wt% at the end of
he cycling test can be attained after 40 min, while for CeCl3-doped
aAlH4, only about 4.0 wt% can be achieved.

To investigate the catalytic effect on dehydrogenation, the ther-
al  decomposition behaviors of NaAlH4 doped with 2 mol% CeCl3

nd CeAl4 were characterized by the DSC curves shown in Fig. 4a.
he two distinct endothermic peaks of the curves correspond to the
wo hydrogen desorption steps. Compared to the undoped NaAlH4,
hich cannot release hydrogen till the temperature reaches 185 ◦C

or NaAlH4 and 230 ◦C for Na3AlH6, the dopants of CeCl3 and CeAl4
an lower the desorption temperature drastically. The first step
isplays a considerable desorption rate already at about 110 ◦C,
ith its peak at 139.9 ◦C for CeCl3-doped NaAlH4 and 140.8 ◦C for
eAl4-doped NaAlH4, respectively. The second step will start to

ecompose before the first step completely finished, and exhibits
he peak at 164.1 ◦C for CeCl3-doped NaAlH4 and 171.2 ◦C for CeAl4-
oped NaAlH4.
decomposition of CeCl3 (solid symbols, dark line) and CeAl4-doped (open symbols,
red line) NaAlH4. (For interpretation of the references to color in this figure legend,
the  reader is referred to the web version of the article.)

The activation energy of NaAlH4 and Na3AlH6 for hydrogen des-
orption can be calculated using a Kissinger analysis that is based on
the shifts in Tmax with heating rate (ˇ) of 2, 3, 5, 8, and 10 ◦C/min−1

[19]. For that, ln(ˇ/T2
max) was  plotted versus 1/Tmax (see Fig. 4b) The

slope of the curve represents −Ea/R in which R is the molar gas con-
stant. The values of Ea for the first and the second dehydrogenation
are summarized in Table 1. As a comparison, the calculated Ea of the
undoped NaAlH4 are also presented. It can be seen that after doping
the additives, the activation energy all lowered significantly.

Interestingly, almost the same activation energies were
obtained for the CeCl3- and CeAl4-doped NaAlH4 of either the first
step or the second step. An explanation for the coincidence of Ea

can be deduced from the findings reported by Sandrock et al. [20]
and Kircher and Fichtner [21]. They demonstrated that increasing
2 mol% CeCl3 80.76 97.27
2  mol% CeAl4 80.93 98.94
Nothing 114.2 156.8
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article size and disperse more homogeneously, however, it just
nfluences the hydriding and dehydriding rate. Although the exact

echanism of catalysis is as yet unknown, we can assume that dur-
ng the process of dehydrogenation the CeAl4, either in situ formed
r the directly doped, will catalyze the transformation of NaAlH4
nd may  form the same transition state, which eventually results
n the same activation energy.

. Conclusions

By XRD investigations carried out on the samples of CeCl3-doped
aAlH4 in the course of synthesis and following cycles, it can be
oncluded that CeCl3 reacts with hydrides in the ball milling, caus-
ng the formation of NaCl, and probably widely dispersed Ce entity
r the Ce–Al cluster with poor crystallinity that cannot be detected
y XRD examination. After the first dehydrogenation, as the sole
ewly detected Ce-containing species, Al–Ce alloy with a structure
f CeAl4 comes into being, and remains almost unchanged in the
ollowing hydrogenation and dehydrogenation cycles. The com-
arative study shows that, doping the as-prepared CeAl4 to the
ydrides using direct synthesis method can result in comparable
ydrogen absorption and desorption kinetics. The addition of CeCl3
nd CeAl4 can significantly lower the thermal activation energy for
oth decomposition steps to the similar values. These results clearly
emonstrate that the in situ formed CeAl4 acts as active species to
atalyze the reversible dehydrogenation and rehydrogenation of
aAlH4.
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