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bstract

The hydrogen storage properties of doped and undoped NaAlH4 samples are studied after mixing them with different percentages of high surface
arbon. Manually mixed samples are compared with ball milled ones; it was found that manual mixing was a simple and effective way to dope

aAlH4. A morphological and micro-structural analysis has been carried out in order to understand the effect of carbon. Carbon added samples

how a marked enhancement of hydrogen desorption rate. The desorption temperature and the total hydrogen content remain almost unchanged
or undoped sample. The desorption temperatures of Ti-doped samples increase with carbon content.

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

Hydrogen storage for vehicle application is still an open
hallenge. Different routes have been followed but a satisfy-
ng solution has not achieved yet. Liquid hydrogen shows good
olumetric and gravimetric density but its production cost is
elatively high. Compressed hydrogen suffers for low volumet-
ic hydrogen density whilst the use of traditional metal hydride
s detrimental in terms of gravimetric hydrogen density. High
mount of hydrogen (about 7 wt.%) can be absorbed at very
igh temperatures (350–450 ◦C) in light weight metals or metal
itrides (i.e. Mg or LiN3) [1,2]. The desorption enthalpy (about
0 kcal/mol) can be supplied burning part of the stored hydro-
en. In such a way the available hydrogen content is reduced to
bout 5wt.%.

Complex metal hydrides represent a good compromise
etween hydrogen content, desorption temperature and reaction
nthalpy. Ti-doped NaAlH4 is emerging as one of the most inter-

sting candidate to efficiently store hydrogen since the discovery
f its reversibility in hydrogen desorption.

∗ Corresponding author. Tel.: +39 06 30483797; fax: +39 06 30486357.
E-mail address: paola.gislon@casaccia.enea.it (P. Gislon).
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Different techniques and precursors have been used to pre-
are Ti-doped NaAlH4. A solution chemistry was followed by
ogdanovic and Schwickardi [3] and by Jensen and co-workers

4] to prepare the Ti-doped material. A solution of TiCl3 or
i(OBun)4 in THF was added to a solution or a suspension of

he hydride in the same solvent. The doped material was obtained
y removing the solvent under vacuum.

The theoretical hydrogen content of NaAlH4 is 5.6 and
.1 wt.% hydrogen was desorbed from NaAlH4 at 225 ◦C [5].
aterial modifications induced by ball milling strongly decrease

he desorption temperature. The rate of decomposition of 2 h
illed sampled was so fast to release about 3.0 wt.% hydrogen

n 2 h at 160 ◦C [6]. Impressive results were obtained with Ti-
oped NaAlH4. Three weight percent hydrogen was desorbed
n 4 h from the 0.9 mol% doped sample at temperature as low
s 125 ◦C and still faster desorption rates have been observed
ncreasing the doping level [5]. Since part of the hydride reacts
rreversibly with the dopant, high dopant levels are detrimental
rom gravimetrical point of view. Thus, the very positive ben-
fits on kinetics of Ti-catalyst are seriously offset by losses in
eversible H-capacity [5,7]. It has been shown that many types

f dopant precursors including non-titanium based compounds
esult in enhancing sorption kinetics, among them carbon and
raphite. Zaluska et al. [6] modified NaAlH4 and Na3AlH6 by
echanical grinding with or without carbon. Milled materials

mailto:paola.gislon@casaccia.enea.it
dx.doi.org/10.1016/j.jallcom.2006.09.025


and Compounds 437 (2007) 360–366 361

s
i
T
f
t
b
h
g
T

a
g
e
a
e
s
a

h
g
h
b
N

2

t
H
1
f
m
w
t
h
N
t
m
5

fl

J
w
2

t
c
a
a
T
t
t
B
w

r
f
p
a
p
b

a
w
p
t
r
c
fl

3

w
w
b
a
t
T
d
d
d

3

m
t
i
(
a

s
b

C. Cento et al. / Journal of Alloys

howed enhanced desorption kinetics, and the addition of carbon
n the milling process remarkably improved their performance.
he amount of added carbon varied from 7 to 18 wt.%. It was

ound that in the case of activated carbon or powdered graphite
he results did not significantly depend on the initial form of car-
on, whilst carbon nanotubes (CNT) admixed NaAlH4 shows
igher performances [8]. In a recent study, the positive syner-
istic effect of 10 wt.% graphite powder as co-dopant of 2 mol%
i-doped NaAlH4 was reported [9].

The observed phenomena were interpreted in mechanical
nd electronic terms. Graphite can serve as lubricant or micro-
rinding agent through the formation of titanium carbide. The
lectronic interaction of graphite �-electrons with Ti could
lso facilitate Ti–hydrogen bond formation and consequently
nhancing Al–hydrogen bond cleavage. In the same work it was
hown that graphite in absence of titanium is essentially inactive
s a catalyst [9].

In this work the effect of high surface carbon on de-
ydrogenation and re-hydrogenation of NaAlH4 was investi-
ated. Hydrogen desorption properties of manually mixed and
igh energy milled materials were compared. The effect of car-
on as a co-dopant on the de-hydrogenation kinetics of Ti-doped
aAlH4 was also studied.

. Experimental

Sodium aluminum hydride (NaAlH4, Aldrich, tech. 90%) and hydrogen
itanium ortobutylate (Ti(OBu)4, Aldrich, purity ≥97%) were used as received.
igh surface area carbon (Carbon Ketjen Black, Akzo Nobel, specific surface
250 m2/g) was dried at 120 ◦C for 12 h. The amount of added carbon varied
rom 2 to 20 wt.%. Carbon was added following two methods, namely ball
illing or manual mixing. In a typical ball-milled sample NaAlH4 and carbon
ere weighed to form 0.5g-batches which were loaded in a stainless steel vial

ogether with two stainless steel balls. The vial was evacuated and filled with
ydrogen. It was mounted in a shaker mill (SPEX 8000, CertPrep, Metuchen,
J) and milled for 30 min. Manually mixed samples were prepared by grinding

he powders in a mortar for 5 min. Doped samples were obtained by gently
ixing the mixture with titanium ortobutylate in its liquid form for additional
min. The amount of added titanium varied from 0.5 to 4 mol%.

The materials were characterized by X-ray diffraction (XRD) analysis (Mini-
ex Rigaku diffractometer) using Cu K� radiation.

Powders morphology was studied by scanning electron microscopy (SEM,
EOL JSM-5510LV). Energy dispersive X-ray (EDS) analysis was performed
ith an IXRF EDS-2000 System. The conditions were: accelerating voltage
5 kV, spot size 21 and working distance 21 mm.

Thermal decomposition was monitored by the home-made apparatus illus-
rated in Fig. 1. The sample (about 200 mg-batches) was introduced in a
ylindrical glass holder. Before each measurement the sample holder was evacu-
ted and filled with nitrogen for three times and finally connected to the measure
pparatus. This latter consists in a BronkHorst F-100 flow-meter, 30 nl/h range.
he volume of desorbed hydrogen was calculated by numerical integration. A

hermocouple positioned on the sample holder was used to record the tempera-
ure. When the set temperature was reached, the sample was introduced into a
-585 Buchi Glass Oven. Both the signals from thermocouple and flow-meter
ere recorded.

Hydrogenation/de-hydrogenation cycles at various temperatures were car-
ied on in a specifically designed pressure composition isotherm apparatus (PCI)

rom DeltaE, University of Calabria, Italy (www.deltae.it). About 1.0 g of sam-
le was loaded in a cylindrical SS reactor (1.0 cm inner diameter). In order to
chieve identical starting condition, the reactor was heated at the operative tem-
erature and evacuated at low pressure (300 Pa) using a turbomolecular pump
efore each hydrogenation process.

s

b
a

Fig. 1. Apparatus for desorption rate measurements.

The reactor was heated by an external oven. To monitor the temperature
thermocouple was connected to the reactor. When the thermal equilibrium
as reached hydrogen was injected into the sample holder at constant flow and
ressure changes have been quantified by a calibrated 8 MPa range pressure
ransducer. An additional 0.08 MPa pressure transducer was used for a good
esolution at low pressure fields. The flow was accurately monitored by a flow
ontroller. The signal from the flow-meter was recorded and the volume of
owed hydrogen obtained by numerical integration.

. Results

Ball-milled Ti-doped samples showed a very high reactivity
ith air: the powder burned immediately after the evacuated vial
as opened, even if this operation was carried out in a glove
ox. The reactivity of ball-milled samples induced us to find
n alternative method to prepare Ti-doped alanate. It was found
hat manually grinding of the NaAlH4 powder together with the
i precursor was an effective method to prepare air-stable Ti-
oped alanate. There are several practical merits related to the
ry approach since it is very easy to produce large amounts of
oped material and it avoids the handling of solvents.

.1. SEM analysis results

A morphological investigation has been carried out to detect
odifications in the alanate structure due to addition of carbon or

o ball milling, before and after de-hydrogenation. In Fig. 2, SEM
mages of the NaAlH–0.5mol% Ti sample are shown before
Fig. 2a) and after (Fig. 2b) de-hydrogenation. The very small
mount of Ti has not been revealed by micro-analysis.

In Fig. 3a and b, the mortar grinded 10% carbon sample is
hown, before and after de-hydrogenation, respectively. The car-
on clusters can easily be recognized in Fig. 3a since their grain

ize is smaller, as compared to the smoother NaAlH4 grains.

The sample with the same C content as Fig. 3 but prepared by
all milling is shown in Fig. 4. The structures of both the NaAlH4
nd C grains are no more distinguishable, the ball milling had

http://www.deltae.it/
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Fig. 2. SEM images of Ti-doped samples (a) before and (b) after de-hydrogenation.
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Fig. 3. SEM images of 10% C added sam

he effect of “flattening” the hydride; in reality, as the XRD anal-
sis showed (Section 3.3), the macroscopic loss of granularity
orresponds to a loss of microscopic cristallinity. The same pic-
ure at a larger view shows a columnar stratification of planes,
ig. 4b.

The “flat aspect” disappears after the first de-hydrogenation,
nd the de-hydrogenated product appears similar to the non-ball
illed one (Fig. 5).
.2. Hydrogen desorption in carbon added samples

A plot of the hydrogen flow, normalized to the sample weight,
ersus time, released by un-doped, carbon added samples with

a
p

c

Fig. 4. SEM images of 10% C added ball-milled sample
a) before and (b) after de-hydrogenation.

ifferent carbon percentage, is shown in Fig. 6. The tempera-
ure was kept constant at 220 ◦C for several hours. The effect
f the carbon content on desorption kinetic is evident: passing
rom 2 to 20% carbon, the hydrogen flow increases by a factor
f 4.

In Fig. 7, the plot of the hydrogen yield versus time at 220 ◦C
or various carbon content samples is shown. Again it is evident
hat increasing carbon content has the effect of speeding up the
ydrogen dissociation: after 150 min the 20% carbon samples

ttained the maximum hydrogen yield, 5.1 wt.%, whilst lower
ercentage carbon samples are still desorbing.

The weight percentage refers to the alanate weight only; if we
alculate the hydrogen yield with respect to the sample weight,

s before de-hydrogenation at two magnifications.
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Fig. 5. SEM images of 10% C added ball-milled samples and after de-hydrogenation at two different magnification.

F
2

t
h
r

t
F
a
o

n
d
1

F
h

F
j

o
q
t

s

3NaAlH4 → Na3AlH6 + 2Al + 3H2 (1)

3

ig. 6. Desorbed hydrogen flow of different C content NaAlH4 samples at
20 ◦C; the flow is normalized to the alanate weight.

he 10% C sample shows better results in terms of gravimetric
ydrogen density than the 20% C still at a reasonable desorption
ate.

The behavior of the manually grinded samples compared to
he ball milled one with the same carbon content is shown in
ig. 8. The hydrogen flow is reduced in the just grinded sample,
lthough the hydrogen amount and the desorption temperature
f the two samples are very similar.
The Arrhenius plot of the flow versus temperature for the
on-doped 20% carbon added sample (Fig. 9) shows a single
ecomposition step characterized by an activation energy of
58 kJ/mol/K and a pre-exponential factor of 5.3E18. The effect

ig. 7. Desorbed hydrogen of various C content NaAlH4 samples at 220 ◦C; the
ydrogen weight percentage is referred to the alanate weight.

N

ig. 8. Comparison between hydrogen flow released from a ball milled and a
ust grinded 10% C added samples.

f carbon is to increase the pre-exponential factor, and conse-
uently to increase the kinetics of the reaction, with respect to
he undoped NaAlH4 [5].

It is well known that the decomposition of NaAlH4 is a two-
tep reaction described by the following formula:
a3AlH6 → 3NaH + Al + 2 H2 (2)

Fig. 9. Arrhenius plot of an undoped 20% C added sample.
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ig. 10. XRD spectrum of a 10% C added sample after decomposition at 195 ◦C.

o detect only the first decomposition step of NaAlH4 we set the
emperature at 195 ◦C and analyzed the decomposition reaction
roducts by XRD. The hydrogen released by the first step of
eaction was 3.7 wt.%.

.3. X-ray diffraction of carbon added samples

The progressive turning from NaAlH4 into two different
a3AlH6 phases, the �-Na3AlH6 and �-Na3AlH6, and succes-

ively into Al and NaH, was clearly detected by X-ray analysis.
In Figs. 10 and 11, the X-ray diffraction of the desorption

roducts of the 10% carbon ball-milled sample after decompo-
ition, respectively at 195 and 220 ◦C, are shown. In the low-
emperature reaction (Fig. 10) the NaAlH4 completely decom-
osed into Al and Na3AlH6 (� and � phases) following Eq. (1);
fter a further increase in temperature (Fig. 11), together with a
mall amount of Na3AlH6, the peaks of Al and NaH appear, as
redicted by Eq. (2).

The spectra for the ball-milled sample, before any de-
ydrogenation process, evidences that the macroscopic amor-

hous structure seen by SEM corresponds effectively to an
bsence of microscopic structure: the peak intensity related to
aAlH4 was strongly decreased and Al was found in the spec-

rum. The presence of Al evidences that some decomposition
eaction occurred during the ball milling.

t
r
f
s
r

ig. 12. Ti-doped, C added NaAlH4 samples in: (a) the desorbed hydrogen flow is
lotted. Temperature of measurement: 200 ◦C.
ig. 11. XRD spectrum of a 10% C added sample after decomposition at 220 ◦C.

.4. X-ray diffraction in carbon-added Ti doped samples

X-ray diffraction spectra for a mixture of NaAlH4 containing
wt.% carbon and doped with 0.5 mol% Ti shows exclusively
rystalline NaAlH4. The absence of the peaks related to titanium
etal does not allow to recognize whether Ti is in its crystalline

tate or not. The absence of peaks attributed to carbon is not
urprising since the carbon we used is amorphous.

.5. Hydrogen desorption in Ti-doped carbon added
amples

As stated by different authors [4,5], Ti doping is a very effec-
ive way to improve performance and de-hydrogenation kinetic.

e tested therefore if the beneficial effect found by adding car-
on to the alanates is effective also for Ti-doped samples.

In Fig. 12a, the desorbing curves of four 0.5 mol% Ti samples
dded, with 0, 5, 10 and 20 wt% carbon are compared. According
o Sandrock et al. [5] the Ti-doped sample without carbon shows
wo well defined decomposition step. The addition of carbon

esults in an increase of flow that again reaches its maximum
or the sample containing 10 wt.% carbon. At the same time the
econd decomposition step disappeared and it seems that the
eaction follows a single decomposition pathway.

shown for different C percentages; (b) the corresponding hydrogen content is
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Fig. 13. Arrhenius plot of 0.5 mol% Ti-doped samples for different C added
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the end of process and it causes a little variation in the amount
of absorbed hydrogen with temperature. The desorption curves
show a more pronounced dependence on temperature: the des-
ercentages; the 0% carbon curve shows the typical behavior with two different
ctivation energies corresponding to the two decomposition steps.

The total amount of hydrogen evolved versus time is plotted
n Fig. 12b. The temperature was raised up to 200 ◦C, so only
he first reaction step is likely to occur; the hydrogen yield is
herefore only 3.8%.

The Arrhenius plots for three 0.5 mol% Ti-doped samples at
arious carbon content, 0, 5 and 20 wt%, are plotted in Fig. 13.
y increasing the carbon content both the activation energy
nd pre-exponential factor are increased with respect to the no-
arbon, Ti-doped samples.

Differently from the un-doped sample, the desorption tem-
eratures are strongly affected by carbon content. The effect of
he carbon content on the doped sample desorption temperature
an be argued from Fig. 14, where the flow curves of Fig. 12a
re plotted versus temperature: increasing the carbon percent-
ge from 0 to 20% has the effect to move the desorption onset
t higher temperatures, from 140 to 160 ◦C.

.6. Hydrogenation and cyclability
The PCT apparatus has been used with P = 80 bar maxi-
um pressure, F = 40 ncc/min hydrogen flow, temperatures in

he 200–230 ◦C range. Before any subsequent re-hydrogenation,

Fig. 14. Desorption temperatures for doped C added NaAlH4.
F
c

ig. 15. Hydrogen absorbed by a 10% C sample during a PCT cycle, with a
onstant pressure ramp up to 80 bar at various temperatures.

he sample was completely de-hydrogenated by pumping it at
30 ◦C till a 0.1 mbar pressure was attained.

The absorption and desorption curves of the 10% C added
ample at various temperatures are shown in Figs. 15 and 16,
espectively, the sample absorbed reversibly about 5 wt.%
ydrogen. It is worth to note that the pure alanate do not exhibit
ny re-hydrogenation property at those conditions. For the 2.5 h
harging time, the rate of hydrogenation as well as the total
mount of H2 absorbed does not seem to be affected by tem-
erature. A little change in the absorption rate is observed at
ig. 16. Hydrogen desorbed by a 10% C sample during a PCT cycle, with a
onstant pressure ramp down from 80 bar at various temperatures.
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rbed hydrogen amount is larger at higher temperature, and
arger is also the desorption rate.

. Discussion

Beneficial effects in both hydrogen desorption rate and des-
rption temperature due to carbon presence have been detected
y different authors [6,8]. How the carbon could enhance the
lanate performance is anyway still an open question. Mor-
hological analysis shows that the aggregate structure of the
e-hydrogenated samples has been modified by carbon. The
resence of carbon produces rough particles. By examining
very single particle it is possible to observe that it is an aggre-
ation of particles of smaller diameter (few micron); anyway
-ray spectra after de-hydrogenation show that no modification
ccurred in the crystalline structure of alanate. The role of car-
on could be more “physical” than “chemical” in the sense that it
odifies the grain surface of the de-hydrogenated phases prob-

bly due to the inhibition of grain aggregation. The increase of
he surface/volume ratio upon the first de-hydrogenation could
nhance the second de-hydrogenation step. This is in accordance
ith the obtained results, which show that only the desorption

ate is improved by carbon addition, being the desorption tem-
erature and the hydrogen yield only slightly affected.

The effect of carbon to increase the hydrogen desorption rate
s noticeable for carbon content as high as 10 wt.%. By dou-
ling this amount only a slight change in the hydrogen rate
as observed. The amounts of hydrogen desorbed from 10 to
0 wt.% carbon added samples was almost the same. It is easy
o recognize a “threshold” behavior appearing when the car-
on content lies between 5 and 10%. By considering that large
mount of dopant is detrimental in term of gravimetrical hydro-
en density, the 10 wt.% sample can be considered the best
ompromise between the de-hydrogenation rate and the hydro-
en yield.

Also in Ti-doped materials the rate of the second de-
ydrogenation step is increased after carbon was added. As a
esult the two desorption steps clearly visible in the Ti-doped
aterial, disappeared in presence of carbon (Figs. 12 and 13)

nd a single desorption process was observed in carbon added
itanium-doped NaAlH4 samples. The temperature of the first

esorption step is slightly increased by increasing the amount
f carbon. This could be explained by considering that Ti-doped
amples are very sensitive to the amount of Ti used as cata-
yst [5]. Carbon inhibits the effect of the titanium through an

[

[
[

ompounds 437 (2007) 360–366

ncrease of the activation energy of the process. It could be due
o some interaction of Ti with carbon that decreases the amount
f “active” titanium or reduces Ti mobility. As stated for non-
oped samples, the presence of carbon on doped samples inhibits
he grain aggregation of NaAlH4.

With respect to what previously found [9] our results pointed
ut that the effect of carbon, independently from its allotropic
tate, has beneficial effect on both Ti-doped or undoped NaAlH4
ecomposition. The main differences between what has been
ound by Wang et al. by adding graphite instead of high surface
arbon [9] and our results are in the lower decomposition tem-
erature; a very light effect on it should be ascribed to the ball
illing of the sample.

. Conclusions

In this paper, the positive effect of carbon on hydrogen
bsorbtion/desorption process has been shown. Carbon acts with
threshold behavior and 10 wt.% carbon was found the best

arbon content. The 10% carbon sample, obtained by manual
ixing carbon and NaAlH4, showed to reversibly desorption of

ydrogen to 4 wt.% in the temperature range between 200 and
00 ◦C. The smaller grain size noted for carbon-doped materi-
ls could enhance the rate of the second de-hydrogenation and
he following hydrogenation/de-hydrogenation steps. Syner-
ism was found between carbon and Ti in double-doped samples.
t follows that the two dopants act with different mechanisms.
he higher desorption temperature showed from Ti-doped sam-
les mixed with carbon was related to a decrease of the amount
f available titanium.
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