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We report the preparation of sodium alanate, a promising hydrogen storage material, in a thin film
form using cosputtering in a reactive atmosphere of atomic hydrogen. We study the phase formation
and distribution, and the hydrogen desorption, with a combination of optical and infrared
transmission spectroscopy. We show that the hydrogen desorption, the phase segregation, and the
role of the dopants in these complex metal hydrides can be monitored with optical measurements.
This result shows that a thin film approach can be used for a model study of technologically relevant
lightweight metal hydrides. © 2009 American Institute of Physics. �doi:10.1063/1.3236525�

Complex metal hydrides are solid state hydrogen storage
materials with a high capacity. Among them, sodium alanate
�NaAlH4� is regarded as the most promising candidate, due
to its high hydrogen capacity �5.6 wt %� and suitable ther-
modynamic stability for reversible hydrogen storage in con-
junction with proton exchange membrane fuel cells.1–3

The thermodynamic and kinetic conditions for hydrogen
absorption and desorption can be improved by adding a Ti-
containing dopant �metallic Ti or TiCl3 �Refs. 4 and 5��. In
spite of an intense research activity, the correlation between
the structure and location of the Ti and its role in the cataly-
sis �de�hydrogenation reaction is not yet fully understood.2,3,6

Generally, �de�hydrogenation studies are carried out on bulk
samples prepared through a complex chemical route, while
the dopant is added during ball milling. Alternatively, we
study the kinetics and thermodynamics of metal hydrides
using thin films. Using a combinatorial technique, we ex-
plore alternative metal hydride storage options.7 This method
allows a fast and efficient exploration of the thermodynamic
properties and has a speed of analysis that is out of reach for
bulk chemical methods. Moreover, it permits a simple and
direct evaluation of phase segregation phenomena by optical
spectroscopy. Finally, the dopant amount and distribution can
be decided a priori and artificial heterostructures can be re-
alized.

Here we report the cosputtering of Na–Al thin films in a
hydrogen reactive atmosphere. Atomic hydrogen is provided
by a hydrogen atomic source, which splits molecular hydro-
gen at a hot W filament.8 We characterize the films with
optical transmission both in the as deposited state and after
high temperature desorption. We find optical signatures �in
the IR and UV regions� of the formation of NaAlH4, which
decomposes into NaH and Al after annealing. The effect of
metallic Ti doping is also explored. We observe for both the
undoped and Ti-doped samples that the annealing induces a
macroscopic Al segregation, which probably hinders the re-
verse reaction under moderate conditions. This result opens
the route to the analysis of the storage properties of the so-
dium alanate and other lightweight complex metal hydrides,

such as LiAlH4, with combinatorial techniques.3

A schematic view of the setup used for the deposition
and optical characterization is shown in Fig. 1. Films with a
thickness of 80 nm are sputtered using a rf magnetron source
for Na and a dc magnetron source for Al �the sputtering ratio
Na/Al is 1:1�. The initial pressure in the deposition chamber
is less than 10−10 mbar. The O2 partial pressure, as revealed
by a residual gas analyzer, is lower than 10−11 mbar with H2
being the main residual gas. A H2 feeding pressure of 10
mbar was used for the hydrogen atomic source, resulting in a
pressure of 1.7�10−3 mbar in the deposition chamber. An
additional Ar partial pressure of 1.8�10−3 mbar was used
for the sputtering procedure. Metallic Ti was cosputtered at a
sputtering rate Ti/Na equal to 0.02 and 0.08, respectively.
After deposition, the films are transferred in UHV to the
optical chamber, where the optical transmission in the range
1–6 eV is measured using an optical fiber spectrometer.8 The
Infrared transmission is measured by a Bruker Fourier trans-
form spectrometer. The transfer to the IR spectrometer was
done in air, resulting in a partial oxidation of the film. In fact
we observe a Al2O3 peak in the infrared spectrum. This ox-
ide layer is probably protecting the film from further deterio-
ration. We checked this hypothesis by measuring the films
after different air exposure times �from 600 s up to 48 h�.
The XRD analysis revealed that the films are amorphous.

Figure 2 illustrates the optical transmission in the range
1–6 eV for an 80 nm Na–Al–H film grown on sapphire. The
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FIG. 1. �Color online� Schematic representation of the UHV deposition
chamber and of the opical chamber with the fiber setup.
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lower curve �labeled “as-deposited”� represents the transmis-
sion of the as-deposited film. Such a response can arise from
a mixture of metallic impurities in a material transparent in
the considered range. The impurities should be dispersed to
such an extent that the light �with a wavelength between 100
and 1000 nm� probes an “effective” medium i.e., the typical
sizes of the inhomogeneities is much smaller than the wave-
length. We modeled the spectrum using an effective medium
approximation �EMA� �shown in figure as a thin line�, rely-
ing on dielectric functions calculated from first principles
�band structure� calculations.9 For the fit shown, we used the
Bruggeman approximation considering metallic Al impuri-
ties dispersed into a matrix of NaAlH4, where the effective
dielectric function ��eff� is given by

�1 − f�
�M − �eff

�M + 2�eff
+ f

�Al − �eff

�Al + 2�eff
= 0,

where �Al and �M are the dielectric function of the Al impu-
rities and of the alanate matrix, respectively. The only fit
parameter is the volume fraction f . The fit catches quantita-
tively the data but is not able to fully reproduce the observed
features �the simulation predicts a downward curvature of the
transmission between 2 and 4 eV�. This may arise from the
fact that the approximation used is far too simple �monodis-
persed impurities, no percolation�, and from the presence of
some Na impurities as well. The obtained volume fraction
for Al is 19%. Note that a similar fit can be obtained using
Na3AlH6 �which has an optical gap at around 6 eV �Ref. 9��
or NaH �gap at 5.5 eV� as matrix materials.

Subsequently, we studied the thermal desorption using
high temperature-low hydrogen pressure conditions �a quan-
titative temperature programmed desorption is not available
in our setup�. In Fig. 2, we show the optical transmission of
the sample annealed at 110 °C and 1 bar of H2 pressure
�curve labeled as “annealed”�. A large increase of the trans-
mission is observed. Such a response can be interpreted con-
sidering a mixture of a transparent material as a matrix with
metallic Al as impurity �however, in this case just a few
percent�. In Fig. 2 we also report as a thin line the
Bruggeman-EMA fit obtained considering NaH as matrix
material and Al as impurity. Again the Bruggeman fit �here
with a Al volume fraction of 3%� fails in reproducing fully
the observed wide gap which starts at 4 eV �suggesting some
degree of percolation, not considered in the Bruggeman for-

mula�. Once again, just on the basis of such a fit we cannot
discriminate between Na3AlH6, NaAlH4, and NaH.

To solve these identification problems, we deposited a
film under the same conditions on CaF2, a material with a
wide window in the infrared. The infrared transmission for
the as deposited film, measured ex situ, is shown in Fig. 3.
The low energy gap �where the transmission drops down to
zero between 500 and 1000 cm−1� is due to the CaF2 sub-
strate. First of all we observe no NaH related features �for
NaH films the transmission drops down to zero between
1100 and 1000 cm−1, with a first absorption band at about
1300 cm−1�. Instead, we observe absorption peaks in the re-
gion between 1200 and 1800 cm−1 �a zoom over this region
is shown as inset in Fig. 3�. We compared our data with the
IR response of bulk undoped NaAlH4,10 and the resemblance
�Fig. 6 of Ref. 10� is quite convincing. The 1620 cm−1 peak
is due to Al-H stretching, while the sharp peak at 1455 cm−1

�not commented in Ref. 10�, is due to Al2O3 �probably
formed during the exposure of the film to the air�. In our case
the Al–H peak appears at a lower energy if compared to Ref.
10 and other works11 �the reported frequencies range from
1650 to 1670 cm−1�. The Na3AlH6 phase, revealed by a peak
at around 1350 cm−1, is not observed. We also measured the
IR transmission of the sample on CaF2 annealed at 110 °C
and 1 bar of H2 �curve labeled as “annealed”�. In this case,
we observe the formation of NaH �as shown by the strong
absorption between 1100 and 1000 cm−1 and the shoulder at
about 1300 cm−1, highlighted in the figure�. The Al–H
stretching peak at 1620 cm−1, which signals the presence of
the alanate, is suppressed, while the 1455 cm−1 peak, due to
Al2O3, is still there. So, as observed in bulk samples, the
high-temperature treatment decomposes the as-deposited
NaAlH4 into NaH �and Al�.

Subsequently, we tried to reload the film at 10 bar of H2
pressure. No reloading was observed, at least up the pressure
used. An analysis of the optical transmission in Fig. 2 can
help us to clarify this point. In view of the IR results, the
“annealed” optical transmission spectrum �Fig. 2�, which
was ambiguously assigned to several transparent materials,
can be now considered as generated by NaH mixed with a
few percent of Al �in clusters smaller than 100 nm�. The
higher transmission implies that the rest of the Al has segre-
gated into macroscopic clusters �bigger than 1000 nm�. This

FIG. 2. �Color online� Optical transmission for a 80 nm Na–Al–H film in
the as deposited �lower curve� and annealed state �upper curve�. The thin
lines represent a Bruggeman-EMA fit where NaAlH4 was used as a matrix
material and Al �19%� as a impurity for the as deposited film. In the case of
the annealed film, NaH was used as a matrix material, with 3% of Al
impurity.

FIG. 3. �Color online� Infrared transmission for a Na–Al–H /CaF2 film in
the as-deposited and annealed state. The inset shows a zoom over the region
1200–2000 cm−1 for the as deposited sample, to be compared with Fig. 6 of
Ref. 10.
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macroscopic segregation is probably the reason for the irre-
versibility of the reaction �or its shift toward much higher
temperatures pressures�, as observed in the bulk. Hence, we
also explored the effect of metallic Ti doping in our films.
We cosputtered Ti–Na–Al at a rate Ti /Na=0.02 �2.5% Ti�
and Ti /Na=0.08 �8% Ti�. The two Ti concentrations we ap-
plied are around the optimal values reported for Ti doping
in bulk samples.4,5 In Fig. 4 we show the optical trans-
mission for the 2.5% Ti sample �panel a�, and 8% Ti �panel
b�, in the as deposited �lower curve� and annealed state
�110 °C-1 bar; upper curve�. The response is pretty similar
to the one of the undoped sample. In the as deposited state,
we observe a transparent material with large metallic impu-
rities. After annealing, we have a transparent material with
small metallic impurities. In the 8% Ti film the formation of
NaH after high temperature treatment is even more evident,
as revealed by the sharp gap at 5.5 eV. This shows that an
homogeneous metallic Ti doping �2% and 8%� is not pre-
venting the macroscopic �1000 nm� segregation of NaH and
Al in thin films and therefore is not having any beneficial
effect on the reversibility of the NaAlH4. In fact, in both
samples we did not observe rehydrogenation.

In summary we report the synthesis and characterization
of Na–Al–H thin films, prepared via reactive sputtering.
From the optical and IR transmission data we conclude that
the NaAlH4 phase is formed directly from the elements. A
thermal treatment decomposes the alanate into NaH and Al.
Both in undoped samples in samples doped with 2% or 8%
metallic Ti, we observed the segregation into macroscopic
Al clusters �bigger than 1000 nm� on high temperature an-
nealing. With this simple and fast thin film procedure we are
able to determine the fate of the Al and its distribution, and
to explore the role of Ti dopant. The optical characterization
of thin films can thus be used to explore the reaction kinetics
and phase segregation phenomena in lightweight metal hy-
drides.
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FIG. 4. �Color online� Optical transmission for the 2.5% sample in the as
deposited and annealed state �panel a� and for the 8% Ti �panel b�.
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