
XAFS Study of the Al K-Edge in NaAlH4
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Al K-edge (1561.1 eV) XANES and EXAFS spectra of unoxidized NaAlH4, a hydrogen storage material,
have been recorded in He atmosphere in a special in situ low-energy cell. The XANES spectrum of NaAlH4

is reported and compared to that of oxidized NaAlH4, thus illustrating the power of XANES spectroscopy as
a quick qualitative check of the NaAlH4. For the EXAFS data, reliable fits of the Al K-edge spectra could be
obtained when all scattering contributions, i.e., Al-H, Al-Na, and Al-Al, were incorporated into the fit.
The hydrogen atoms made a significant contribution to the Al K-edge EXAFS signal of NaAlH4, which
stresses the importance of hydrogen scattering when analyzing EXAFS data of this metal hydride.

1. Introduction

To realize the application of sustainable energy schemes,
storage of energy is essential. Hydrogen is regarded as a
candidate to store energy for stationary and mobile applications.
However, for the implementation of hydrogen technology in
society, the challenge of hydrogen storage has to be addressed.
Sodium alanate (NaAlH4) is regarded as a promising hydrogen
storage material because it has a high hydrogen capacity (5.6
wt %) and suitable thermodynamic stability for reversible
hydrogen storage.1,2 The hydrogen is released in two steps when
NaAlH4 is heated (eq 1), and hydrogen is reabsorbed by applying
H2 pressure.

Unfortunately, the kinetics of hydrogen desorption and
reloading of a desorbed alanate sample are unfavorable, with
the latter most likely being a result of segregation of the NaH
and Al phases.3,4 We expect that the dynamics of the local
structure around Al (and Na) can give insight into the mecha-
nism of phase segregation, which will allow for the development
of improved storage materials. To date, most structural properties
of sodium alanate have been investigated with (synchrotron)
X-ray diffraction,5-7 neutron diffraction,7,8 1H NMR spectros-
copy, and27Al NMR spectroscopy.9-11 The diffraction tech-
niques require long-range ordering and, thus, do not provide
information on the local environment around Al. In addition,
NMR spectroscopy of solid materials is challenging to interpret.
X-ray absorption spectroscopy, i.e., extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near-edge structure
(XANES) spectroscopies, are suitable for determining local
structures (EXAFS) and electronic/geometrical parameters
(XANES) of a specimen and have been applied to determine
the local structure of Ti in Ti-doped NaAlH4 systems.12-16

Recently, an Al K-edge XANES study on NaAlH4 was
reported.17

X-ray absorption measurements of low-Z elements, such as
Na and Al, are challenging because of the low X-ray intensity
of the synchrotron radiation in the required energy range (1000-
2000 eV). Nevertheless, some successful studies on the Al
K-edge have been performed on solid oxides and aluminum
oxide gels18-20 either in vacuum or in situ using a specially
designed cell (ILEXAFS21). In contrast to aluminum oxides,
measuring the XAFS spectrum of a metal hydride is experi-
mentally challenging because of its sensitive nature toward
oxygen, water, vacuum, and temperature. Therefore, sample
handling before and during XAFS data collection require extra
attention to obtain reliable data.

In this work, Al K-edge X-ray absorption spectra of NaAlH4

were recorded in an ILEXAFS cell.21 Because of the sensitivity
of NaAlH4 toward air and water, its XANES and EXAFS spectra
are compared to those of an oxidized NaAlH4 sample, and a
discrepancy with recent XANES spectra reported by Fichtner
et al.17 is discussed. For EXAFS fitting, the significance of
including aluminum-hydrogen scattering is discussed for
NaAlH4. No Al K-edge EXAFS study has been published before
for NaAlH4.

2. Experimental Section
2.1. Sample Preparations.All sample preparations were

carried out in a nitrogen-filled glovebox equipped with a
circulation purifier. Chemical operations were conducted using
Schlenk techniques. The solvents [tetrahydrofuran (THF) and
diethylether] were dried by distillation over Na. Commercially
available NaAlH4 (Sigma-Aldrich) was purified by dissolving
it in an excess of THF; remaining solids were removed by
filtration. Next, the THF was evaporated by vacuum until
precipitation started. In the following step, the NaAlH4 was
further precipitated by dropwise addition of diethylether. The
crystallinity of the obtained NaAlH4 was checked by X-ray
diffraction, and only the sharp diffractions of the NaAlH4 were
present (not shown). Part of this NaAlH4 sample was exposed
to ambient air for 2 days and is hereafter referred to as “oxidized
NaAlH4”.

2.2. XAFS Recording.X-ray absorption spectroscopy was
performed on the Al K-edge (1561.1 eV) using an ILEXAFS
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NaAlH4 T 1/3Na3AlH6 + 2/3Al + H2 T NaH + Al + 3/2H2 (1)
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cell21 in fluorescence mode with a gas proportional detector.
Measurements were conducted on station 3.4 at the SRS
(Synchrotron Radiation Source, Daresbury, U.K.), which was
equipped with a YB66 double-crystal monochromator. Higher
harmonics were removed by increasing the incident angle for
the plane premirror to 0.8° and using a dual carbon on silicon
coating. The storage ring was operated at 2.0 GeV and a mean
current of 130 mA. NaAlH4 was diluted 1:2 on a volume basis
with BN to prevent self-absorption and loaded into the cell in
a glovebox. Afterward, the cell was closed and transferred to
the beamline. All EXAFS spectra were recorded at room
temperature in flowing He that was purified using O2 and H2O
gas clean filters from Varian Inc.

2.3. EXAFS Data Handling.EXAFS data analysis was done
using XDAP.22 The pre-edge background was approximated by
a Victoreen function before subtraction.23 The edge energy was
determined at the maximum of the first derivative of the
spectrum and was calibrated to the edge energy of Al foil
(1559.0 eV). The spectrum was corrected for the background
with a cubic spline.24 During the background extraction
procedure, the atomic X-ray absorption fine structure (AXAFS)
was removed from the data, by minimizing the intensity from
0 to 1 Å in R space without significantly reducing the intensity
of the most intense peak.25,26Normalization was performed by
dividing the absorption spectrum by the height of the back-
ground at 50 eV above the edge. Four spectra were averaged to
improve the signal-to-noise ratio.

Phase shifts and backscattering amplitudes of the different
absorber-backscatter pairs were calculated using the FEFF 8.0
code.27 For Al-Al scattering in NaAlH4, the reference was
calculated using the input parameters as described by Rehr et
al.28 The input values for FEFF are listed in Table 1. For Al-
Al and Al-Na, the same backscattering amplitude and phase-
shift functions were used, which is allowed because Al and Na
are next-nearest neighbors in the periodic table.29 Because Na
and Al have similar scattering properties and the distances and
coordination numbers of the Na and Al in the fourth/fifth shell
(3.74 Å) are the same (based on crystal structure), the refined
parameters for both atoms were constrained to the same value.
Because of the absence of literature to fit Al-H scattering in

low-Z metal hydrides, the Al-H scattering phases and amplitude
were calculated without additional entries in the FEFF input
file, and the parameters are listed in Table 1. The Al-O
scattering phase and amplitude of a single absorber backscat-
terrer was calculated with the parameters listed in Table 1,
ensuring that the fit of the first Al-O shell of the experimentally
recorded Zn-AlPO-34 had∆σ2 andE0 values of 0, with four
Al-O atoms at 1.71 Å.30,31

The Fourier transforms (FTs) of the EXAFS data were fitted
using “the difference file technique” inR space,25 using ak0

weighting with ak range from 2.6 to 7 Å-1. In all fits, the
coordination numbers from crystallographic data were used as
fixed input parameters.5-8 R, ∆E0, and ∆σ2 were refined to
optimal values in the fitting process. The quality of the fit was
checked by means of thek0 variance and further checked by
usingk0, k1, andk3 weightings of the difference files.25

3. Results and Discussion

3.1. Comparison of Oxidized and Nonoxidized NaAlH4.
Because NaAlH4 is very reactive toward oxygen and water,
XAFS results can be easily influenced by (partial) oxidation of
the sample. Therefore, the XAFS analysis of an oxidized
NaAlH4 sample is discussed first. Oxidized NaAlH4 was
obtained by exposing NaAlH4 to ambient air for 2 days. The
EXAFS fit of the oxidized NaAlH4 sample is shown in
Figure 1. The fit parameters are listed in Table 2, and Al was
surrounded with 5.9 oxygen atoms at 1.86 Å. The Al-O
distance and coordination number correspond to a typical
octahedral surrounding of Al in aluminum oxides/hydroxides
in the ICSD crystallographic database and indicate that the
sample was completely oxidized. In the next shell, 3.8 Al atoms
were fitted at 3.00 Å. These data are not sufficient to conclude
which aluminum-sodium oxide/hydroxide phase was formed.

The XANES spectra of octahedrally coordinated aluminum
oxides/hydroxides display an intense sharp whiteline.19,20How-
ever, the here-reported whiteline of the oxidized NaAlH4 sample
was not as intense and sharp (Figure 2), whereas the Al-O
environment in the EXAFS spectrum indicated an octahedral
surrounding (Table 2). This is tentatively explained by the fact
that the long-range structure around Al was very disordered,
thereby reducing the intensity of the whiteline.32

Most noticeable in the XANES spectrum of oxidized NaAlH4

are the two features on the whiteline at 1569.8 and 1571.3 eV.
These features are absent in the spectrum of pure NaAlH4. In
addition, the edge position for oxidized alanate was located at
1565.6 eV, whereas for pure alanate, it was at 1561.1 eV

TABLE 1: Input Parameters for FEFF to Create the Reference Files

N
R

(Å) S0
2

σ2

(103 Å-2)
Vr

(eV)
Vi

(eV) potential ref

Al-Na 1 2.86 0.78 3.28 9.00 1.0 Hedin-Lunqvist
Al-Al 1 2.86 0.78 3.28 9.00 1.0 Hedin-Lunqvist 25
Al-H 1 1.63 1.00 0 0 1.0 Hedin-Lunqvist
Al-H 1 2.93 1.00 0 0 1.0 Hedin-Lunqvist
Al-O 1 1.71 0.80 5.39 7.63 1.0 Hedin-Lunqvist Zn-AlPO-34

Figure 1. k1 R-space fit of oxidized NaAlH4 (‚ ‚ ‚) (∆k, 3 < k < 7
Å-1; fit range, 0.5< R < 3.5 Å) and raw data (s) for an oxidized
NaAlH4 sample.

TABLE 2: Fit of Oxidized NaAlH 4
a

k0 variance

absorber-
backscatterer N

∆σ2

(103 Å-2)
R

(Å)
∆E0

(eV) imaginary real

Al-O 5.9 1.31 1.86 -1.33 0.15 0.07
Al-Al 3.8 6.84 3.00 0.45

a Number of free parameters was 8, and the maximum allowed
number was 9.

11722 J. Phys. Chem. C, Vol. 111, No. 31, 2007 Baldéet al.



(Figure 2). Thus, the compounds can be easily distinguished
using the XANES spectra as a fingerprint. Therefore, we must
conclude that a recently published XANES spectrum of NaAlH4

by Fichtner et al.,17 which shows features identical to those of

our air-exposed NaAlH4 sample, was most likely a XANES
spectrum not of NaAlH4 but of oxidized NaAlH4.

3.2. EXAFS Analysis of NaAlH4. The background-subtracted
EXAFS data of nonoxidized NaAlH4 and the same NaAlH4
sample after desorption are shown in Figure 3. Clearly, for

Figure 2. XANES spectra of NaAlH4 and an oxidized NaAlH4 sample.
Spectra are normalized to 1580 eV.

Figure 3. Background-subtracted EXAFS data for NaAlH4.

Figure 4. k0 fits of NaAlH4 (a) without hydrogen scattering (∆k,
2.6 < k < 7 Å-1; fit range, 0.5< R < 4.5 Å) and (b) with hydrogen
scattering (∆k, 2.6 < k < 7 Å-1; fit range, 0.5< R < 4.5 Å). Raw
data (s) and fit (- - -).

TABLE 3: Fit of NaAlH 4 without Hydrogen Scatteringa

k0 variance

absorber-
backscatterer N

∆σ2

(103 Å-2)
R

(Å)
∆E0

(eV) imaginary real

Al-Na 4 6.4b 3.49b -0.18b 2.17 9.58
Al-Na 4 12.3b 3.71b 3.46b

Al-Al 4 12.3c 3.71c 3.46c

a Number of free parameters was 6, and the maximum allowed
number was 13.b Refined parameters.c Fitted with parameters identical
to those used for the second Al-Na shell.

TABLE 4: Fit of NaAlH 4 with Hydrogen Scatteringa

k0 variance

absorber-
backscatterer N

∆σ2

(103 Å-2)
R

(Å)
∆E0

(eV) imaginary real

Al-H 4 35b 1.63b 5.86b 0.20 0.22
Al-H 4 4.5b 2.95b 2.43b

Al-Na 4 7.4b 3.53b -2.92b

Al-Na 4 11.7b 3.74b 1.65b

Al-Al 4 11.7c 3.74c 1.65c

a Number of free parameters was 12, and the maximum allowed
number was 13.b Refined parameters.c Fitted with parameters identical
to those used for the second Al-Na shell.

Figure 5. ø(k) of raw data (s): (-b-) fit with hydrogen scattering,
(- - -) fit without hydrogen scattering.

Figure 6. Calculatedø(k) values of the different atomic contributions
to the total fit for NaAlH4.
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NaAlH4, the EXAFS spectrum was featureless atk > 5.5 Å-1.
To rule out the possibility that this is the result of an
experimental limitation, the sample was heated to desorb
hydrogen, thereby changing the local structure of Al. Figure 3
shows that, after the desorption of hydrogen, the EXAFS
oscillations are visible up tok ) 7.0 Å-1. These results were
reproducible when another NaAlH4 sample was prepared and
desorbed; thus, we concluded that the low intensity of the
EXAFS oscillations for values ofk higher than 5.5 Å-1 in the
original sample are related to its structure. Note that the sample
after desorption was included only for comparison; it will be
discussed in detail elsewhere.

The data for NaAlH4 were fitted using two different models.
In the first model, only the Al-Al and Al-Na scattering was
taken into account, and the data were fitted forR ) 0.5-
4.5 Å. The fit describing this model is displayed in Figure 4a
with a dotted line and is referred to as the “fit without Al-H
scattering”. It can be seen that the FT of the fit strongly deviates
from the FT of the data for 0< R < 2 Å. In addition, the fit
also deviated slightly from the raw data for 2< R < 4.5 Å,
i.e., where Na and Al scatterers are expected and fitted. In the
second model, Al-H scattering was also included in the fit.
The FT of the fit is shown in Figure 4b (dotted line) and
describes the data adequately in the entire fitted range (0.5-
4.5 Å).

The EXAFS coordination parameters are given in Table 3
for the fit without hydrogen scattering and in Table 4 for the fit
with hydrogen scattering. Thek0 variances for the fit with
hydrogen scattering (Table 4) were an order of magnitude lower
than those for the fit without hydrogen scattering (Table 3);
thus, the quality of the fit improved considerably when hydrogen
was taken into account.

The raw data ink space are compared to the fits with and
without hydrogen scattering in Figure 5. It can be seen that both
fits describe the raw data atk > 3.2 Å-1. However, including
hydrogen into the fit improved the fit at lowk values (2.6< k
< 3.2 Å-1). This can be explained by the fact that the scattering
power of the first hydrogen shell is strongest from 2.6 to
3.5 Å-1 in k space (Figure 6). For these reasons, it is important
to extend thek range to a low value (e.g., 2.6 Å-1) when the
Al-H scattering is fitted. Extending thek range to a lower value
has been reported before, ensuring that contributions of a light
scatterer are not removed from the data.33,34

The calculated contributions of the individual scatterers to
the Al K-edge EXAFS spectrum of NaAlH4 are visualized in
Figure 6. It is noted that the third (Al-Na) and fourth (Al-Na
and Al-Al) shells are out of phase with each other, i.e., interfere
destructively. This leads to a damped EXAFS signal for NaAlH4

(Figure 3) when the coordination numbers are high.26

It is seen in Table 4 that the Debye-Waller factors (∆σ2)
for the hydrogen atoms were considerably higher than those
for Al and Na, even when we take into account the fact that the
Debye-Waller for Al-H was set to 0 in the reference file. This
indicates that the position of the hydrogen atoms was more
disordered than those of the Na and Al atoms, which is probably
caused by increased thermal disorder, as a hydrogen atom is
significantly lighter than a Na or Al atom.

Hydrogen scattering was previously directly detected in
GdMg switchable mirrors,35 in which the hydrogen was bonded
to the Gd. Indirect hydrogen scattering was inferred from Pd-
Pd lattice expansion using the lens effect in hydrides.36 In water,
hydrogen has been detected from the O K-edge EXAFS
spectrum.37

A comparison between the structural parameters of NaAlH4

from the literature and those from our EXAFS experiments is
summarized in Table 5. The fitted distances for the hydrogen,
sodium, and aluminum atoms in the EXAFS fit (Table 4) are
in very good agreement with both the X-ray diffraction6,7 and
neutron diffraction studies,7,8 thus illustrating the power of the
approach.

Conclusions

The XANES spectrum of unoxidized NaAlH4 has been
recorded, and it was illustrated that the “fingerprint” of the
XANES spectrum can be used as a quick quality control of the
NaAlH4 sample for, e.g., oxidation. The EXAFS spectrum of
NaAlH4 was measured and could be fitted according to the data
on crystallographic distances. The EXAFS analysis shows that
the inclusion of Al-H scattering is essential for the refinement.
These findings indicate crucial issues that should be taken into
account when analyzing the structural changes in X-ray absorp-
tion spectra occurring during the loading and unloading of metal
hydrides.
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