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Structural properties of NaAlH4/C nanocomposites were studied using 23Na and 27Al solid-state NMR. The
samples were synthesized by melt infiltration of a highly porous carbon support, with typical pore sizes of
2-3 nm. Physical mixtures of high surface carbon with alanates in different stages of hydrogen desorption
show somewhat broadened resonances and a small negative chemical shift compared to pure alanates. This
is most likely caused by a susceptibility effect of the carbon support material, which shields and distorts the
applied magnetic field. After melt infiltration, 23Na and 27Al spectra are broadened with a small downfield
average shift, which is mainly caused by a chemical shift distribution and is explained by a larger disorder
in the nanoconfined materials and a possible charge transfer to the carbon. Our measurements show that the
local structure of the nanoconfined alanate is the similar to bulk alanate because a comparable chemical shift
and average quadrupolar coupling constant is found. In contrast to bulk alanates, in partly desorbed
nanocomposite samples no Na3AlH6 is detected. Together with a single release peak observed by
dehydrogenation experiments, this points toward a desorption in one single step. 23Na spectra of completely
desorbed NaAlH4/C and NaH/C nanocomposites confirm the formation of metallic sodium at lower temperatures
than those observed for bulk alanates. The structural properties observed with solid-state NMR of the
nanoconfined alanate are restored after a rehydrogenation cycle. This demonstrates that the dehydrogenation
of the NaAlH4/C nanocomposite is reversible, even without a Ti-based catalyst.

Introduction

The compact storage of hydrogen is one of the major
challenges for a future hydrogen economy. Complex metal
hydrides, like NaAlH4, are considered as candidate solid-state
materials for hydrogen storage. An important discovery by
Bogdanović et al. was that doping of NaAlH4 with a titanium-
based catalyst greatly enhances the hydrogen desorption and
absorption kinetics in this material.1 During decomposition, in
two steps, via Na3AlH6, Al and NaH are formed under the
release of hydrogen

giving the material a theoretical hydrogen storage capacity of
5.6 wt %. For a third reaction step, the decomposition of NaH,
the required temperature is normally considered to be too high
to be used in practical applications. An alternative way to
improve the kinetics in metal hydrides is to decrease the particle
size to the nanometer range using a highly porous carbon support
material by solution impregnation2–6 or melt infiltration.7–9 These
nanoconfined NaAlH4 materials show a large improvement of

the H2 absorption and desorption characteristics compared to
bulk NaAlH4, even without the addition of a metal-based
catalyst.

A number of solid-state NMR experiments on bulk crystalline
sodium alanates have previously been performed to study its
structural properties and desorption/absorption reactions.10–19

Hydrogen dynamics in sodium alanates were studied using static
solid-state NMR combined with second moment calculations
of the dipolar broadened line shapes or by measuring spin-lattice
relaxation rates.11–13,19 The different compounds, NaAlH4,
Na3AlH6, NaH, and Al formed during the absorption/desorption
of hydrogen in Ti-doped NaAlH4 were studied and identified
by Bogdanović et al.16 using 23Na and 27Al magic angle spinning
(MAS) NMR and X-ray diffraction. Recently, the first NMR
study on nanoscale NaAlH4 was reported on samples that were
synthesized by THF solution impregnation in metal-organic
frameworks.10 The NMR data suggest that in the presence of
physisorbed THF, the alanate exists as a dissociated ion pair.
When the solvent THF is removed under vacuum, the ions
reassociate and the 23Na and 27Al resonances are broadened
indicating reduced ion mobility.

Here we describe a structural study of NaAlH4/C nanocom-
posites at different stages of hydrogen desorption and absorption
using 23Na and 27Al single pulse and MQMAS NMR experi-
ments. These samples were synthesized by melt infiltration of
NaAlH4 on a carbon support material with a relatively small
pore size (mainly 2-3 nm). Contrary to a previously reported
NaAlH4/C nanocomposite formed by melt infiltration in carbon
aerogels with a typical pore size of 13 nm,9 no X-ray crystallinity
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was observed after melt infiltration. This limits the usability of
X-ray and other techniques that require long-range crystalline
order. Solid-state NMR is a valuable technique to study these
nanocomposite materials, since NMR spectra are mainly
determined by the local structure. We observed nanoconfined
NaAlH4, with a larger disorder compared to bulk NaAlH4, which
is reversible after rehydrogenation. In addition, full details of
the hydrogen sorption properties and characterizations of these
nanocomposites using X-ray diffraction, high-pressure DSC to
monitor phase transitions, and nitrogen physisorption to study
the pore filling are published in a concomitant paper by Gao et
al.20

Experimental Section

Sample Preparation. All samples are based on bulk NaAlH4

(>90%, Aldrich) as received and are summarized in Table 1.
No impurities in the starting material were detected with XRD
and 23Na and 27Al solid-state NMR.16 For the carbon support
material, high-purity porous carbon HSAG-500 (500 m2/g, 0.65
cm3/g with a broad pore size distribution with a maximum
around 2-3 nm) was obtained from Timcal Ltd. Switzerland.
Before synthesis, this support material was dried under an argon
flow at a temperature of 500 °C for 4 h. During synthesis, all
samples were handled in an argon glovebox (MBRAUN
Labmaster I30, 2 ppm H2O, and <1 ppm O2).

A number of bulk alanate samples were used as reference
for the NaAlH4/C nanocomposites. A bulk sample after the first
decomposition step, consisting of a Na3AlH6/Al mixture was
synthesized by heating NaAlH4 in a tubular oven under 1 bar
argon pressure to 258 °C (5 °C min-1, 45 min dwell time). A
second desorped bulk NaAlH4 sample, after the second decom-
position step, consisting of NaH and Al was made in a similar
way by heating NaAlH4 to 265 °C (5 °C min-1, 2 h dwell time).
For all bulk samples, NaAlH4, Na3AlH6/Al, and NaH/Al, a
physical mixture with 20 wt % alanate and 80 wt % carbon
support material was made by mixing and grinding it in a mortar
for approximately 1 min.

For the NaAlH4/C nanocomposites, a physical mixture of 20
wt % NaAlH4 and 80 wt % carbon was used as starting material.
Melt infiltration was conducted in an autoclave (Parr 4836) by
heating this sample under H2 atmosphere, first to 150 °C (3 °C
min-1, 15 min dwell time) and then to 180 °C (1 °C min-1, 15
min dwell time). At 180 °C, a 170-190 bar hydrogen pressure
was reached in the autoclave. The pressure was released after

cooling to room temperature. The autoclave was transferred back
to the glovebox to collect the melt-infiltrated sample. The same
procedure was used to synthesize a reference sample consisting
of bulk NaAlH4 after melting without a carbon support.

To obtain completely decomposed nanocomposite samples,
the melt-infiltrated sample was placed in a flash-dried alumina
cup (20 × 20 × 50 mm) and transported under an argon
atmosphere to a tube furnace (Thermolyne 79300). To avoid
evaporation, the sample cup was placed in a narrow alumina
tube (Ø30 × 60 mm) inside the quartz tube for 5 h with an
argon flow of 50 mL/min. The samples were heated to 325 °C
(5 °C min-1 and 5 h dwell time). After cooling to room
temperature, the sample was transferred to the glovebox under
argon atmosphere. The same equipment was used for partial
decomposition of melt-infiltrated samples. For sample
mi20NaAlH4/C d68 and mi20NaAlH4/C d47, the melt-infiltrated
NaAlH4 was heated in the tubular oven under 1 bar argon
pressure to 130 and 160 °C at 5 °C/min, respectively. Rehy-
drogenation was performed in the autoclave at 40 bar for 15 h
at 160 °C, at 55 bar for 12 h at 150 °C, and at 200 bar for 12 h
at 150 °C. Temperature-programmed desorption (TPD) using a
Micromeritics AutoChem II 4 equipped with a TCD detector
was performed to determine the remaining H2 content of the
alanate in the various samples that could be desorped while
heating to 400 °C (5 °C min-1, 20 min dwell time). The H2

content is indicated as the relative percentage compared to the
original physical mixture in % H2 and summarized in Table 1.

NMR Experiments. Solid-state NMR experiments were
performed on a 400 and 600 MHz Varian/Chemagnetics Infinity
spectrometer using a 2.5 mm HX MAS probe. All experiments
were performed in a flowing dry N2 environment because of
the O2/H2O reactivity of the samples. 23Na and 27Al single pulse
excitation spectra were obtained using a short hard pulse of 0.20
µs at an effective rf-field strength of 140 kHz after taking pulse
rise and decay times into account. Z-filtered MQMAS 27Al and
23Na experiments were performed.21–23 For 27Al, 10 kHz MAS
was applied. A rf-field of 180 kHz for the high power pulses
and 18 kHz for the soft pulses were used. In addition, for 23Na,
a 280 kHz rf-field for the high power pulses and 15 kHz for
the soft pulses were used and again 10 kHz MAS was applied.
After a 2D Fourier transformation, a shearing transformation
was done using a shearing factor of 7/9 for 23Na (I ) 3/2) and
19/12 for 27Al (I ) 5/2). Different conventions are used in
literature for the scaling of the F1 dimension.24 In this work,

TABLE 1: Samples

Sample Composition Preparation

NaAlH4 100% NaAlH4 as received
Na3AlH6/Al 33.3% Na3AlH6, 66.7% Al after the first decomposition step
NaH/Al 50% NaH, 50% Al after the second decomposition step
20NaAlH4/C 80% C, 20% NaAlH4 physical mixture
20Na3AlH6/Al/C 80% C, 20% Na3AlH6/Al physical mixture
20NaH/Al/C 80% C, 20% NaH/Al physical mixture
m100NaAlH4 100% NaAlH4 after melting
mi20NaAlH4/C 80% C, 20% NaAlH4 after melt infiltration, 80% H2

a

mi20NaAlH4/C d68 80% C, 20% NaAlH4 partially desorped, 68% H2

mi20NaAlH4/C d47 80% C, 20% NaAlH4 partially desorped, 47% H2

mi20NaAlH4/C d0 80% C, 20% NaAlH4 completely desorped, 0% H2

mi40NaAlH4/C d0 80% C, 40% NaAlH4 completely desorped, 0% H2

mi33NaH/C d0 67% C, 33% NaH completely desorped, 0% H2

mi20NaAlH4/C rh200 80% C, 20% NaAlH4 rehydrogenated at 200 bar, 42% H2

mi20NaAlH4/C rh55 80% C, 20% NaAlH4 rehydrogenated at 55 bar, 62% H2

mi20NaAlH4/C rh40 80% C, 20% NaAlH4 rehydrogenated at 40 bar, 40% H2

a The percentage of released H2 during a TPD measurement while heating to 400 °C (5 °C min-1, 20 min dwell time) is scaled to the
hydrogen content of the alanate in a 20NaAlH4/C physical mixture.
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the vertical axes (F1) of the MQMAS spectra were multiplied
by a factor of 9/34 and -12/17 for 23Na and 27Al, respectively.
For a hypothetical resonance without a quadrupolar interaction
this results in an equal chemical shift value in ppm in the F1

and F2 dimension.25

Because of the conductive nature of the carbon support
material, the applicable spinning speed is limited due to eddy
currents. Also higher spinning speeds were avoided to prevent
hydrogen release induced by frictional heating. For all samples,
a spinning speed of ∼10 kHz was used, except for sample
mi40NaAlH4/C d0 and mi33NaH/C d0 where stable spinning
speeds of only 3.2 kHz could be obtained, most likely caused

by the presence of extended conduction networks after complete
desorption. The 23Na and 27Al NMR spectra were referenced
with respect to aqueous solutions of NaCl and Al(NO3) 3,
respectively. All data processing was done using matNMR.26

Results and Discussion

Pure Alanates and Physical Mixtures of Bulk Alanates
and Carbon. 23Na and 27Al single pulse NMR spectra of bulk
NaAlH4, Na3AlH6/Al, NaH/Al, and physical mixtures of these
materials with the carbon support are shown in Figure 1, Figure
2, and Figure 3. Both 23Na and 27Al have a single unique site in

Figure 1. 27Al and 23Na single pulse spectra (600 MHz, 10 kHz MAS) of bulk NaAlH4, a physical mixture of this material with the carbon support
and the mixture after melt infiltration.

Figure 2. 27Al and 23Na single pulse spectra (600 MHz, 10 kHz MAS) of bulk Na3AlH6/Al and a physical mixture of this material with the carbon
support.

Figure 3. 27Al and 23Na single pulse spectra (600 MHz, 10 kHz MAS) of bulk NaH/Al and a physical mixture of this material with the carbon
support.
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the crystal structure of NaAlH4, giving a single resonance for
the spectra of NaAlH4. The Na3AlH6 spectra show two
resonances for 23Na and one resonance for 27Al corresponding
to the number of sites in the structure. NaH and Al have a single
sodium and aluminum site, respectively. The observed chemical
shift values for the different materials, as summarized in Table
2, are all in agreement with previous NMR measurements.16 In
the physical mixture of NaAlH4 and carbon, there was a weak
resonance present around 74 ppm, attributed to minor oxidation
of the sample. This assignment is in accordance with the typical
chemical shift ranges for aluminum oxides, where tetrahedral
AlO4 chemical shifts are located between 50 and 80 ppm.27 Since
these materials are very reactive with H2O/O2, the oxidic
compound was probably formed during transport of the sample.
In the physical mixtures, an upfield shift, with respect to the
bulk alanate samples, of approximately 1-2 ppm is observed
for all materials. This effect is attributed to the average magnetic
susceptibility of the carbon support, which shields the magnetic
field resulting in a shift to lower frequencies. Approximately
the same chemical shift difference was observed for all
compounds, indicating that the alanate material was homog-
enously mixed with the support material.

Apart from deviations in chemical shift values, differences
in line widths were detected. In general, there are several effects
which result in a broadening of the central transition of a
quadrupolar nucleus under magic angle spinning. No single
rotation angle is capable of averaging the second-order qua-
drupolar broadening and therefore under very rapid magic angle
spinning a residual line broadening will be present, which is
described by

where Cq equals the quadrupolar coupling constant, γ the
gyromagnetic ratio, B0 the main magnetic field strength, and a
constant C1 ) 3/64 and 9/800 for nuclear spin quantum numbers
I ) 3/2 and 5/2, respectively.28 The quadrupolar coupling
constant Cq is dependent on the electric field gradients at the
position of the nucleus and can therefore give information about
the local structure. In addition, the homonuclear dipolar interac-
tion, which corresponds to the interaction of individual nuclear
spins in close proximity to the same isotope, is only partly
averaged under magic angle spinning. When a sufficiently fast
spinning speed is applied, the heteronuclear dipolar interaction
between spins corresponding to different isotopes is completely
averaged. In contrast to the second-order quadrupolar broaden-
ing, dipolar broadenings are independent of the magnetic field
strength. Furthermore, magnetic field inhomogeneities, for

example, caused by susceptibility effects, will lead to a
distribution of the resonance frequencies. Finally, a larger
disorder in a material, caused by for example small variations
in bond lengths and angles can lead to distributions of chemical
shift values and quadrupolar interaction parameters resulting
in a broadening of the resonance.

After making a physical mixture with the carbon material,
the 23Na and 27Al resonances of NaAlH4, Na3AlH6, Al, and NaH
are clearly broadened compared to the pure materials. This is
most likely caused by the anisotropic magnetic susceptibility
of the carbon, which leads to local distortions of the magnetic
field, resulting in a broadening of the resonances. The full width
at half-maximum (FWHM) of the line widths for the central
transitions of the 23Na and 27Al spectra are shown in Table 3. It
is difficult to choose a proper fit function because most of the
line shapes cannot be described by, for example, a simple
Gaussian/Lorentzian. Therefore, these FWHM were manually
obtained by determining the width of the resonance at the two
positions corresponding to the peak maximum divided by 2.

To determine the origin of the line broadening of 23Na and
27Al in pure NaAlH4, the line widths are measured on a 400
and 600 MHz magnet at the same MAS speed of 10 kHz. These
measurements are compared with SIMPSON29 simulations for
23Na and 27Al, at 400 and 600 MHz, assuming a short single
pulse of 0.2 µs pulse and a rf-field strength of 140 kHz, which
are the same values as in the experiments. For 27Al (η ) 0 and
Cq ) 3.1 MHz for 27Al in bulk NaAlH4

11,17,18), the central
transitions of the simulated SIMPSON spectra resulted in line
widths for the FWHM of 0.73 and 0.51 kHz for 400 and 600
MHz, respectively. This is in agreement with the expected ratio
of 400/600, because the residual line width of the second-order
quadrupolar broadening scales inversely proportional to the
magnetic field strength according to eq 3. For the experimental
27Al spectra, the observed line widths were 1.59 kHz (600 MHz)
and 1.74 kHz (400 MHz) using a MAS speed of 10 kHz. These

TABLE 2: Observed Peak Maxima (ppm) at 600 MHz and
Corresponding Assignment between Parentheses

sample 23Na ((0.2 ppm) 27Al ((0.2 ppm)

NaAlH4 -9.3 (NaAlH4) 95.6 (NaAlH4)
m100NaAlH4 -9.4 (NaAlH4) 95.3 (NaAlH4)
20NaAlH4/C -10.9 (NaAlH4) 93.4 (NaAlH4)
mi20NaAlH4/C -8.0 (NaAlH4) 98.0 (NaAlH4)

1637.1 (Al)
Na3AlH6/Al -9.8 (Na3(1)AlH6) -42.6 (Na3AlH6)

23.2 (Na3(2)AlH6) 1639.7 (Al)
20Na3AlH6/Al/C -11.1 (Na3(1)AlH6) -43.9 (Na3AlH6)

22.0 (Na3(2)AlH6) 1638.3 (Al)
NaH/Al 18.4 (NaH) 1639.7 (Al)
20NaH/Al/C 16.9 (NaH) 1638.2 (Al)

∆ν ∝
2πCq

2

γB0
C1 (3)

TABLE 3: Observed FWHM of the different line Shapes
(kHz) Measured at a 600 MHz Magnet and a MAS Speed of
10 kHz

sample 23Na ((0.05 kHz) 27Al ((0.05 kHz)

NaAlH4 600 MHz 0.39 (NaAlH4) 1.59 (NaAlH4)
NaAlH4 400 MHz 0.42 (NaAlH4) 1.74 (NaAlH4)

0.41 (NaAlH4)a 0.64 (NaAlH4)a

20NaAlH4/C 0.71 (NaAlH4) 1.94 (NaAlH4)
100mNaAlH4 0.44 (NaAlH4) 1.78 (NaAlH4)
mi20NaAlH4/C 2.77 (NaAlH4) 3.28 (NaAlH4)

1.44 (Al)
mi20NaAlH4/C d68 3.70 (NaAlH4) 4.52 (NaAlH4)

1.67 (Al)
mi20NaAlH4/C d47 3.78 (NaAlH4) 3.69 (NaAlH4)

1.57 (Al)
mi20NaAlH4/C d0 7.28 (NaAlH4) 2.14 (Al)
mi20NaAlH4/C rh200 3.35 (NaAlH4) 5.21 (NaAlH4)

1.39 (Al)
mi20NaAlH4/C rh55 3.39 (NaAlH4) 6.15 (NaAlH4)

1.41 (Al)
mi20NaAlH4/C rh40 2.45 (NaAlH4) 6.59 (NaAlH4)

1.43 (Al)
Na3AlH6/Al 0.35 (Na3(1)AlH6) 0.43 (Na3AlH6)

0.36 (Na3(2)AlH6) 0.58 (Al)
20Na3AlH6/Al/C 0.60 (Na3(1)AlH6) 0.69 (Na3AlH6)

0.56 (Na3(2)AlH6) 0.72 (Al)
NaH/Al 0.55 (NaH) 0.56 (Al)
20NaH/Al/C 0.72 (NaH) 0.77 (Al)

a For this measurement, a MAS speed of 15 kHz instead of 10
kHz was used.
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are much broader than the calculated values and do not scale
with a ratio of 400/600 indicating that the second-order
quadrupolar coupling is not the dominant factor for the line
broadening. Applying an exponential line broadening of 1.4 kHz
to the simulated FID’s reproduced the experimental FWHM for
both magnetic field strengths (400/600), indicating that the line
broadening in bulk NaAlH4 is mainly dominated by the
incomplete removal of dipolar couplings by MAS, since residual
dipolar couplings are independent of the applied magnetic field.
Indeed, increasing the MAS speed to 15 kHz resulted in a
narrowing for the 27Al resonance, confirming this observation.
Clearly, a spinning speed of 10 kHz is not sufficient to average
the Al-H couplings, because of a static dipolar line width of
15.7 kHz,11 which is mainly determined by heteronuclear dipolar
couplings. Under these experimental conditions, the central
transitions did not show a typical quadrupolar line shape.
However, the expected quadrupolar features of the central
transition became visible when low-field proton decoupling was
applied at MAS speed of 20 kHz at a field of 400 MHz and
therefore confirms the incomplete removal of Al-H couplings
at lower MAS speeds. (Figure S1, Supporting Information)

For 23Na, a SIMPSON simulation (η ) 0.1 and Cq ) 154
kHz for 23Na in bulk NaAlH4

11,17,18) results in a FWHM for the
central transition of 7.5 Hz at 400 MHz and 5.3 Hz at 600 MHz,
in agreement with eq 3 showing that the second-order quadru-
polar interaction is too small to influence the line width.
Experimental line widths of 0.39 kHz (600 MHz) and 0.42 kHz
(400 MHz) are observed. As the line widths are almost identical
at both fields, we attribute the line broadening to residual dipolar
couplings not removed by MAS. It should be noted, however,
that an increase of the spinning speed to 15 kHz hardly affected
the line widths meaning that significant higher speeds are needed
to efficiently remove these interactions.

Structure after Melt Infiltration. 23Na and 27Al single pulse
NMR spectra of the physical mixture of NaAlH4 and carbon
after melt infiltration (mi20NaAlH4/C) are shown in Figure 1
as well. 23Na and 27Al spectra of the melt-infiltrated sample
(mi20NaAlH4/C) show clear differences with the physical
mixture (20NaAlH4/C) and the melt infiltration procedure
appears to have the same spectral effect for both 23Na and 27Al
spectra. The lines of the melt-infiltrated sample are substantially
broader than the spectra of the physical mixtures, and the
FWHM of the spectra are shown in Table 3. The maxima, 23Na,
-8.0 ppm, and 27Al, 98.0 ppm, show a small positive change
in shift compared to both the physical mixtures and the bulk
samples. Because the chemical shift values are still ap-
proximately the same, we conclude that the local structure of
the NaAlH4 cluster is preserved. This result is in line with first
principle calculations performed by Berseth et al.6 of one
NaAlH4 cluster supported on a carbon nanotube, C60 fullerene,
and graphene, where almost identical bond distances were
observed compared to an isolated NaAlH4 cluster, indicating
that the carbon support does not chemically react with the
alanate.

A remarkable feature is that the 23Na spectra of the pure
material and physical mixture show clear spinning sidebands
at (10 kHz, originating from the first-order quadrupolar
broadening of the satellite transition, whereas these have
disappeared in the spectrum of the melt-infiltrated samples. This
could mean that there is a distribution in quadrupolar coupling
constant present, which is so broad in the melt-infiltrated sample
that the sidebands are completely smeared out over the baseline.
However, it could also point to a specific mobility of the sodium
ions in the melt-infiltrated sample, which is not present in the

physical mixture.30 In the 27Al spectrum, spinning sidebands due
to the second-order quadrupolar broadening of the central
transition are visible in both the spectra of the physical mixture
and the melt-infiltrated samples.

To be sure that the broadening and the positive chemical shift
originate from the decrease in particle size and the contact with
the conductive carbon, and not from the melting procedure itself,
we measured 23Na and 27Al spectra of molten NaAlH4 without
carbon (m100NaAlH4). The 27Al spectrum is shown in Figure
4 and compared with the sample after melt infiltration. It mainly
consists of a NaAlH4 resonance at 95.3 ppm and a very small
peak at ∼1640 ppm corresponding to metallic Al. The melt-
infiltrated sample also shows metallic Al at 1637.1 ppm, because
during melt infiltration the sample slightly decomposed. This
comparison shows that melting of NaAlH4 under comparable
conditions does not result in broadening of the resonance lines
and/or distinct chemical shift differences. This proves that the
line broadening and shift in the melt-infiltrated samples are real
effects of the decrease in particle size and contact with the
carbon. In addition, it also demonstrates that all sodium and
aluminum atoms are in close contact with the carbon, since no
larger crystallites are observed, which would have been present
as sharp resonances on top of the broadened features.

The metallic 27Al resonance in the melt-infiltrated sample
shows an increase in line width compared to bulk samples as
well. It is present in a crystalline phase, since it is detectable
by XRD, contrary to the nanoconfined alanate.20 Therefore the
line broadening is most likely caused by stronger distortion of
the local magnetic field by a susceptibility effect of the carbon,
giving a smaller average particle size and closer average distance
of the metallic aluminum to the carbon in comparison with the
physical mixtures. This susceptibility effect also explains the
shift to lower frequencies by a shielding of the main magnetic
field.

The increase in line width of the nanoconfined alanate is much
larger than that for metallic aluminum and also shows a positive
shift instead of a negative one. This small downfield shift, with
respect to the resonances in the bulk samples, is difficult to
explain by a susceptibility effect of the carbon support material
because this leads to an upfield shift, which was observed for
the physical mixtures. This would mean that there is a second
effect which causes a net positive shift for the nanoconfined
alanate, like a change of electron density in the alanate induced

Figure 4. Comparison of single pulse 27Al NMR spectra (600 MHz,
10 kHz MAS) of sample m100NaAlH4, molten NaAlH4, without carbon
support and mi20NaAlH4/C, the same sample after melt infiltration on
the carbon support.
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by binding to the carbon. This charge transfer would be again
in line with calculations by Berseth et al. and the lowering of
the hydrogen desorption energy is explained by the donation
of the electron of Na to the carbon support resulting in
weakening of the Al-H bond.6

The increase in line width for 23Na and 27Al in nanoconfined
NaAlH4 after melt infiltration could originate from a disordered
crystal structure, giving a distribution in chemical shift and/or
quadrupole coupling. To study the origin of this line broadening,
we did an 27Al MQMAS experiment as is shown in Figure 5.
This experiment can also reveal oxides that possibly overlap
with the broadened line shape. No significant quantities of oxides
are observed. However, the line shape indicates that the line
broadening mainly originates from a distribution in chemical
shift and less in quadrupolar coupling parameters. A MQMAS
spectrum of the nanoconfined alanate after rehydrogenation
obtained at a lower field of 400 MHz (instead of 600 MHz)
confirms the presence of mainly a distribution in chemical shift.
(Figure S2, Supporting Information) The average size of the
quadrupolar coupling constant is determined from the 27Al
MQMAS spectrum by taking the center of gravity in the F1

and F2 direction. Its value equals 3.0 ( 0.3 MHz, which is in
agreement with bulk NaAlH4.11,17,18 The quadrupolar coupling
constant is dependent on the electric field gradients at the
position of the nucleus. Therefore this again indicates that the
local structure of the bulk alanate is preserved after melt
infiltration, since the average value of the quadrupolar coupling
constant remains equal. The chemical shift distribution is
explained by a higher disorder in material and/or distortions of
the local magnetic field homogeneity because of the magnetic
susceptibility of the carbon support. The susceptibility effect is
expected to be much smaller than the chemical shift distribution.
Additionally, local variations in the charge transfer for different
sizes of alanate clusters could play a role in the line broadening.
One can envision that the possible charge transfer varies with
the distance to the support material, particles sizes of nanocon-
fined alanate, and the local curvature of the carbon.

The distributions in chemical shift and quadrupolar parameters
were estimated by comparing the MQMAS experiment with a
simulation (using MATLAB31) of the line shape assuming a
distribution of electric field gradients in amorphous solids which
has been developed by Czjzek et al.32,33 and including a Gaussian
distribution in chemical shift. The result is shown in Figure 6.

An average quadrupolar coupling constant for the nanoconfined
NaAlH4 of Cq ) 3.0 MHz was used. The calculations show a
Gaussian distribution in chemical shift with a FWHM of 14
ppm along the diagonal. A Czjzek distribution with a power
factor n ) 3, which corresponds to the degrees of freedom for
the distributions in the electric field gradient tensor values, gave
the best agreement with the experiment. The power factor n
gives information about the (dis)order in a material and n ) 3
indicates that the local structure is not completely random.34 A
additional Gaussian line broadening of 250 and 750 Hz in the
F2 and F1 dimensions was applied to correct for the incomplete
removal of dipolar couplings. The applied line broadening was
three times larger in the F1 dimension compared to the F2

dimension because the experienced dipolar coupling strength
increases with a factor 3 during the triple quantum coherence
pathway of the MQMAS experiment. The FWHM of the
distribution in Cq based on this model was 2.8 MHz giving a
distribution of the quadrupolar coupling constant of 3.0 ( 1.4
MHz. We could not exactly reproduce the experimental line
shape because, depending on the local structures, specific
correlations between chemical shift and quadrupolar coupling
constants might be present. More research is needed to fully
elucidate the effect of the local structure on these parameters
in the nanoconfined alanates.

To obtain quantitative information about the amounts of the
different phases, we determined the intensities of different
aluminum species in nanoconfined alanate to compare it with
the amount of H2 released during a TPD measurement. Several
effects have to be taken into account. 27Al is a quadrupolar
nucleus with I ) 5/2, giving six energy levels corresponding to
five transitions. For metallic Al, Cq equals zero, and all five
transitions have the same energy difference. Bulk NaAlH4 has
a CQ of 3.1 MHz. Because a comparable quadrupolar coupling
constant for the nanoconfined alanate is found, the intensity of
the metallic Al resonance should be multiplied by 9/35 to
compare it with the central transition of the alanate.16,35 The
metallic Al still shows spinnning sidebands, most likely because
of homonuclear dipolar couplings, and the intensities of these
peaks are included in the calculation. The influence of strong
off-resonance excitation is estimated by a SIMPSON29 simula-
tion assuming a short single pulse of 0.2 µs pulse at 140 kHz

Figure 5. 27Al sheared MQMAS spectrum (600 MHz, 10 kHz MAS)
of sample mi20NaAlH4/C, a mixture of 20 wt % NaAlH4, and the
carbon support after melt infiltration. The F1 dimension is scaled with
a factor -12/17 to get an easy interpretable ppm axis.25

Figure 6. Simulation of the experimental 27Al MQMAS line shape
(600 MHz) of Figure 5 using 〈Cq〉 ) 3:0 MHz, a Gaussian chemical
shift distribution with FWHM ) 14 ppm, a Czjzek distribution for the
quadrupolar parameters with n ) 3, and a Gaussian line broadening of
250 Hz/750 Hz in the F2/F1 dimension. A shearing transformation is
applied, and the F1 dimension is scaled with a factor -12/17 to get an
easy interpretable ppm axis.25
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rf field strength. The intensity difference between 27Al, with Cq

) 0, on resonance and 1640 ppm off resonance is approximately
2% and is therefore neglected. This was additionally checked
by comparing the intensities of metallic Al with pulses on-
resonance and off-resonance after retuning of the probe. The
intensities differed by approximately 5%. The nanoconfined
NaAlH4/metallic Al ratio was calculated assuming that the
alanate completely decomposes to Na and Al. For the sample,
just after melt-infiltration 88 ( 5 wt % NaAlH4 and 12 ( 5 wt
% Al was found, in agreement with the TPD experiment where
80 ( 5 wt % NaAlH4 was found. For lower loadings, the values
for Al were lower than expected based on TPD measurements,
which was also observed by Bogdanović et al.16 for bulk
alanates.

Partly Decomposed Samples. 27Al and 23Na NMR spectra
of two partly desorped samples with different hydrogen contents
(mi20NaAlH4/C d68 and mi20NaAlH4/C d47) are shown in
Figure 7. From TPD measurements, the samples contain 68%
and 47% H compared to the original physical mixture. Again,
like in the sample just after melt infiltration, for both samples
in the 27Al spectra a broadened line shape with a chemical shift
of 98 ppm is observed. Also a strong signal of metallic
aluminum was detected, as expected. The 23Na spectra of these
two samples both show a broad distribution around 0 ppm. In
general, the chemical shift range for 23Na is relatively small
(∼30 ppm), which makes it difficult to distinguish the different
compounds. However, spectra of bulk crystalline Na3AlH6 and
NaH consist of well-defined sharp lines, which were not
observed in these partially desorbed samples, and therefore a
large disordered 23Na fraction is present, likely in close contact
with the carbon support material. The line widths of both 23Na
and 27Al spectra increase with desorption, as shown in Table 3,
which could be caused by an increase in disorder in the material,
e.g., resulting from a finer dispersion of the compounds over
the support.

It is surprising that in these two samples, and also in the other
measured nanoconfined alanates, Na3AlH6 is not observed, while
the hexahydride has been easily observed in partially desorbed
Ti-catalyzed bulk alanates by solid-state NMR.11,16 In the
nanoconfined samples, the hexahydride is not observed as a bulk
crystalline phase, showing a narrow well-defined line, and also
no broadened resonance at around the usual chemical shift
position, -40 ppm was measured. However, a large fraction of
Na3AlH6 would be expected to be present based on the
decomposition reactions of bulk alanates, as both samples are
approximately halfway decomposed, like in the partially de-
composed bulk NaAlH4 sample. This would imply that the

desorption takes place in one single step without the formation
of Na3AlH6 in nanoconfined alanate, which was also observed
by TPD measurements by Gao et al.20 This is explained by a
change in kinetics and/or thermodynamics, in such way that
the two decomposition steps become very close in desorption
temperature, where the hexahydride is formed, but it im-
mediately decomposes. The process of fast disappearance of
Na3AlH6 was observed by in situ X-ray diffraction in NaAlH4

in nanoporous carbon aerogels as well.9 However, it should be
mentioned that their particle sizes and carbon support pores were
larger than ours, 13 nm vs 2-3 nm, and their alanate was present
in a crystalline phase.

Completely Dehydrogenated Samples. A completely de-
hydrogenated sample (mi20NaAlH4/C d0) was studied by 27Al
and 23Na NMR, and the spectrum is shown in Figure 7 as well.
Two 27Al resonances are observed, one originates from metallic
Al, as expected. The second, a small resonance at ∼70 ppm, is
a tetrahedral aluminum oxidic compound indicating minor
oxidation. The 23Na spectrum shows a broad resonance, and
this would signify that the decomposition products containing
sodium are most likely largely disordered materials. The metallic
27Al resonance shows an even larger line width compared to
the sample just after melt infiltration and the partly decomposed
sample. This would imply a decrease in average particle size
and indicates a more finely dispersed aluminum over the carbon
than for the sample just after melt infiltration.

Additionally, 23Na and 27Al NMR spectra were measured for
two samples of alanates with higher loadings. First, melt-
infiltrated 40 wt % NaAlH4 on a carbon support after complete
decomposition was analyzed. For this sample it was very
difficult to apply MAS. This is explained by the higher loading
with alanate, giving the material a higher density and the
presence of metallic particles, which makes it more difficult to
obtain stable sample spinning. For this sample, we could only
reach acceptable stable MAS speed of 3.2 kHz. The 27Al
spectrum shows, as expected, metallic Al at 1639 ppm. The
23Na spectrum is shown in Figure 8, and the resonances are
assigned to metallic Na at ≈1030 ppm,36 a very small amount
of Na2O at 53 ppm,37 and a broad line shape around 0 ppm.
These measurements show that metallic sodium is formed under
conditions that are relatively mild compared to bulk NaAlH4

and confirms earlier results.38,39 The same experiment was
performed for 33 wt % NaH after melt infiltration in a carbon
support. For this sample, we also had stability problems for
MAS, limiting the spinning speed to 3.2 kHz. These stability
problems can also be explained by intercalation of sodium in
the carbon, which was observed before for this material.38,39

Figure 7. 27Al and 23Na single pulse spectra (600 MHz, 10 kHz MAS) of partly and completely dehydrogenated samples, mi20NaAlH4/C d68,
mi20NaAlH4/C d47, and mi20NaAlH4/C d0.
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Intercalation of chemical species generally gives an increase in
electric conductivity of the carbon material because of a charge
transfer40 and therefore results in larger eddy currents when
applying MAS. The sodium spectrum, in Figure 8, shows
metallic Na and a broad distribution around 0 ppm. The metallic
sodium appeared to be very reactive, after being stored
approximately 1 week in a glovebox, the metallic sodium
resonance disappeared, and only a broad resonance around 0
ppm remained. The metallic aluminum was still completely
intact, without any formed aluminum oxides. The time delay
between synthesis and NMR experiment would also explain why
the metallic sodium is not observed in the 20 wt % completely
desorbed sample, while TPD measurements indicated that the
material is completely decomposed to metallic Na.

From our NMR data, it is difficult to determine the exact
origin of the broad resonances around 0 ppm in all samples,
because of the relative small chemical shift range of sodium
compounds. It could for example originate from adsorbed or
intercalated sodium,38 a reaction product of the metallic sodium
with carbon material and/or the formation of oxidation products.
Also a relative low spinning speed was used, which is probably
insufficient to average the dipolar and second-order quadrupolar
interactions. Therefore, the line widths cannot directly be
compared with the samples measured at a higher spinning speed
around 10 kHz. However, it is clear, that it corresponds to a
highly disordered phase, and this disorder seems to increase
with further dehydrogenation. All sodium is most likely in close
contact with the carbon material, since no larger crystallites
corresponding to narrow resonances are visible.

Rehydrogenated Samples. To study possible structural
changes after rehydrogenation, we compared the sample just
after melt infiltration (mi20NaAlH4/C) and after one rehydro-
genation cycle at 40 bar/160 °C, 55 bar/150 °C, and 200 bar/
150 °C. The 27 Al NMR spectra are shown in Figure 9. The
same characteristics are observed for the alanate after melt
infiltration. We see again a positive chemical shift compared
to the physical mixture and a broadened line shape. These
measurements indicate that after rehydrogenation the same
nanosized structured alanate is formed and remains confined
inside the pores instead of forming larger bulklike crystalline
particles. On the right side of the resonance, a little shoulder is
present around ∼80 ppm compared to the sample just after melt
infiltration and the line widths are shown in Table 3. This could
be explained by an even larger disorder of the alanate structure

upon rehydrogenation or the presence of an oxidic compound
with tetrahedrally coordinated aluminum. To elucidate this, a
27Al MQMAS experiment of the rehydrogenated sample at 40
bar is shown in Figure 10. Again a broad chemical shift
distribution is observed, comparable to the sample just after melt
infiltration. An additional resonance is observed around 80 ppm,
which most likely originates from an oxidic compound with
tetrahedrally coordinated aluminum. This is probably formed
by some oxidation during transport or synthesis. In all nano-
composite samples, a broad resonance around 0 ppm was
observed for 23Na, which remains difficult to assign. To
investigate if it is possible to distinguish between different
compounds containing sodium in this broad distribution, we took
a 23Na MQMAS spectrum of the rehydrogenated sample at 40
bar, which is shown in Figure 11. Again a largely broadened
single resonance is observed, confirming that sodium is present
as a highly disordered phase, where it is difficult to determine
its exact origin as discussed before.

As expected, a large fraction of metallic aluminum was
present because of an incomplete rehydrogenation, which was
also concluded from TPD and XRD measurements.20 The
metallic 27Al resonance shows a similar line width to the sample
just after melt infiltration which is smaller than after a complete

Figure 8. 23Na single pulse spectra (600 MHz, 3.2 kHz MAS) of
completely dehydrogenated samples, mi40NaAlH4/C d0 and mi33NaH/C
d0.

Figure 9. Comparison of single pulse 27Al NMR spectra (600 MHz,
10 kHz MAS) of mi20NaAlH4/C, the sample just after melt infiltration,
and the same sample but after one full desorption and rehydrogenation
cycle at 40 bar/160 °C, 55 bar/150 °C, and 200 bar/150 °C.

Figure 10. 27Al sheared MQMAS spectrum (600 MHz, 10 kHz MAS)
of the rehydrogenated (40 bar, 160 °C) alanate sample, mi20NaAlH4/C
rh40. The F1 dimension is scaled with a factor -12/17 to get an easy
interpretable ppm axis.25

4690 J. Phys. Chem. C, Vol. 114, No. 10, 2010 Verkuijlen et al.

http://pubs.acs.org/action/showImage?doi=10.1021/jp911228x&iName=master.img-007.jpg&w=209&h=175
http://pubs.acs.org/action/showImage?doi=10.1021/jp911228x&iName=master.img-008.jpg&w=185&h=161
http://pubs.acs.org/action/showImage?doi=10.1021/jp911228x&iName=master.img-009.jpg&w=192&h=185


desorption. This could indicate that the average particle size
and average distance to the carbon of Al increased compared
to the completely rehydrogenated sample. This might explain
the incomplete rehydrogenation because of the formation of
larger particles of metallic aluminum, which was also observed
in bulk alanates by Singh et al.41 Possibly, these larger aluminum
particles are already formed by the partial decomposition during
melt infiltration, since the same metallic aluminum line width
is observed in a rehydrogenated sample and just after melt
infiltration. Only the smaller particles formed during a full
dehydrogenation, with a corresponding larger line width, will
now be rehydrogenated. Another explanation of the partial
reversibility would be the formation of oxides. In the aluminum
spectra, only a very small fraction of oxidic compounds is
observed. This would imply that mainly the (metallic) sodium
species react with O2/H2O, which is in line with the disappear-
ance of the metallic sodium after some time in the completely
dehydrogenated samples. Another explanation would be the
formation of a surface oxide layer on the metallic aluminum
which prevents complete rehydrogenation.

The pressure-temperature relations for bulk alanates deter-
mined by Bogdanović et al.42 would suggest the formation of
Na3AlH6 in the rehydrogenated samples at 40 bar (160 °C) and
55 bar(150 °C). However, instead of Na3AlH6, nanoconfined
NaAlH4 is observed by solid-state NMR. A detailed study of
the effect of nanoconfinement of NaAlH4 on the stability of the
structures and the kinetics of hydrogen release is described in
the concomitant paper by Gao et al.20

Conclusions

With solid-state NMR, structural properties of NaAlH4/C
nanocomposites are studied. 23Na and 27Al NMR spectra of melt-
infiltrated NaAlH4 with estimated particle sizes of 2-3 nm on
a highly porous carbon support were compared with a physical
mixture of the same material. These measurements show
nanoconfined NaAlH4. Because a very similar average chemical
shift as for bulk alanates is observed and the same average
quadrupolar coupling constant, it is concluded that the local
structure of the alanate cluster is preserved. The same spectrum
of nanoconfined NaAlH4 after melt infiltration is observed for
the rehydrogenated nanoconfined alanate. This shows in com-
bination with hydrogenation experiments20 that the dehydroge-
nation in nanoconfined alanates is reversible, even without a

metal-based catalyst, and the alanate remains confined in the
pores. A possible explanation of the partial reversibility is the
formation of larger metallic aluminum clusters and possible
oxidation of metallic sodium. The formation of metallic sodium
at relatively lower temperatures is confirmed. A surprising
observation is that no Na3AlH6 is detected by solid-state NMR
in the partly dehydrogenated samples, but also not in any of
the other nanoconfined alanates samples. These NMR measure-
ments together with a single release peak in TPD measure-
ments20 show the desorption of the alanate in one single step.
Melt-infiltrated NaAlH4 shows strongly broadened 23Na and 27Al
resonances with a small positive chemical shift compared to a
physical mixture of alanate and carbon. No signatures of (large)
crystallites of NaAlH4, Na3AlH6, and NaH were observed in
any of the spectra of melt-infiltrated samples. We conclude that
the positive shift and line broadening are caused by a close
contact of all sodium and aluminum atoms with the support
material. This broadening is mainly caused by a distribution in
chemical shifts, confirmed by MQMAS experiments, indicating
a higher disorder in the material and possibly a charge transfer
to the carbon. The exact form of sodium in the nanoconfined
materials after partial desorption and rehydrogenation remains
unclear. A broad distribution around 0 ppm suggests a close
contact to the carbon with possible intercalation effects. In
conclusion, 23Na and 27Al solid-state NMR allowed us to
establish structural information and changes in kinetics/
thermodynamics upon nanostructuring of alanates.
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