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Abstract: A hydrogen-encapsulated inorganic clathrate, which is stable at ambient temperature and
pressure, has been prepared in high yield. Na5.5(H2)2.15Si46 is a sodium-deficient, hydrogen-encapsulated,
type I silicon clathrate. It was prepared by the reaction between NaSi and NH4Br under dynamic vacuum
at 300 °C. The Rietveld refinement of the powder X-ray diffraction data is consistent with the clathrate type
I structure. The type I clathrate structure has two types of cages where the guest species, in this case Na
and H2, can reside: a large cage composed of 24 Si, in which the guest resides in the 6d crystallographic
position, and a smaller one composed of 20 Si, in which the guest occupies the 2a position. Solid-state
23Na, 1H, and 29Si MAS NMR confirmed the presence of both sodium and hydrogen in the clathrate cages.
23Na NMR shows that sodium completely fills the small cage and is deficient in the larger cage. The 1H
NMR spectrum shows a pattern consistent with mobile hydrogen in the large cage. 29Si NMR spectrum is
consistent with phase pure type I clathrate framework. Elemental analysis is consistent with the stoichiometry
Na5.5(H2.15)2Si46. The sodium occupancy was also examined using spherical aberration (Cs) corrected
scanning transmission electron microscopy (STEM). The high-angle annular dark-field (HAADF) STEM
experimental and simulated images indicated that the Na occupancy of the large cage, 6d sites, is less
than 2/3, consistent with the NMR and elemental analysis.

Introduction

One of today’s grand energy challenges is the reduction of
the use of fossil fuels and the replacement of that with alternative
energy sources. One such energy source is hydrogen.1 Hydrogen
is an ideal substitute for fossil fuels, but there are a number of
barriers related to hydrogen production, transportation, storage,
and technology that need to be overcome to facilitate its use.
There has been a great deal of interest in the development of
reversible systems for hydrogen storage. One simple solution
is to develop micro- or mesoporous materials that can uptake
hydrogen molecules in their cavities. The hydrogen molecules
are forced into the cavities at low temperatures and high
pressures and they can be released by raising the temperature.2,3

Microporous materials such as metal organic frameworks
(MOFs), zeolites, and porous carbon are compounds with high

surface area and therefore have received increasing attention
due to their potential use in hydrogen storage applications.4,5

Of the porous materials proposed as hydrogen adsorbents at
cryogenic temperatures, MOFs have received significant atten-
tion. MOFs have been reported to adsorb up to 7.5% (wt)
hydrogen at 77 K under∼70 bar hydrogen pressure.6,7 Ad-
ditionally, Zeolites have been reported to have a hydrogen
storage capacity up to 4.5% (wt) at 77 K.8,9 Carbon-based
materials such as porous carbon and single-wall nanotubes which
can adsorb hydrogen at 77 K and∼80 atm up to 8%10 have
received particular attention. However, there is significant
controversy over some of the initial results.11

Another class of materials that show hydrogen adsorption
capabilities are clathrate hydrates.12 Gaseous and liquid clath-
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rates hydrates crystallize in seven structural types, types I-VII.
The crystal structure of any clathrate consists of a three-
dimensional host framework. The cavities or cages in the
framework are polyhedra with pentagonal and hexagonal faces
that can encapsulate guest atoms. These cages can be denoted
as [512] for a pentagonal dodecahedron, [51262] for a tetra-
kaidecahedron, [51263] for a pentakaidecahedron, and [51264] for
a hexakaidecahedron.13 The main feature of these phases is the
almost nonexistent chemical interaction between the molecules
of the host matrix (H2O) and the molecules occupying the
cavities. Typical guest molecules found in the hydrate clathrate
phases are CO2, Cl2, CH4, and other light hydrocarbons. Similar
to the MOFs, the clathrates allow for significant flexibility in
the cage or pore dimension as a function of the host structure.
For example, a clathrate hydrate was found to uptake 6.5%
hydrogen under extreme pressures (2 kbar) at 77 K.14 Moreover,
it has been reported that those extreme conditions can be altered
by simply allowing the larger cages of the clathrate structure
to be occupied by tetrahydrofuran (THF) guest molecules.15

High-resolution neutron diffraction studies of deuterium sub-
stituted hydrate clathrates have shown that the small cavity of
the THF hydrate is occupied by one deuterium molecule.12

However, it is expected that the appropriate formation conditions
may allow for higher storage capacity in a material, which is
essentially composed of only water and hydrogen.

Silicon clathrates, similar to their hydrate counterparts, are
made of the silicon host framework that can exist either empty
or filled with electron-donating guest atoms such as alkali or
alkaline earth metals.16 The observation of superconductivity
and “phonon glass-electron crystal” behavior leading to promis-
ing thermoelectric materials, as well as theoretically predicted
large band gaps in the guest-free clathrate structures, Si34, and
Si46, has renewed the interest in these compounds.17-19 This
work adds another important application for these materials,
namely hydrogen storage.

The most studied silicon clathrate structures are types I and
II. Figure 1 shows the crystal structure of a type I silicon
clathrate. Type I clathrates crystallize in the cubic system of
the centrosymmetrical space groupPm3hn, and they have two
crystallographically distinct guest sites (2a and 6d) and three
Si framework sites (6c, 16i, and24k) giving the general formula
A8Si46. Type I silicon clathrate structure contains two types of
polyhedra, a pentagonal dodecahedron, denoted as [512] and a
tetrakaidecahedron, [51262]. The [512] unit constitutes the Si20

cage, and it is a 20 vertex polyhedron containing 12 pentagonal
faces, thus the notation 512. The [51262] constitutes a Si24 cavity,
and it is a 24-vertex polyhedron with 12 pentagonal and 2
hexagonal faces. In general, type I silicon clathrates, A8Si46 (A
) Na, K, Rb, Cs), can be formed under vacuum or inert-
atmosphere conditions from the controlled thermal decomposi-

tion of the corresponding Zintl salt ASi.20-23 The reaction takes
place at 350-450 °C and produces a mixture of types II and I
clathrates, AxSi136and A8Si46, respectively. The mixture of types
II and I clathrates can be further separated by density methods.22

Empty and cation deficient type II clathrates of both germanium
and silicon have been reported and characterized.22,24 Type I
silicon clathrates that are cation deficient have been also reported
for the larger cations potassium and rubidium and also for the
sodium barium superconductive alloys.18,23,25

Herein we report the formation of a sodium-deficient type I
silicon clathrate, Na5.5(H2)2.15Si46, in high yield utilizing a novel
synthetic procedure. We show that the silicon framework has
entrapped hydrogen molecules and that it is stable at ambient
temperature and pressure. This work describes the first member
of this new type I sodium-deficient hydrogen-containing silicon
clathrate, along with the structural characterization of this
compound. We propose that more hydrogen rich species may
be discovered in these unique clathrate structures.

Experimental Section

1. Synthesis.All manipulations for the synthesis of the silicon
clathrate were performed in a N2-filled glovebox or vacuum/inert
atmosphere Schlenk line. Silicon (99.999%, Aldrich) and sodium (lump
99%, Aldrich) were used as received. Sodium silicide was prepared
according to literature methods,26 and the purity was confirmed by
powder X-ray diffraction. Ammonium bromide (99.99%, Aldrich) was
dried under dynamic vacuum at 100°C for 14 h prior usage. The
clathrate, Na5.5(H2)2.15Si46, was obtained by the solid-state reaction
between the Zintl salt, NaSi, and ammonium bromide. A 1:1 molar
ratio of the two solid reactants was ground in an agate mortar in a
nitrogen-filled glovebox, and the resulting powder was pressed into
pellets. The pellets were then introduced in an oven preheated at 300
°C under dynamic vacuum for 12 h. The clathrate phase was separated
from the salt byproduct by washing first with ethanol and then with
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Figure 1. View of the type I clathrate structure, Na8Si46. Guest atoms: in
2a site, red; in6d site, green. Silicon framework atoms) light blue. The
two types of Si cages are indicated.
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HPLC grade water. The resulting dark gray powder was dried under
flowing argon at 80-100 °C overnight. The solid products were
characterized by powder X-ray diffraction.

2. Characterization. Elemental Analysis.Elemental analysis was
performed on three different reaction batches by Galbraith27 and Desert
Analytics Laboratories.28 These gave the Na:Si ratio 5.6:46 (H was
not determined) and the Na:Si:H ratios of 5.2:46:4 and 5.8:46:4.6.
Averaging these three measurements provides the approximate formula
Na5.5(H2)2.15Si46. A small amount of NaBr was also observed in the
samples, and the molar amounts were removed from the totals. Total
weight percent did not add to 100%, so to better characterize the
composition, X-ray energy dispersive spectroscopy (EDX) was em-
ployed in a TEM measurement described below. EDX data provided a
ratio of 4.7:46 for Na:Si, and no other elements were detected.

Powder X-ray Diffraction. Powder X-ray diffraction (XRD) studies
were carried out on an Inel (Co KR radiation,λ ) 1.788 97 Å). Data
were collected in a continuous scan mode between 10 and 115° in 2θ
with a step size of 0.03. Structural refinement by the Rietveld method
was performed using the program Rietica.29 The refined parameters
include background, peak shape, cell, atom positions, scale factor,
thermal parameters, and occupancies. The R-factor (Rp), the weighted
R-factor (wRp), and the goodness of fit,ø2, are defined as follows: Rp
) Σ[yio - yic]/Σyio, wRp ) [Σwi(yio - yic)2/Σwi(yio)2]1/2, andø2 ) [wRp/
Rexp]2, where Rexp ) [(N - P)/Σwiyio

2]1/2 andyio andyic are the observed
and the calculated intensities,wi is the weighting factor,N is the total
number of observed intensities when the background is refined, andP
is the number of adjusted parameters.

Solid-State NMR.For all solid-state NMR work approximately 150
mg of sample was loaded in a Bruker zirconia rotor with kel-F caps in
a glovebox filled with dry flowing nitrogen. Solid-state NMR experi-
ments were performed on a Bruker Avance 500 spectrometer equipped
with an 11.75 T magnet and a Bruker 4 mm CPMAS probe. The magic
angle spinning (MAS) rate was 15 kHz. A solid-echo pulse sequence
(90-t-90-acquisiton) was used to suppress the ring-down of the probe
for the23Na MAS NMR spectrum. The 90 deg pulse width was 1.5µs,
the interpulse delay time (t) was synchronized with rotor time, the
spectrum width was 2.5 MHz, the relaxation delay was 0.5 s, a total of
12 000 transients were averaged, and a block size of 16384 was recorded
and processed with 100 Hz line broadening. For1H MAS NMR, a Hahn
echo pulse sequence (90-t-180-acquisiton) was used to suppress the
signal from the probe background. The 90 deg pulse width was 2.5µs,
the interpulse delay time (t) was synchronized with rotor time, the
spectrum width was 500 kHz, the relaxation delay was 5 s, a total of
2000 transients were averaged, and a block size of 8192 was used and
zero-filled to 16 384 with 1 Hz line broadening. The29Si MAS NMR
experiment was conducted on the same spectrometer equipped with a
Bruker 7 mm CP-MAS probe with a MAS rate of 6 kHz. The 90-deg
pulse width was 4 us, the relaxation delay was 1 s, the spectrum width
was 250 kHz, a total of 235 148 transients were averaged, and a block
size of 8192 was recorded and processed with 100 Hz line broadening.

FTIR. FTIR data was obtained using a Shimadzu IR Prestige 21
equipped with a diffusive reflectance accessory. The powder was mixed
with the KBr using a 1:100 molar ratio dilution of the sample in the
KBr matrix. The samples were mixed with KBr in a nitrogen-filled
drybox and then loaded in vials and brought out of the drybox just
before the measurement. The IR measurements were performed in air.

EDX/SAED/STEM. Approximately 0.1 g of the synthesized powder
was sonicated for 30 min inn-butanol and spread over a gold-mesh
grid covered by a thin perforated carbon film. The grid was heated in
air at 200°C overnight. Selected area electron diffraction (SAED) and
energy dispersive X-ray spectroscopy (EDX) were performed under
JEOL JEM-2500SE electron microscope operated at 200 kV. The
sample was also examined using spherical aberration (Cs) corrected

VG HB501 scanning transmission electron microscope (STEM) oper-
ated at 100 kV. High-angle annular dark-field (HAADF) images were
taken along [100] with the convergence semiangle of 20 mrad and
collection semiangle of 70-210 mrad. STEM image calculation was
made with Kirkland’s code.30

Results and Discussion

Most silicon-containing clathrate phases are prepared either
by high-temperature methods involving the elements or by
vacuum thermal decomposition of NaSi. In a recent publication
on the use of ammonium halides to prepare photoluminescent
silicon and germanium from metal silicides and germanides, it
was noted that diffraction peaks associated with the clathrate
structure were present in the powder patterns as impurities.31

Independently, while developing the synthetic methodology to
prepare macroscopic amounts of hydrogen-capped silicon nano-
particles,32 we discovered that silicon type I clathrate could be
prepared in high yield and purity by heating the reaction mixture
under dynamic vacuum at 300°C. The reaction scheme between
the Zintl salt, NaSi, and ammonium halide is shown as

The powder X-ray diffraction pattern, shown in Figure 2, of
the product is consistent with type I clathrate structure (Figure
1), and the diffraction peaks were indexed to a cubic cell, space
groupPm3hn, a ) 10.1944(5) Å. The cell parameters are listed
in Table 1. The crystal structure data obtained from the
refinement are in good agreement with the reported values in
literature.22 The cubic cell is only slightly smaller than the value
reported for a fully sodium occupied clathrate, Na8Si46, a )
10.19648(2) Å.22 The occupancies of sodium were allowed to
refine. The values are reported in Table 1 giving a total of 1.728
Na for the 2a position and 5.616 Na for the6d position,
suggesting that there was Na deficiency in both sites. Elemental
analysis on this material provided even a lower amount of Na
and was consistent with the formula Na5.5(H2)2.15Si46. The
Rietveld refinement may provide higher than expected Na
content because of the correlation between thermal and oc-
cupancy parameters. Other factors, such as background, absorp-
tion, extinction, etc., also can contribute to errors in occupancy
refinement.33

Solid-state23Na,1H, and29Si MAS NMR data provide further
information about the structure of this new compound. Figure
3 displays the solid-state23Na MAS NMR spectrum. A small
amount of remaining NaBr salt was also present in the23Na
NMR spectrum (near 0 ppm; data not shown here). The two
peaks observed are consistent with the two characteristic Knight
shifts for the Na atom in a Si20 cage (2a crystallographic site)
at ∼2018 ppm and for the Na in the Si24 cage (6d crystal-
lographic site) at∼1730 ppm.34,35 The observed Knight shifts
are quite high, even higher than for metallic sodium, 1131
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46NaSi+ 40.5NH4Br f

Na5.5(H2)2.15Si46 + 40.5NaBr+ 40.5NH3 + 18.1H2 (1)
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ppm,36 showing that sodium has transferred approximately 10%
of its electron density to the silicon framework.34-36 These large
values have been explained as arising from the nuclear hyperfine
interaction with the unpaired electrons.36 The assignment of
these resonances are consistent with the literature assignments
reported for the fully occupied Na8Si46 type I clathrate
structure.34-36 The integrated intensities of the two isotropic
peaks36 give a 1:1.5 ratio for the2a:6d crystallographic sites.
According to this ratio, if one assumes that the2a crystal-
lographic site is fully occupied with 2 Na atoms, then the large
6dsite can only contain 3 Na. This suggests that the large cages

(6d site), Si24, are Na deficient, which is consistent with the
elemental analysis and the EDX results of Na5.5Si46. Deficiency
of the Na from the large cage for Na8Si46 has been noted
previously and was attributed to the exact details of the
preparation.36

The solid-state1H MAS NMR spectrum is presented in Figure
4. There are five distinct resonances in the1H NMR spectrum
at 4.2, 3.8, 1.3, 0.79, and 0.08 ppm. Proton solid-state NMR
has been reported on a type II THF‚H2O clathrate, which under
hydrogen pressure can store up to 1 wt % H2.14,15 The authors
proposed that the hydrogen in the small cages (X20) gives rise
to the resonance at∼4.2 ppm and that hydrogen in the large
cages (X28) gives rise to the resonance at about 0 ppm.14,15Our
spectrum is very similar to theirs with a resonance at about 4.2
ppm. However, the1H MAS NMR spectrum presented here is
more complicated than the hydrate one, showing sharp reso-

(36) He, J. L.; King, D. D.; Uehara, K.; Preston, K. F.; Ratcliffe, C. I.; Tse, J.
S. J. Phys. Chem. B2001, 105, 3475-3485.

Figure 2. Rietveld profile fit for the sodium clathrate prepared in this study. Experimental data points are shown as black crosses, and the theoretical fit is
shown as a black solid curve. The data were refined for the space groupPm3hn (upper black ticks), and the difference between the observed and theoretical
patterns is shown below the black ticks. The unit cell isa ) 10.1944(5) Å, withRp ) 5.259%,Rwp ) 7.178%, andø2 ) 8.669.

Table 1. Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Ueq)a for the Clathrate Phase Prepared in This Paper

atom site x y z Ueq (Å2) occupancy

Na5.5(H2.15)2Si46

Na(1) 2a 0 0 0 0.0125(3 0.864(1)
Na(2) 6d 0 0.25 0.5 0.0204(2) 0.936(1)
Si(1) 6c 0.25 0 0.5 0.0108(8) 1
Si(2) 16i 0.1840(2) 0.1840(2) 0.1840(2) 0.0115(5) 1
Si(3) 24k 0. 1177(2) 0 0.3084(2) 0.00970(4) 1

a Ueq is defined as one-third of the trace of the orthogonalizedUij tensor.

Figure 3. Magic angle spinning23Na solid-state NMR spectrum for
Na5.5(H2)2.15Si46. The two main resonances correspond to the guest
crystallographic sites,2a and6d. Sodium in the2a site is in the Si20 cage,
and sodium in the6d site is in the Si24 cage. A small signal corresponding
to NaBr is also present, data not shown.

Figure 4. Magic angle spinning1H solid-state NMR spectrum for
Na5.5(H2)2.15Si46.
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nances along with the broad resonance. The narrow line widths
are consistent with a hydrogen molecule that can freely rotate
in the cavities, and the broad resonance is more consistent with
hydrogen that has more restricted motion and may be interacting
with the cages. The assignment of these peaks to hydrogen
molecules rather than hydrogen covalently bound to silicon is
consistent with the absence of any Si-H stretches in the FTIR.
The hydrogen molecule that gives rise to 4.2 ppm resonance is
assigned to the large Si24 cage. This is a reasonable assignment
since the23Na NMR shows that the Si24 cage is deficient in Na
and the 4.2 ppm resonance is similar to that observed in the
hydrate clathrate14,15and to hydrogen molecules trapped in the
512 cages of microporous crystalline silica.37 These chemical
shifts are quite different from the ones found in hydrogen
encapsulated fullerenes derivatives, presumably because of the
very different chemical environments.38,39 The 1H resonances
do not appear to be “Knight shifted” unlike the Na resonances.
This suggests that there is negligible electron density transfer
from the hydrogen molecule to the silicon framework. The
hydrogen molecule, with its covalent bond, is significantly less
electropositive than Na and would be less likely to transfer
electron density to the framework.

The solid-state29Si MAS NMR spectrum, presented in Figure
5, is consistent with a clathrate type I structure. There are three
crystallographic silicon sites (16i, 6c, and 24k) that can be
assigned to the three distinct Knight-shifts, at∼617 ppm for
the silicon in the16i site, at∼653 ppm for the Si in6c, and
∼842 ppm for the Si in the24k site. These values are in
agreement with literature values for Na8Si46 with a silicon
framework of a type I clathrate structure.35,36,40The resonances
are labeled according to their crystallographic site symmetry.
The integrated intensities under the main peaks and their
associated spinning side bands gave the following silicon
occupancies ratios over the three different crystallographic
sites: Si in24k is 24, Si in 16i is 15.8, and Si in6c is 7.5.
These results are consistent with the stoichiometry of Si46 with
all the framework sites completely filled.36

Further characterization was obtained for this material by
EDX, SAED, and STEM. Although a hollow electron diffraction
pattern due to an amorphous structure, also present in the X-ray
powder diffraction pattern background, was observed for a small
number of particles, the SAED patterns observed for most
particles of the sample correspond to those of the type I clathrate
structure without any superlattice reflections, indicating that the
Na atoms are disordered in the guest atom sites. EDX supports
the elemental analysis data, and the23Na NMR data for that
sodium/silicon ratio indicate Na:Si) 4.7:46 and did not show
the presence of Br.23Na NMR data show the presence of NaBr
that is not apparent from the TEM grids, presumably because
of the differences in size of sample and how the samples are
prepared for these two different techniques. The NMR sample
is a large sample size (150 mg) whereas the TEM sample is a
very small sample that is suspended in a solvent before
deposition on the grid. Presumably, the small amount of NaBr
observed by NMR does not deposit on the grid along with the
clathrate sample. Figure 6a shows a HAADF-STEM image taken
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Figure 5. Magic angle spinning29Si solid-state NMR spectrum for
Na5.5(H2)2.15Si46. The isotropic shifts are assigned to the three silicon
crystallographic sites as indicated.

Figure 6. (a) STEM-HAADF image of Na5.5(H2.15)2Si46 taken along the
[100] direction. The calculated image of 2× 2 unit cells is inserted. (b)
Averaged experimental image and intensity profile along the linex-y. (c-
f) Calculated images with different Na occupancies in the 6d sites and
intensity profiles.
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along [100]. The image was calculated with a thickness of 21
nm and defocus value of 22.5 nm. The calculated image inserted
in Figure 6a is in good agreement with the experimental one.
The ring pattern and the center of the ring correspond to the
Si24 cage and the6d sites, respectively. When observed along
[100], the6d sites are aligned in an atomic column, which is
apart from the nearest columns by 0.23 nm so that the Na
occupancy in the6d sites can be determined by comparing the
experimental intensity profiles with calculated ones. Figure 6b-f
shows an averaged experimental image using 2dx software and
calculated images with different Na occupancies in the 6d sites
as well as intensity profiles along the linex-y.41 The peak
intensity at the 6d sites decreases with the decreasing Na
occupancy as indicated by arrows in the intensity profiles, and
no peak is observed when the occupancy reaches 0.5. This
indicates that more than one-third of Na in the6d sites is
deficient, which is consistent with both23Na NMR and elemental
analysis data.

Summary

We present a simple low-temperature synthetic route to a
nearly phase pure type I clathrate of silicon that encapsulates
hydrogen molecules in the cages at ambient temperatures and
pressures. Powder X-ray diffraction data and SAED are
consistent with the type I silicon clathrate structure. Silicon

NMR confirms the presence of silicon in the three clathrate
framework sites as being fully occupied. Sodium NMR,
HAADF-STEM, and elemental analysis are consistent with
sodium deficiency in large6d cages. Sodium deficiency would
allow hydrogen to fill the remainder of the cavities in this
compound. Proton NMR and elemental analysis shows the
presence of hydrogen in this compound. It may be possible,
through synthetic optimization, to increase the amount of
hydrogen present and to prepare other clathrate structures. With
simple variations of the identity of the metals in the metal
silicide, along with alternative temperature profiles for the
reaction described herein, more hydrogen-rich species are yet
to be discovered in these unique clathrate structures.
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