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The discovery of a hydrogen clathrate!"! in 2002, formed at
about 200 MPa, led to suggestions for its use for hydrogen
storage from its maximum hydrogen storage capacity”® of
3.9 wt %. This material would seem to be an ideal storage
medium as it contains only hydrogen and water. It has the
same structure as that found for many other clathrate
hydrates, with molecular or atomic guests enclosed in cages
formed by hydrogen-bonded water molecules, known as
structure IT (Str. IT) clathrate hydrate.” For practical hydro-
gen storage applications however, there is the need to find
pressures lower than the 200 MPa required for the prepara-
tion of Str. IT hydrogen hydrate without significantly lowering
the maximum storage capacity. The motivation for this study
was to find a gentle method for the synthesis of Str.II
hydrogen hydrate. According to the P-T phase diagram, it
should be possible to use low pressures at low temperatures.
However, pressurizing the normal ice Ih phase at low temper-
atures produces little or no conversion on a practical time
scale. One approach would be to find more reactive forms of
ice. For instance, a low-density amorphous ice phase can be
prepared at low temperatures”! Exposure to a hydrogen
pressure at sufficient pressure and upon annealing at some-
what higher temperatures, the metastable amorphous phase
plus gas should convert to a crystalline phase (e.g. a clath-
rate®®) under temperature control of the conversion kinetics.
This approach indeed produced small amounts of Str.II
clathrate hydrate in some preparations. However, the main
product proved to be an even more interesting material.

We demonstrate that amorphous ice plus hydrogen gas
can be converted to an ice Ic framework partially filled with
H, (designated as H,:H,O-Ic), by annealing at pressures less
than 18 MPa. This material is stable at ambient pressure at
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77 K. From calculations, we suggest that it may be possible to
prepare 50% filled H,:H,O-Ic (5.3 wt% H,) at pressures
below 45 MPa. This material may be closely related to the C,
structure stable at 3 GPa”® and could have broad implica-
tions for hydrogen storage and also astrophysics. Indeed it
may be present in our solar system and elsewhere, wherever
vapor deposition and annealing are common processes.

Powder X-ray diffraction patterns obtained at 130 K
(Figure 1) show that a) the vapor-deposited H,O or D,O
used as the starting material was low-density amorphous ice
with detectable traces of crystalline ice;” b)the material
recovered at ambient pressure, after annealing amorphous ice
between 140-160 K under a pressure of H, or D,, is mainly
ice Ic with stacking faultsl'®"'? and a slightly enlarged unit cell
compared to ice Ic. No reflections of the Str.II clathrate
hydrate were observed in the PXRD samples.
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Figure 1. Powder X-ray diffraction data for amorphous ice and
annealed amorphous ice after filling with hydrogen gas at 77 K.

a) Sample holder, b) amorphous ice from vapor deposition at 15 K,
stored in liquid nitrogen and analyzed at 120 K, showing traces of

ice Ic and ice lh. c¢) Sample prepared from amorphous ice with 15 MPa
H, and 140 K annealing, then analyzed at 130 K, showing a mixture of
ice Ic, and amorphous ice. d) Ice Ic sample prepared from amorphous
ice with 15 MPa H, and 150 K annealing, then analyzed at 130 K.

Raman spectra (Figure2) provide some of the key
evidence that H, or D, is incorporated in the ice Ic formed:
The H, vibron spectrum (Figure 2a) is uniquely different
from that of Str. Il hydrogen hydrate with a broad asymmetric
peak at about 4126 cm™' for H,:H,O-Ic and H,:D,O-Ic,
27 cm™! lower than the 4155.2 cm™ Q,(1) band of ambient
pressure gaseous H,'™ (likewise, 2977 cm™! for D,:D,0-Ic
versus 2991.4 cm™ for D, gas). The frequencies are also lower
than in pure solid H, (about 4150 cm™) and D, (about
2984 cm™), H, in a dense ice®! at 2.3 GPa (about
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phous D,0O sample, after annealing under H,
pressure to form ice Ic, showed increased incoher-
ent scattering from H,. A comparison of the
experimental radial distribution function G(R)
from neutron scattering data (Figure 2S) with the
G(R) calculated for ideal ice Ic by molecular
dynamics (MD) employing the Faber—Ziman
approximation,!'”! indicates that stacking faults,
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Figure 2. Raman spectra at ambient pressure and 77 K of samples prepared by
annealing amorphous ice at 140 K exposed to H, at pressures of 15 or 18 MPa.

a) H, vibron band of H,:H,0-Ic. b) H, vibron band of H,:H,0-Ic showing additional
sharp lines from H, Str. 1| clathrate hydrate and vertical lines for H, gas-phase
vibron frequencies. c) H, roton bands showing sharper H, Str. Il clathrate hydrate
lines superimposed on broader H,:H,0-Ic bands (para-H, band at lower frequency).

d) H, molecule at the center of an adamantane-shaped cavity in ice Ic.

4150 cm™) and H, in ice Ih (about 4173 cm™).") However,
Str. IT H, clathrate hydrates show narrow, multiple peaks in
the same region,'°™ which are assigned to ortho-H, and
para-H, in small and large cages with different occupancies.
The broadening and lack of ortho-H, and para-H, resolution
in the H,:H,O-Ic spectrum was attributed to a distribution of
H, environments in the ice Ic lattice arising from defects and
the inherent stacking faults.'"'?) Notwithstanding the above
observations, in a few preparations two sharp lines appeared
at about 4144 and about 4150 cm™' on top of the broad
spectrum (Figure 2b). These correspond well to the ortho-H,
and para-H, peaks assigned to 4 H, in the large cage of Str. II
clathrate hydrate."”! Figure 2¢ displays two H, roton bands
centered at about 580 and 348 cm™' corresponding to ortho-
H, Sy(1) and para-H, Sy(0), which are again significantly
broader than the weak, superimposed Str.II H, clathrate
hydrate lines.['!7

In situ neutron diffraction data obtained on amorphous
ice, pressurized under D, gas followed by annealing, revealed
the structural evolution from amorphous ice to ice Ic. Figure 3
shows diffraction data during annealing at 140 and 150 K, and
upon quenching (see also Figure S1 in the Supporting
Information), and indicates the formation of some Str. II
hydrate that could also be an intermediate form prior to
formation of ice Ic. The indicated peaks are consistent with
the presence of a Str. II clathrate hydrate and in agreement
with Raman scattering data. This intermediary largely
disappears after pumping away the D, gas, but some remnants
are observed even after formation of ice Ic. Another amor-

www.angewandte.org

4080 41I00 41l20 4140 4160 41I80
Wavenumber (cm™)

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

which significantly perturb the X-ray diffraction
patterns of ice Ic, have very little effect on the
G(R).

Ice Ic has adamantane-shaped cavities, and
partial radial distribution functions, G(R), obtained
from MD simulations up to 1H,:1H,0O loading,
show that the mean position of H, is at the center of
these cavities. MD also showed about 2 % increase
in the lattice volume at 1H,:8H,O loading, con-
sistent with the expansion observed by diffraction
techniques.

Static solid-state 'H and ?H NMR spectra,
Figure 4, provide unambiguous confirmation of
the presence of hydrogen in these ice Ic materials:
1) The broad 'H spectrum for H,:D,0O-Ic (line-
width 36 kHz) indicates that H, is contained in
a solid phase, the lineshape arising predominantly
from 'H-"H dipolar coupling between H, molecules
in adjacent cavities. This linewidth is greater than
that observed at 77 K for H, in the cages of Str. II
D,O clathrate hydrate (11.6 kHz),”™ consistent
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Figure 3. In situ neutron diffraction data for annealing of amorphous
ice under a D, gas pressure of 11.7 MPa, sequentially from bottom:

a) not annealed, b) annealed at 140 K, c) quenched to 50 K,

d) annealed at 150 K, and e) quenched to 50 K. The vertical lines
identify the location of the features due to ice phases and Str. II
clathrate hydrate. The dominant peak of the Str. Il clathrate is indicated
by the “x".

with a shorter distance and stronger dipolar coupling between
H, molecules: 2.75 A between cavity centers in ice Ic versus
6.12 to 7.18 A in the hydrate.>>"?! 2) The broadening of the
'H spectrum of H,:H,0-Ic (linewidth 88 kHz) compared to
empty ice Ic (linewidth 68.1 kHz™), arises from additional
'H-"H dipolar couplings between H, molecules in adjacent
cavities and between H, and H,O. 3) The dynamics of the H,
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Figure 4. Left: '"H NMR spectra (300 MHz) at 77 K: a) H,:H,0O-lc
(prepared at 17.5 MPa, 150 K) and b) H,:D,O-lc (13.5 MPa, 150 K).
Recycle times of 1's. Spectra scaled to show approximate relative
intensities. c) Two superimposed spectra of H,:D,0-Ic with different
recycle times. 400 scans at 1 s per scan, 40 scans at 30 s per scan and
scaled up by a factor of 10. Right: ’H NMR spectra (46.05 MHz) at

77 K: d,e) D,:D,0-lc (16 MPa, 150 K), recycle times of 300 s and 8 s
respectively and f) D,O amorphous ice after pressurizing with D, at
10 MPa, annealing at 110 K, and depressurizing at a recycle time of
300s.

molecules also drastically reduce the spin-lattice relaxation
time (7)) from about 7300 s for empty ice Ic?* to less than 1 s
for Hy:H,0-Ic and H,:D,0-Ic. 4) *H NMR spectroscopy of
D,:D,0-Ic shows a broad lineshape because of static D,O and
a narrow and more rapidly relaxing lineshape due to dynamic
D,. In contrast, a sample prepared in the same way but
annealed at only 110 K (hence no conversion of amorphous
ice to D,:D,0-Ic) shows no D, signal in the H>*NMR
spectrum, indicating no retention of D, by amorphous ice at
77 K and ambient pressure. A particularly interesting obser-
vation is the surprising stability of *H:H,0-Ic: NMR spectra
for two samples stored at 77 K showed that 40-50 % of their
original H,/D, loading are still present after 27 months. The
H,:H,O-Ic stability is most likely due to the smaller, less
regular channels in ice Ic compared to ice Ih, and the stacking
faults in ice Ic.

The potentially large H, capacity of ice Ic (10 wt % if fully
loaded) prepared by this route at moderate pressures suggests
ice Ic could be a viable hydrogen storage material. A crude
estimate of the level of H, loading achieved in our experi-
ments, based on the relative intensities of the 'H NMR
spectra of Figure 4a,b, suggests a 20-30% loading, assuming
various factors remain constant between samples. Since this
was achieved at hydrogen pressures of 15-18 MPa, signifi-
cantly higher occupancy might be achieved at higher but still
moderate pressures. This contrasts with the about 200 MPa
required to form pure hydrogen clathrate hydrate (about
3.9 wt %) at 295 K.P Table 1 gives calculated H, gas pressures
equivalent to the H, density at several loadings in the ice Ic
lattice, taking into account nonideal behavior with 2nd and
3rd virial coefficients™! at the volume of ice Ic at 80 K. We
regard these as maximum pressures for stability since, as
shown in a recent computational study of H, in ice Th,*® there

Table 1: Equivalent H, gas pressures P in [MPa].

H,:H,O-lc  H, capacity wt%]  P(77K)  P(140K)  P(150K)
1:1 10 76.0 161.0 174.2
0.5:1 5.263 19.4 44.4 483
0.25:1 2.703 7.9 17.2 18.6
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will also be a binding energy associated with inclusion in the
cavity that should reduce the pressure requirements.

For 0.25H,:1H,0 corresponding to 2.7 wt%, the H,
density is equivalent to H, gas at 17.2 MPa at 140 K, a value
comparable to pressures used in our preparations. We note
that for most hydrogen storage materials, considerable mass
remains after H, is released. In contrast, there is no residual
mass if water produced from Hy/ice Ic is expelled as liquid or
vapor.

The ice Ic framework H,:H,O-Ic may be related to the
reported high-pressure C, structure,["*?"*!in which hydrogen
molecules may occupy sites remaining when one of the
interpenetrating Ic lattices forming ice VII or VIII is
removed, resulting in a 1:1 H,/H,O composition. However,
none of the H atom positions have yet been unambiguously
determined. In a recent study?” it was suggested that, on
decompression, C, transforms to empty ice Ic at 110 K and
0.3 GPa. However, the present results suggest that this might
not be empty, and consequently we suggest that the C, phase
might have a H,:H,O ratio greater than 1 and the reported
transition instead represents partial loss of H, to a filled or
partially filled ice Ic.

In summary, in this low-temperature approach a combina-
tion of factors results in the incorporation of H, into the ice Ic
(or in some cases the Str.II clathrate hydrate) framework
upon annealing: The exceptional porosity of vapor-deposited
amorphous ice® allows intimate contact between ice and H,
over a very large surface area throughout the material, and
moderate pressures make a high concentration of H, available
right at the sites where reorganization of low-density amor-
phous ice into ice Ic occurs following the apparent glass
transition at about 135 K, ensuring efficient H, incorporation
into the ice Ic cavities. The general principle illustrated is that
the use of a metastable form of ice allows control of the
kinetics of transformation to a crystalline phase with temper-
ature. Here, the unexpected result was the appearance of an
unusual phase, again adding to our knowledge of the complex
phase equilibria of icy materials.

Experimental Section

Amorphous H,O and D,O ices were prepared at the National
Research Council of Canada (NRC) Steacie Institute for Molecular
Sciences by vapor deposition of water vapor onto a copper cold plate
in a vacuum chamber on the evacuated tail of a DISPLEX closed-
cycle helium cryostat maintained at 20 K. Depositions of two to three
grams of amorphous ice were made over a 24 hour period. Samples
were then removed at 77 K and stored in liquid nitrogen until used for
further sample characterization and subsequent sample preparations.
The amorphous ice was placed in high-pressure Swagelok stainless
steel vessels cooled with liquid nitrogen which were then warmed to
80 K and evacuated to remove residual nitrogen gas. The vessel was
then filled with cold hydrogen or deuterium gas and the amorphous
ice plus hydrogen was then annealed to temperatures in the range
135-160 K. The hydrogen gas pressure was typically between 8-
18 MPa. After annealing, samples were recooled to 77 K, removed
from the pressure vessel and maintained at 77 K before character-
ization by NMR spectroscopy, neutron and X-ray powder diffraction,
and Raman spectroscopy. Details of the characterization and
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molecular dynamics calculation methods can be found in the
Supporting Information.
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