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Abstract

The present work, performed by means of ex-situ neutron diffraction
measurements and combined with complementary Raman data, reports the
first structural characterization of the recovered hydrogen hydrate during
the transformation from the C0 phase to ice XVII. The measurement of the
position of the Bragg reflections in the neutron data allows to obtain the
behaviour of the lattice parameters for the C0 filled ice as a function of tem-
perature during hydrogen release. From this analysis, we demonstrate the
irreversibility of the structural changes passing from the pristine filled hy-
drate to the empty one, i.e. ice XVII. Meanwhile, we observe also the release
of the spurious nitrogen molecules previously absorbed by the hydrate crystal
when recovered at low temperature and ambient pressure. A significant re-
lease of guest molecules starts around 60 K, reaching the complete evacuation
of the water structure above 100 K.
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Introduction1

Binary systems comprising water and a gas exhibit several stable crys-2

talline phases depending on the thermodynamic conditions. These solid in-3

clusion compounds, commonly named “gas hydrates” [1, 2], are present in4

nature and can be synthesized in the laboratory at high pressure and low5

temperature. In this context, a particularly interesting system is represented6

by the water-hydrogen mixture (i.e. hydrogen hydrates [3]), in which the7

guest H2 molecules are trapped in a water host skeleton arranged either in8

polyhedral cavities, e.g. sII-phase clathrate-hydrate (0.1-0.35 GPa) [4, 5], or9

in a channel-like structure, e.g. C0- and C1- phase filled ice (0.35-0.7 GPa and10

0.7-3.1 GPa, respectively) [6, 7, 8, 9], or in a cubic structure, e.g. C2-phase11

filled ice (2.3-30 GPa) [6]. These compounds have attracted considerable in-12

terest both for their potential use in industrial applications, such as hydrogen13

storage and gas sequestration [10, 11, 1], and for their importance in funda-14

mental physics, since they allow to study the quantum dynamics of an H215

molecule inside a three-dimensional anharmonic potential well [12, 13, 14, 15].16

The role of the guest molecules in the stability of hydrate crystals has been17

the subject of various investigations since their discovery. Generally, hydrate18

compounds are not stoichiometric and the amount of guest molecules can19

vary within a certain range without affecting the stability of the crystalline20

structure. Moreover, recent works concerning the metastability at low tem-21

perature of guest-emptied sII clathrate [16] and C0 filled ice [17] phases have22

offered new insights into the understanding of the role played by the guest23

molecule in these kinds of water structures, leading to the discovery of new24

water polymorphs (i.e. ice XVI and XVII, respectively). These new forms25

of ice show an unexpected ability to absorb different light gases, e.g. nitro-26

gen [18], helium [19] or hydrogen [17], even at moderate pressures (e.g. few27

mbar). This property, never observed before in other forms of ice, makes28

these materials interesting also in the energy storage field [11]. A precise29

characterization of the recovered C0-phase from the high-pressure synthesis,30

that is the central purpose of the present work, is an important subject to31

be addressed also in view of its successive transformations into ice XVII and,32

eventually, into crystallographic pure cubic ice Ic [20].33

In this paper we show the first structural characterization of different re-34

covered samples of hydrogen filled ice in the C0-phase obtained from diffrac-35

tion measurements performed during the so called ”annealing treatment”,36

causing the evacuation of the hydrate sample and its relaxation into metastable37
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ice XVII. The effect of the different guest-filling degree of the water struc-38

ture is easily recognizable in the collected neutron diffraction patterns, al-39

lowing a clear description of the the typical scenario which occurs when40

such a low-temperature recovered porous media undergo ex-situ investiga-41

tions. The path towards the transformation of the pristine crystal into the42

ice XVII metastable phase cannot be simply traced back by applying hydro-43

gen pressure, since these steps correspond to metastable situations (i.e. a44

large amount of absorbed hydrogen in low pressure conditions), making the45

first annealing treatment undergone by the pristine sample an irreversible46

process.47

Methods48

Different sample batches of solid D2-D2O and H2-D2O compounds in the49

C0-phase were produced using a standardized procedure described in our50

previous work [17]. A few grams of ice powder are introduced in a Cu-Be51

autoclave, previously cooled below 273 K, in dry nitrogen atmosphere. The52

cell is pressurized with hydrogen gas in the range of 4 kbar, while the tem-53

perature is set to 255 K. The sample is left under high pressure for a few54

days and then recovered at ambient pressure quenching the cell in a liquid55

nitrogen bath. The transfer procedure, either for ex-situ measurements or56

for storing in a Dewar, is a delicate process and is accomplished at liquid57

nitrogen temperature using a dry-nitrogen atmosphere in order to avoid un-58

intentional heating and humidity condensation that would compromise the59

sample quality.60

The structure of our hydrate samples has been studied using two different61

neutron diffractometers, namely OSIRIS and WISH, located at the ISIS fa-62

cility (STFC, RAL, UK). The OSIRIS diffractometer is on the so called ”first63

target station” (TS1) and it is able to measure at the same time both elastic64

and quasi-elastic scattering signal. In our experiment we have performed65

both analyses, but in this work, we will present only neutron diffraction re-66

sults. The instrument uses neutrons emerging from a liquid H2 moderator67

cooled at 25 K that produces a large flux of long wavelength neutrons. The d -68

spacing of the observed Bragg reflections is determined by time-of-flight (tof)69

principle, with a final resolution of ∆d/d = (2.5 ÷ 6.0) · 10−3 [21]. In our70

experiment the aluminium sample cell is attached at the end of center-stick,71

and placed in a closed-cycle refrigerator. The cell has an annular geometry,72
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with an internal gap for the sample of 2 mm, and is equipped with a heater73

and two temperature sensors placed on the top and on the bottom side, in74

order to monitor a possible thermal gradient along the cell. Moreover, the75

cell has a gas inlet that is connected through a steel capillary to the vacuum76

and the gas control system.77

The WISH diffractometer is located on the so called ”second target sta-78

tion” (TS2) and uses neutrons that come from a solid methane moderator79

operating at 40 K. Like in the OSIRIS case, the d -spacing of the observed80

Bragg reflections is determined via time-of-flight principle, with a relative81

resolution performance up to ∆Q/Q = 3 · 10−3[22]. Also in this experiment,82

the sample can is attached at the end of an aluminium center stick placed83

in a cryostat. Here, the sample is contained in a vanadium cylinder with an84

internal diameter of 6 mm. Vanadium cans have the advantage of giving an85

almost negligible coherent contribution to the scattering, but they cannot86

contain free hydrogen gas, due to the well-known vanadium embrittlement.87

Given the small can size, thermal equilibrium is reached quite quickly by88

controlling the cryostat, whose temperature is assumed to be the same as89

that of the sample due to the use of an exchange gas. Unlike in the OSIRIS90

experiment, no gas-insertion system is used with this cell.91

Results and Discussion92

The first structural measurements on the sample as synthesized, i.e. filled93

ice in the C0-phase, have been performed on the WISH diffractometer [23].94

The experiment has been focused on the characterization of three samples95

originating from three different synthesis batches: two completely deuterated96

(D2O + D2), named Sample 1 (S1 ) and Sample 2 (S2 ), necessary to verify97

the reproducibility of the samples when obtained from different synthesis98

batches; one with protonated guest (D2O + H2), named Sample 3 (S3 ).99

The choice of heavy water, that is characterized by a coherent scattering100

cross section higher than that of protonated water, is done for maximizing101

the intensity of the Bragg reflections of the host structure, while the use of102

different guests can be important in order to obtain information about the103

relative changes in ice structure due to the different guest-host interactions.104

Since the sample cell is not provided with a connection to a gas handling105

system, all the three samples undergo only one thermal cycle, typically from106

10 K to 110 K, at ambient pressure and are not filled again with a gas. The107
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time needed for each experimental point, including the temperature change108

and the data acquisition, is at least 15 minutes or 1 hour for the samples109

with deuterated or hydrogenated guest, respectively.110

In order to measure the lattice parameters of the hydrate crystal struc-111

ture, full range diffraction patterns, expressed as a function of d-spacing, are112

analysed via the Le Bail method using the GSAS software [24]. As widely113

described in the discussion below, here a full-pattern Rietveld analysis is pre-114

vented by the spurious guest contaminations of the starting sample, mainly115

N2 in a non-stoichiometric amount. However, in order to extract a reliable116

profile fit function and the instrument parameters, a Rietveld refinement117

is performed on a diffraction pattern of a silicon powder reference sample,118

obtaining the best fit with a time-of-flight profile function of type 4 Ikeda119

Carpenter, i.e. a convolution between a pair of back-to-back exponentials120

and a pseudo-Voigt [24].121

The measured diffractograms collected during a heating cycle and, in one122

case, a subsequent cooling, are reported in Figure 1. Since the positions of123

each Bragg peak are quite similar in all the initial low-temperature patterns,124

these data demonstrate the reproducibility of the resulting sample structure125

obtained from the different synthesis batches. In all the three samples (S1,126

S2 and S3 ), the irreversible effects of increasing temperature are quite evi-127

dent. First, especially at the highest d values, there is an increase of the peak128

intensity; second, there is a down-shift of only some peaks (marked by black129

arrows in the corresponding figures). These effects are due to the progres-130

sive evacuation of the channels by the guest molecules and the consequent131

shrinkage of the host lattice [26, 27]. Moreover, the absence of peak shifts,132

of the same magnitude of those recorded while heating, during the re-cooling133

of sample S3 down to 60 K (dotted lines in the lower panel of the Figure 1)134

excludes that this effect is related to a reversible phenomenon, e.g. thermal135

expansion. In particular, assuming the hexagonal symmetry [26, 9] and in-136

dexing the peaks as reported in Figure 1, it is interesting to note that only137

peaks having the third Miller index l 6= 0 move significantly towards lower138

d -spacing as the sample is being emptied. In real space this corresponds to139

a variation of the distance between symmetry planes perpendicular to the z140

axis, i.e. to a contraction of the channels along their symmetry axis. This141

outcome is also in agreement with what has been observed in the case of the142

H2-refilling of ice XVII [26], where the elongation of the unit cell along the143

z axis is the main effect on the ice crystal structure caused by the hydrogen144

absorption. In addition, among the main reflections, the (102) one, located145
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Figure 1: WISH experimental raw diffraction patterns of pristine filled ice sample (S1,
S2 and S3 in the upper, middle and lower panel, respectively) measured at increasing
temperature (solid lines). The plotted range is shrunk to 2.40 - 5.65 Å in order to improve
the visualization of the high-d range. Black arrows indicate the shift of some Bragg peaks
during the heating cycle. Peak indexing is done on the basis of the hexagonal space group
P6122.
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at d ' 2.71 Å, shows a peculiar behaviour. Comparing the different samples146

at 10 K, i.e. before the heating cycle (see Figure 2), we note that the posi-147

tion of this peak is not always identical in each sample, and in some cases it148

appears quite broad, as if it was formed by more than one component. How-149

ever, the peculiarity of this reflection disappears irreversibly when the sample150

undergoes a heating cycle over 80 K. Thus these evidences suggest that the151

position of this reflection is strongly influenced by the possible presence of152

another ”spurious” guest species in the pristine sample, probably nitrogen,153

absorbed during the sample handling in liquid nitrogen bath, as well as by154

inhomogeneity of the pristine sample quenched at low temperature from the155

high pressure conditions to the ambient one.156
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Figure 2: Comparison between diffractograms of different samples measured before any
thermal treatment on WISH and OSIRIS instruments at low temperature in the range
2.60 - 2.87 Å . The details of the samples are indicated in the legend. Peak indexing is
done assuming the hexagonal space group P6122.

The irreversibility of the annealing process is also confirmed by the OSIRIS157

neutron diffraction data [28]. In this case the cell containing the sample is158

connected to a gas handling system that allows for a complete evacuation159

of the pristine C0-phase sample (i.e. D2O + H2), named Sample 4 (S4),160
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obtaining in this way D2O ice XVII. After this procedure, the sample can161

be refilled with hydrogen, even at low temperature [26]. Diffraction patterns162

are measured for each sample state at temperatures around 50 K in order to163

reveal only structural changes caused by the guest-host interaction. The time164

needed for each experimental point is typically 1 hour. The corresponding
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Figure 3: OSIRIS raw diffraction patterns of C0-phase ( D2O + H2) as synthesized, mea-
sured at 50 K (black line); emptied C0-phase ( D2O Ice XVII) after annealing treatment,
measured at 25 K (red line); and H2-refilled ice XVII, measured at 50 K (blue line). The
second and third set of data are taken from the experiment described in Ref. [26].

165

raw diffractograms are reported in Figure 3. The effects observed during the166

annealing treatment of the pristine sample, while transforming into ice XVII,167

are the same as those recorded during heating in the WISH experiment just168

described above, and consist in an evident down-shift of the peaks charac-169

terized by l 6= 0 and a strong intensity increase of the high-d reflections.170

Also in these measurements, the (102) peak (d ' 2.71 Å) in the diffraction171

pattern of the pristine sample is quite broad, which is again an indication172

of a possible absorption by the hydrogen-filled ice of other gas molecules,173

mainly nitrogen ones, or of a not perfect stoichiometric homogeneity of the174

sample. On the other hand, the refilling of ice XVII with hydrogen produces175
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only a small shift of the same peaks, i.e. those with l 6= 0, towards higher176

d -spacing. A detailed structural study of refilled ice XVII is presented in177

Ref. [26], although from Figure 3 it is possible to assert that the H2-refilled178

D2O ice XVII pattern measured at 50 K (blue line) is different from that179

pertaining to the filled ice as synthesized (i.e. C0-phase), measured at the180

same temperature (black line), at least as far as the unit cell size are con-181

cerned. Nevertheless, the structural changes of the pristine C0-phase sample182

during both heating and cooling cycles measured on OSIRIS fully confirm183

the results obtained from the WISH measurements described above.184

These outcomes are complemented and validated by ex-situ Raman mea-185

surements performed on a fully hydrogenated sample of C0 filled ice as syn-186

thesized, and after an annealing treatment [17] carried out in the Raman187

optical cell, i.e. keeping the sample at 110 K for a few hours under dynamic188

vacuum (in order to remove the H2 guest molecules and obtain empty ice189

XVII). The observation of the two strong rotational lines demonstrates the
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Figure 4: N2 vibrational band in the Raman spectrum of the C0-structure, measured at 30
K before (black line) and after (blue line) the annealing treatment.

190

presence of hydrogen molecules inside the host framework in the pristine191

sample. During the annealing treatment the lattice band remains similar to192
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the one measured before the treatment, but a gradual decrease of the H2193

rotational band intensities is observed until they become completely unde-194

tectable. From these data it is possible to ascertain that there is a complete195

release of hydrogen from the sample, with no evident associated structural196

phase transition. As a matter of fact, we observe the same behaviour when197

measuring the Raman spectra in the region of the N2 vibrational mode, as198

reported in Figure 4, where an evident sharp line appears at 2323.7 ± 0.3199

cm−1. By virtue of their internal vibration frequency, sensibly lower than200

both that of N2 gas (2329.917 cm−1) [29] and that of solid N2 in the α-phase201

(a doublet at 2327.5 and 2328.5 cm−1) [30], it can be established that the N2202

molecules are trapped inside the structure. After the annealing process, the203

N2 Raman line essentially disappears (becoming about 1000 times weaker),204

demonstrating a complete evacuation of the sample from the N2 guest impu-205

rity. This shows that samples as synthesized are a solid mixture of hydrogen206

filled ice and nitrogen filled ice, both in the C0-phase, but characterized by a207

different set of lattice parameters and/or space groups. Other works have also208

suggested that in these filled ice samples, nitrogen molecules can be trapped209

as a spurious guest [31] during the transfer process from the autoclave (or210

the Dewar) to the scattering cell, or during the sample storage at cryogenic211

conditions.212

The inhomogeneity of each sample, caused by the different degree of filling213

and guest species absorbed, and testified by the broad shape of some of the214

peaks, e.g. in the region around 2.65 - 2.75 Å(see Figure 2), prevents de215

facto an accurate Rietveld refinement of our data. Nonetheless, the lattice216

parameters can be quantitatively estimated via the Le Bail method, adopting217

the simplest model we can conceive for our system. The unit cell volume for218

all the samples, as a function of temperature, is reported in Figure 5. For the219

S1, S3 and S4 samples, in order to better reproduce the experimental data,220

we introduce two crystalline phases (P6122 space group) in the fit model221

taking into account the two guest species (i.e. H2 or D2 and N2) present222

in the samples. In the S2 case a single phase is sufficient to obtain a good223

fit of the experimental data, probably because of the scarce presence of the224

spurious guest. The initial volumes (at 10 K) are slightly different for the225

three samples, due to the different initial contents of guest molecules, while226

the general behaviour with temperature is quite similar for all the samples.227

Between 10 and 60 K an almost linear increase of V is measured, explainable228

by thermal expansion. Above 60 K, the volume starts decreasing, with two229

different rates in the S1 and S3 cases, due to the removal of the two distinct230
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Figure 5: Temperature dependence of the unit cell volume V of different samples of C0-
phase D2-filled ice (S1 and S2, upper panels) and H2-filled ice (S3 and S4, lower panels)
measured on WISH and OSIRIS. In the S1, S3 and S4 cases, data are obtained with a
two-phases P6122 fit model (red and blue points), while in the S2 case a single phase was
used to fit data (red points). The solid and dotted lines connecting data points indicate
that measurements are performed during, respectively, heating and cooling cycles. Error
bars are derived from the Le Bail analysis in the GSAS software.

guest species. At about 100 K, V tends to reach the same value in all231

the four cases, which is consistent with an almost complete evacuation of232

the sample. During a subsequent cooling, performed on S3 and S4, V has233

a linear dependence with temperature, again consistent with the thermal234

expansion. An additional set of diffraction measurements on empty ice XVII235

was performed at different temperatures on the OSIRIS diffractometer and236

are reported in Figure 6. Refined by Rietveld method using the P6122 space237

group [26], they indicate that in the range between 20 K and 100 K, the238

unit cell volume increases of about 0.1%. Once again, this confirms that the239
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thermal effect has a lower impact on the position of all the Bragg reflections240

than the effect of the guest removal, for which the change of the unit cell241

volume is observed to be around 3% in a similar temperature range.
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Figure 6: OSIRIS raw diffraction patterns of emptied C0-phase (i.e. ice XVII) measured
at 100 K (blue line), 75 K (green line) and 25 K (black line). Further details of this
experiment are reported in Ref. [26].

242

Conclusions243

The experimental diffraction patterns of the recovered samples of hy-244

drogen filled ice in the C0-phase, measured on WISH and OSIRIS neutron245

diffractometers, reveal the inhomogeneity of the pristine sample and the pos-246

sible presence of some spurious guests. These molecules, identified as nitrogen247

molecules via Raman spectroscopy, can be absorbed by the host structure248

during the recovery and transfer processes from the high pressure autoclave249

to the storing or to the ex-situ measurement apparatus, which are both per-250

formed in a liquid nitrogen bath. In order to remove both guest species from251

the host structure, we applied a thermal treatment, heating the sample up252

to about 100 K. The comparison between raw experimental patterns and the253
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measurements of lattice parameters as a function of the temperature allows254

to differentiate thermal expansion, that is a completely reversible process,255

from an initial irreversible structural change caused by the first evacuation256

of the structure. The removal of the guest molecules results in a significant257

decrease of the unit cell volume and, in particular, in a large contraction of258

the channels along the z axis. This result agrees with the decrease of the259

distance between the oxygen atoms in the water crystal structure, as de-260

duced from Raman spectroscopy [17], where a downshift in the frequency of261

the OH-streching band occurred after the annealing treatment of the same262

kind of sample. Exploiting this first characterization we demonstrate that263

ex-situ analysis on the high pressure samples recovered, handled and stored264

in liquid nitrogen environment, can be considerably affected by impurities265

and non-homogeneous filling, thereby possibly compromising data from the266

measurements of pristine samples. Moreover, this phenomenon is absent as267

far as in-situ experiments are concerned [18]. Thus, at a speculative level,268

it is not inconceivable that the sample recovered at 77 K and ambient pres-269

sure could also maintain the high pressure structure, given a value of ”c/a”270

very close to that measured at high pressure for the completely filled hy-271

drate [32]. Rising temperature and with a consequent gas release, the C0272

phase irreversibly relax into the metastable ice XVII, with large adjustment273

of the lattice parameters. In this perspective, further measurements are still274

needed in order to fully refine with the Rietveld method the structure of the275

H2- and N2-filled ice in the C0 phase. The unavoidable initial contamination276

of the pristine high-pressure samples, demonstrated in the present work, can277

be overcome by dosing pure ice XVII samples with hydrogen or nitrogen gas,278

respectively.279
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research in high-pressure materials science. L. Ulivi, M. Celli and L. del Rosso296

acknowledge support from the Fondazione Cassa di Risparmio di Firenze297

under the contract ICEXVII. The authors aknowledge the WISH (P. Manuel)298

and OSIRIS (V. Garcia-Sakai) teams for their support during the neutron299

diffraction experiments and for the discussion of the results, and A. Donati300

(CNR-IFAC) for the technical support.301

14



References302

[1] E.D. Sloan, C.A. Koh303

Clathrate Hydrates of Natural Gases, 3rd Edition304

Taylor & Francis, New York (2008)305

[2] J.S. Loveday, R.J. Nelmes306

High-pressure gas hydrate307

Phys. Chem. Chem. Phys., 10 (2008), pp. 937-950308

DOI: 10.1039/B704740A309

[3] M.A. Kuzovnikov, M. Tkacz310

T-P-X Phase Diagram of the Water-Hydrogen System at Pres-311

sure up to 10 kbar312

J. Phys. Chem. C, 123 (2019), pp. 3696-3702313

DOI: 10.1021/acs.jpcc.8b12083314

[4] Y.A. Dyadin, E.G. Larionov, A.Y. Manakov, F.V. Zhurko, E.Y. Aladko,315

T.V. Mikina, V.Y. Komarov316

Clathrate Hydrates of Hydrogen and Neon317

Mendeleev Commun., 9 (1999), pp. 209-210318

DOI: 10.1070/MC1999v009n05ABEH001104319

[5] W.L. Mao, H.K. Mao, A.F. Goncharov, V.V. Struzhkin, Q. Guo, J. Hu,320

J. Shu, R.J. Hemley, M. Somayazulu, Y. Zhao321

Hydrogen Clusters in Clathrate Hydrate322

Science, 297 (2002), pp. 2247-2249323

DOI: 10.1126/science.1075394324

[6] W.L. Vos, L.W. Finger, R.J. Hemley, H.K. Mao325

Novel H2+H2O Clathrates at High Pressures326

Phys. Rev. Lett., 71 (1993), pp. 3150-3153327

DOI: 10.1103/PhysRevLett.71.3150328

[7] V.S. Efimchenko, V.S. Kuzovnikov, V.K. Fedotov, M.K. Sakharov, S.V.329

Simonov, M. Tkacz330

New Phase in the Water-Hydrogen System331

J. Alloys Comp., 509 (2011), pp. S860-S863332

DOI: 10.1016/j.jallcom.2010.12.200333

15



[8] T.A. Strobel, M. Somayazulu, R.J. Hemley334

Phase Behavior of H2+H2O at High Pressures and Low Tem-335

peratures336

J. Phys. Chem. C, 115 (2011), pp. 4898-4903337

DOI: 10.1021/jp1122536338

[9] D.M. Amos, M.E. Donnelly, P. Teeratchanan, C.L. Bull, A. Falenty,339

W.F Kuhs, A. Hermann, J.S. Loveday340

A Chiral Gas-Hydrate Structure Common to the Carbon341

Dioxide-Water and Hydrogen-Water Systems342

J. Phys. Chem. Lett., 8 (2017), pp. 4295-4299343

DOI: 10.1021/acs.jpclett.7b01787344

[10] V.V. Struzhkin, B. Militzer, W.L. Mao, H.K. Mao, R.J. Hemley345

Hydrogen Storage in Molecular Clathrates346

Chem. Rev., 107 (2007), pp. 4133-4151347

DOI: 10.1021/cr050183d348

[11] L. del Rosso, M. Celli, L. Ulivi349

Ice XVII as a Novel Material for Hydrogen Storage350

Challenges, 8 (2017), p. 3351

DOI: 10.3390/challe8010003352

[12] L. Ulivi, M. Celli, A. Giannasi, A.J. Ramirez-Cuesta, D.J. Bull, M.353

Zoppi354

Quantum Rattling of Molecular Hydrogen in Clathrate Hy-355

drate Nanocavities356

Phys. Rev. B, 76 (2007), pp. 1614017/1-1614017/4357

DOI: 10.1103/PhysRevB.76.161401358

[13] D. Colognesi, M. Celli, L. Ulivi, M. Xu, Z. Bačić359
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