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Experimental (circles) and calculated (line) spectra of the generalized
phonon density of states G(£) of multilayer graphane.

Scientific highlights

e Single-phase samples of graphite hydride CH and deuteride CD were synthesized

e The lattice dynamics of both samples was studied by inelastic neutron scattering

e A chair form of graphane was formed as evidenced by a gap in the INS spectra

e Compressibility, thermal expansion, heat capacity of graphite hydride were measured

e Once formed, graphite hydride is stable at H, pressures up to 53 GPaat T < 1500 K



ABSTRACT

Multilayer graphane (hydride of graphite) is a crystalline hydrocarbon of composition CH,
which can be synthesized from graphite and molecular hydrogen at pressures above 2 GPa [V.E.
Antonov et al., Carbon 100 (2016) 465]. Using X-ray diffraction, this compound was tentatively
identified as the “graphane II” phase of 3D-graphane predicted by ab initio calculations [X.-D.
Wen et al., PNAS 108 (2011) 6833] and consisting of layers of 2D-graphane in the “chair”
conformation. When heated in a vacuum, the compound does not form any intermediate
hydrocarbons and reversibly decomposes back into graphite and hydrogen at 770-920 K. In the
present work, almost single-phase samples of graphite hydride and deuteride were synthesized at
7.4 GPa and 870 K. Their investigation by inelastic neutron scattering supplemented by ab initio
calculations gave spectra g(£) of the phonon density of states with a gap of about 15 meV at
approx. 100 meV, which is a unique identifier for the chair form of graphane. The equation of state
V(P) of the hydride was studied at room temperature and hydrogen pressures up to 53 GPa by
synchrotron X-ray diffraction in a diamond anvil cell. The graphane II phase did not react with the
surrounding hydrogen and did not undergo any phase transformations upon the compression and
after heating to 1500 K at 53 GPa. The high thermal and pressure stability of this exotic phase
makes it an important part of the C-H system. The obtained g(E) spectra of graphite hydride and
deuteride were used to calculate temperature dependences of their heat capacity. Measurements of

the heat capacity at temperatures 120—673 K confirmed the good accuracy of these calculations.



1. Introduction

Graphane is a free-standing sheet of graphene coated on both sides with hydrogen atoms
covalently bonded to the carbon atoms. The thermodynamic stability of graphane was predicted
by ab initio calculations [1,2], and later such an unusual two-dimensional hydrocarbon was
synthesized by the reaction of graphene with atomic hydrogen [3]. This gave rise to many
theoretical studies of the structure and properties of a single-layer, double-layer and multilayer
(bulk) graphanes. One of the most detailed and comprehensive ab initio studies [4] predicted
mechanical stability of several different phases of multilayer graphane with CH stoichiometry at
high pressures and T = 0 K. According to [4], the P3ml “graphane I” and P6smc “graphane II”
phases consisting of graphane layers in the “chair” conformation stacked in the —~AAAA- and -
ABAB- sequences, respectively, are stable at pressures of 0—10 GPa and have almost equal
enthalpies. The pressure interval of 10-240 GPa is the region of stability for a denser Cmca
“graphane III” phase composed of layers of graphane in the “boat” conformation. A later first-
principles investigation [5] of phase equilibria in the C-H system at pressures up to 400 GPa and
temperatures of 0, 500, 1000, and 2000 K showed that the graphane I phase has no range of stability
if van der Waals corrections are taken into account. The graphane III phase should be stable at
pressures of 18—46 GPa and 7= 0 K and unstable at any pressure at temperatures of 500 K and
above.

Multilayer graphane was synthesized in 2016 [6] by the reaction of graphite powder with
molecular hydrogen at pressures 2—7.5 GPa and temperatures 720970 K. The surface of the
powder particles was preliminarily activated by ball milling under fairly mild conditions (30 min
at 250 rpm in Ar) that did not significantly affect their crystallinity. The chemical composition of
the resulting multilayer graphane was close to CH. The samples were thermally stable under
ambient conditions and decomposed into graphite and hydrogen at 770-920 K when heated in
vacuum at a rate of 20 K/min. That is, the hydrogenation of graphite is a reversible process.

The crystal structure of the hydrogenated samples was studied by X-ray diffraction at room
temperature. A semi-quantitative comparison of the obtained powder diffraction patterns with
those calculated for the predicted [4] phases of multilayer graphane showed that the graphane II
structure provides the best fit. The lattice parameters of its hexagonal P63mc unit cell were refined
to a = 2.53(1) A and ¢ = 9.54(1) A, which exceeded the corresponding unit cell parameters of
graphite by 2.4(2) % and 42.0(3) %, respectively. The value of @ = 2.53 A and the distance ¢/2 =
4.77 A between the graphane layers agree with those predicted for the multilayer graphane in the
chair conformation (see, e.g., [7,8]). The positions of the H and D atoms in the unit cell could not

be reliably determined by X-ray diffraction, and these atoms were placed at a distance of 0.12¢ =
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1.1 A in the c-direction from the nearest C atom, since the length of 1.1 A is typical of a singular
C—H bond in any hydrocarbon.

The graphane II structure of graphite deuteride proposed in Ref. [6] is schematically shown in
Fig. 1. The graphane layers are weakly bound by van der Waals forces. Each hydrogen atom in
these layers is attached to an individual carbon atom from alternate sides of the layer plane, and
this carbon atom is displaced (buckled) out of the hexagonal plane toward its bonded hydrogen
atom. According to Ref. [6], the displacement equals to 0.05¢/2 =~ 0.25 A and results in the increase

in the minimum distance between the neighboring C atoms in the buckled layer to dc-c = 1.54 A,
which is noticeably larger than dcc = a/ V3 = 1.46 A in a flat carbon layer with the same lattice

parameter a = 2.53 A. The distance dc.c = 1.54 A agrees with predictions of most ab initio

calculations (see, e.g., [7,4]).

14 Fig. 1. The P63mc structure of a CD crystal of graphane II phase
[6]. Large spheres represent C atoms; small spheres stand for D
atoms. The atoms labeled C1 and D1 occupy 2a positions; those
labeled C2 and D2 are on the 2b positions. The numerical values

indicate interatomic distances in Angstroms. A description of the

AN structure is given in the file “CD-II_exp.cel” in Supplementary
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The formation of graphane-like 3D-crystals with a size of 2—4 nm was also observed in

Material (its URL is indicated in appendix A).

amorphous benzene partially crystallized at 810 GPa and 930-1000 K by Kondrin et al. [9]. The
complex structure of the nanocrystals was modeled in a Pbca orthorhombic unit cell (a = 9.63; b
=9.02; ¢ = 17.2 A) with 16 carbon and 16 hydrogen atoms in general positions. The distance
between the graphane layers varied from 4.75 to 4.9 A and decreased with increasing temperature
and pressure of the sample synthesis. The layers contained fragments of graphane in the chair
conformation. Most likely, the authors of Ref. [9] observed an intermediate stage of crystallization
of benzene into the graphane II phase, while the complete transformation was hindered due to its
sluggish kinetics.

We are not aware of other successful attempts to synthesize multilayer graphane. At the same
time, studies of the domain of stability, composition, crystal structure, thermodynamic and

physical properties of hydrocarbons formed at high pressures and temperatures are of significant
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fundamental importance as evidenced, in particular, by the abiotic origin of deposits of methane
and other hydrocarbons formed in the upper mantle of the Earth [10,11]. The experiments [6,9]
have shown that multilayer graphanes can be stable over a wide temperature and pressure range
up to 1000 K and 10 GPa and therefore this unusual type of hydrocarbons deserves a careful
investigation.

Diffraction methods alone are insufficient to unambiguously determine the crystal structure of
graphanes, since graphite itself is replete with various defects, and its crystal structure is
additionally damaged during the ball-milling and subsequent hydrogenation causing an
approximately 50% volume increase. In fact, the X-ray diffraction study [6] only allowed the
authors to choose between the two structures, graphane I and graphane 11, which were previously
predicted as the most stable phases of multilayer graphane at pressures below 10 GPa and consisted
of graphane layers in the chair conformation [4].

Meanwhile, the ab initio calculations [4] also predicted that the graphane I and graphane 11
phases strikingly differ from other phases of the 3D-graphane by the presence of a gap of
approximately 15 meV between the lower- and middle-energy phonon bands, which is
characteristic of the phonon spectrum of single-layer graphane in the chair conformation (see, e.g.,
[12-14]). This provided the opportunity to verify the interpretation of the X-ray diffraction data
[6] by studying the lattice dynamics of the synthesized 3D-graphane. Hydrogenated and deuterated
samples of graphite were studied in Ref. [6] by infrared spectroscopy, but instead of the light
absorption by the regular crystal structure in the bulk of the material, the measured spectra showed
light scattering by the CH, CH» and CHj3 defect groups covering the surface of graphane particles.
The high shielding efficiency of these groups was attributed to the small penetration depth of the
light.

In the present work, the vibrational spectra of hydride and deuteride of graphite were studied
at 7= 5 K by inelastic neutron scattering (INS), which gave spectra averaged over the entire sample
volume. The measurements were supplemented by DFT calculations of the crystal structure,
electronic structure and lattice dynamics of the graphane I, II, and III phases of multilayer
graphane. The results of our calculations were all in good agreement with those in the literature
(e.g., in Refs. [7,8,4]). Nevertheless, these new calculations were necessary because most literature
results were not presented in numeric form and could not be used for accurate estimates. The
calculations helped us, in particular, to convert the measured INS spectra into the spectra g(E) of
the phonon density of states. The “experimental” g(E£) spectra thus obtained showed a clearly
distinguished gap of about 15 meV between the lower- and middle-energy bands, which
unambiguously confirmed that the synthesized hydride and deuteride were built from graphane

layers in the chair conformation. The “experimental” and theoretical g(£) densities of phonon



states were used to calculate the temperature dependences of the heat capacity Ci(7T) for graphite
hydride and deuteride at temperatures up to 1000 K. To facilitate further experimental and
theoretical studies, these and some other results of the paper are presented in numerical format in
Supplementary Material.

We also studied the equation of state V(P) of graphite hydride by Synchrotron X-ray diffraction
in a diamond anvil cell at room temperature and pressures of 0.3—53 GPa using molecular
hydrogen as a pressure transmitting medium. At room temperature, the structural parameters of
the sample showed no anomalies or phase transitions upon increasing the pressure and, also, after
heating to 1500+500 K in an H» atmosphere at the maximum pressure of 53 GPa. This indicates a
very high thermal and pressure stability of the graphane II phase (for comparison: one of the most
stable hydrocarbons CHa, when mixed with molecular hydrogen, forms new compounds CH4(H2)2,
(CH4)2H2 [15], and (CH4)3(H2)25 [16] at pressures below 11 GPa). Fitting the experimental V(P)
dependence for graphite hydride with the Birch-Murnaghan equation of state [ 17,18] gave the bulk
modulus By = 22.5 GPa and the specific volume ¥y = 13.19(3) A3/atom C under ambient
conditions. The latter value is in excellent agreement with the experimental V(1 atm) = 13.22(1)
A’/atom C from Ref. [6].

Another portion of the hydride sample was studied by X-ray diffraction at ambient pressure
and temperatures from 297 to 573 K. Using the semi-empirical Griineisen law claiming that the
coefficient o of thermal expansion is approximately proportional to the heat capacity, we fitted the
experimental V(7) dependence and extrapolated the obtained Vs(7) and asi«(7) dependences down
to 7=0 K and up to 7= 1000 K. Using By = 22.5 GPa and another Griineisen’s semi-empirical
dependence f = 1/Bo oc V34 established for the isothermal compressibility f, we obtained the (T)
dependence, calculated the difference ACpy = Cp — Cy = o VT/B, and converted the dependence
Ci(T) resulting from g(E) to the dependence Cp(7) of heat capacity at constant pressure. Due to
the high compressibility of the hydride, the term ACpi(T) turned out to be small compared to other
contributions to the heat capacity. The C)(T) dependence for deuteride of graphite was converted
to Cp(T) by adding ACpi(T) determined for the graphite hydride.

Finally, the heat capacity of the synthesized hydride and deuteride of graphite was measured
with a differential scanning calorimeter at temperatures of 120673 K and coincided with the
calculated Cp(T) dependences well within the experimental error. This confirmed the self-
consistency and sufficient accuracy of the measurements and approximations made in the present

study.

2. Experimental details and data treatment



2.1. Pre-treatment of graphite

The starting material was high-purity graphite containing 4x10~° wt.% Fe; 1x10* wt.% Si;
2x107° wt.% Ca, and less than 1x10° wt.% of other impurities (electrode quality). Previous
experiments have shown [6] that graphite flakes and plates of bulk graphite do not react with
molecular hydrogen at pressures up to 9 GPa and temperatures up to 720 K. In Ref. [6], the
chemical activity of graphite increased after ball milling under mild conditions (30 min at 250
rpm) in a protective Ar atmosphere. The milled graphite reacted with hydrogen at high pressures
and elevated temperatures, but the yield of the multilayer graphane was limited to 60—70% in most
experiments. One of the reasons for the low yield of the reaction could be the poisoning of the
particles of the milled graphite by impurities of active gases present in the Ar gas filling the ball
mill. In this paper, we used graphite milled 30 min at 250 rpm in a planetary ball mill Fritsch
Pulverisette 6 filled with hydrogen at a pressure of 1 MPa. Graphite is known to absorb hydrogen
up to the atomic ratio H/C = 0.95 in the course of amorphization under intense ball milling (80 h
at 400 rpm) in molecular hydrogen compressed to 1 MPa [19]. The graphite milled in our work
had a low hydrogen content H/C < 1.5-107. To prevent deactivation in air, this starting material
was stored in an argon glove box. The high-pressure hydrogenation of the material prepared in this

way ensured the conversion of graphite to graphane with a yield of 88-97%.

2.2. High-pressure synthesis of hydride and deuteride of graphite

A 126 mg sample of graphite hydride was collected from several batches prepared by exposing
~30 mg portions of the milled graphite to a hydrogen pressure of 7.4(3) GPa at a temperature of
870(15) K for 2 hours. Hydrogen was produced inside the high-pressure cell using thermal
decomposition of an internal hydrogen source, amminoborane NH3BH3, incased into a tightly
plugged silver capsule together with the graphite powder and separated from it by a thin layer of
Pd (the method is described in more detail elsewhere [20]). The amount of gaseous H» released
from NH3BH;3; was 3 times greater than the amount of hydrogen absorbed by the sample. The
pressure of 7.4 GPa was the maximum pressure attainable with the Toroid-type [21] high-pressure
chamber used in this paper, while the temperature of 870 K was chosen to get the maximum
hydride yield (the yield is lower at lower temperatures due to the kinetic reasons, while at
temperatures above 1000 K, the hydride transforms into methane and/or other light hydrocarbons
[6]). The hydrogen content of a small portion of each batch of the hydrogenated graphite was
examined by hot extraction of the hydrogen into a pre-evacuated calibrated volume in the regime

of heating the sample to 930 K at a rate of 20 K/min (see [6] for details). The collected sample
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with the total mass of 126 mg had an average atomic ratio of H/C = 0.94(3) and, therefore,
consisted of 94 mol.% of hydride with C/H = 1 and 6 mol.% of unreacted graphite. The sample
showed no hydrogen loss or reaction with air after being stored under ambient conditions for 6
months.

A 146 mg sample of deuterated graphite was prepared in the same manner using aluminum
trideuteride as an internal deuterium source. Unfortunately, the trideuteride was contaminated with
protium, so the graphite deuteride was also contaminated with protium and had the composition
CDo.91Ho.09 according to our INS investigation. Hot extraction gave a mean value of (D+H)/C =

0.95(3) for this sample, so it contained 5 mol.% of unreacted graphite.

2.3. Measurements by inelastic neutron scattering

The INS spectra of the samples of the hydrogenated and deuterated graphite were measured
with SEQUOIA, the fine-resolution Fermi chopper spectrometer at the Spallation Neutron Source
at Oak Ridge National Laboratory [22]. The INS data were collected at 5 K with four incident
neutron energies E; =420, 220, 120, and 55 meV selected by the high-flux Fermi chopper rotating,
respectively, at 600, 360, 300, and 240 Hz and providing a good energy resolution (AE/E;) of about
1.5% to 3%. Each powder sample was encased in a flat aluminum container 50x50x0.1 mm? in
size, which was placed perpendicular to the incoming neutron beam. The data were recorded over
a wide range of scattering angles from —30° to +60° in the horizontal plane and +18° in the vertical
direction.

Prior to further treatment, the collected data were transformed from the time-of-flight and
instrument coordinates to the dynamical structure factor S(Q,E), where QO and E were the neutron
momentum and energy transfers. The background spectra for the empty containers were measured
under the same conditions and subtracted from the original data. Contour plots of S(Q,FE) for the
samples of graphite hydride and deuteride measured at 7=5 K and each selected incident neutron
energy E; =55, 120, 220, and 420 meV are shown in Supplementary Material (Figs. S1 and S2,
respectively). These spectra were then transformed into the almost spectrometer-independent,
generalized phonon density of states G(£) and merged together. To reduce the undesired
contribution to G(E) from multiple neutron scattering events at small scattering angles, the data
recorded in the range from —15° to +15° for E; = 420, 220, and 120 meV and in the range from —
25° to +25° for E; = 55 meV were excluded from the calculations. A one-phonon spectrum G'PY(E)
for the hydride was obtained from G(E) by subtracting the multiphonon contribution calculated in

an isotropic harmonic approximation using an iterative technique [23,24].



Unlike H atoms, D and C atoms scatter neutrons predominantly coherently, so to obtain the
vibrational density of states of graphite deuteride it was necessary to average neutron scattering
data over a wide range of neutron momentum transfers. The quality of the averaging can be
assessed by the ratio R of the volume of reciprocal space covered in the INS experiment to the
volume of the Brillouin zone of the crystal [25]. In our INS investigation of graphite deuteride, the
condition of averaging was fulfilled in the whole range 2—400 meV of energy transfers, as the

spectrometer provided R = 80 for £; = 55 meV and R > 300 for higher E; = 120, 220, and 420 meV.

2.4. Modeling the lattice dynamics of graphite hydride and deuteride

The vibrational properties of graphane I, II, and III phases of hydride and deuteride of graphite
were also modeled with a density-functional theory implemented in the CASTEP code [26]. The
calculations were performed using the LDA functional [27] as parametrized by Perdew and Zunger
[28]. The LDA functional was chosen because it satisfactorily reproduces interplanar bonding in
graphite, whereas the more common GGA functional does not (see [29] for discussion). Norm-
conserving pseudopotentials with a plane-wave cutoff energy of 680 eV were used. The dynamical
matrices were calculated with the density functional perturbation theory [30]. To produce full
geale(E) and partial Geac(E) phonon densities of states, the Brillouin-zone integration was
performed according to the Monkhorst-Pack scheme [31] with a 23 x 23 x 5 sampling for graphane
I, a9 x 9 x 4 sampling for graphane I, a 8 x 8§ x 5 sampling for graphane III, and a 5 x 5 x 2
sampling for the compound Ci¢Di4H>, which was used to model the lattice dynamics of the
experimental graphane II sample with the composition CDo.91Ho.o0o.

Figure 2 shows the calculated phonon dispersion relations for the graphane II phases of
graphite hydride (a) and deuteride (b) and for the graphane I phase of graphite hydride (c). The
dependences for the graphane I phase well agree with those calculated in Ref. [4]; the dependences
for the graphane II phases have not been published previously. As one can see from Fig. 2, the
phonon spectra of both the graphane I and II phases consist of three bands, which we will further
call the lower-, middle-, and upper-energy bands. The lower band of the graphane I phase with
two CH groups in the unit cell is formed by acoustic vibrations (3 phonon states) and the two
higher bands represent optical vibrations (9 phonon states).

The lower band of the graphane II phase with four CH groups in the unit cell also stems from
acoustic vibrations, but its unit cell is doubled compared to graphane I, so the Brillouin zone is
folded in half. For example, the phonon modes from the A and I" points in graphane I will both
appear in the I' point in graphane II, etc. This looks as there were low-lying optical modes in

graphane II (compare Figs. 2a and 2¢). The number of phonon states in graphane II is doubled
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compared to graphane I, so there are 6 states in the lower-energy band, 14 states in the middle-
energy band, and 4 states in the upper-energy band (the total number of phonon modes is 3x4x2
= 24). The folding of the Brillouin zone does not physically affect the phonon density of states as

long as the interaction between the graphane layers is weak.
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The Gealc(E) spectrum calculated for the graphane II phase of the hydride agreed with its
experimental one-phonon G'P(E). Based on the calculated phonon density of states geaic(E), the
G'"(E) spectrum was transformed into the “experimental” g(E) by renormalizing the integrated
area under the G'™(E) curve to the proper number of vibrational modes. To model the lattice
dynamics of the deuteride CDo.91Ho.09 contaminated with protium, we considered a stoichiometric
compound CisD14H> (or CDo.875Ho.125, which is the same) derived from graphane II. The structural
parameters of this compound resulted from our DFT calculations are presented in the file
“C16D14H2 calc.cel” in Supplementary Material. The calculations gave geac(E) for the
CDo.875Ho.125 compound and partial Gi(E) for the C, D, and H atoms. These Gi(E) were used to
construct Geaie(E) for the CDo.91Ho.09 sample, and this Geac(E) spectrum represented well the main
features of the experimental G(E).

A comparison of the experimental parameters for graphite hydride and deuteride with those

calculated for the graphane II phase showed that the calculations underestimated the lattice
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parameter a by 1.3% and parameter ¢ by 5%. The phonon energies were underestimated by about
2% at E < 200 meV and by about 1% at £ > 200 meV. In order to facilitate further use of the
calculated phonon spectra, all Geae(E) and geac(E) in this work were rescaled to eliminate this
mismatch. The calculated structural parameters for the graphane I, 11, and III phases are presented

in the corresponding CEL files in Supplementary Material without any corrections.

2.5. X-ray diffraction studies of graphite hydride at high hydrogen pressures

To construct the V(P) dependence for graphite hydride CH at pressures of 0—53 GPa at room
temperature, we performed in situ X-ray powder diffraction measurements in diamond anvil cells
(DACs). We used symmetric piston-cylinder DACs with wide apertures and diamonds of the
Boehler-Almax design with flat culets 200 pum in diameter. Rhenium gasket was preindented at
~20 GPa and a hole with a diameter of ~120 um was drilled in it using a custom-built IR laser
drilling setup. The CH sample and a gold pressure standard [32] were placed into the DACs in air,
and hydrogen gas (99.9995% purity, Linde) was loaded at a pressure of 0.2 GPa at room
temperature with a gas-loading apparatus. Further compression was realized with a gas membrane.
Hydrogen was always in excess, serving both as a reagent and as a pressure-transmitting medium.
Angular-dispersive powder X-ray diffraction experiment was performed at the Extreme
Conditions Beamline (ECB, P02.2) at PETRA-III, Hamburg, Germany [33], with an incident X-
ray beam (E=42.6 keV; 1~ 0.2914 A) focused to a ~2x2 um? spot using Kirkpatrick-Baez mirrors.
Diffraction images were recorded using a Perkin Elmer XRD1621 detector with a sample-to-
detector distance (SDD) of ~400 mm calibrated with a CeO, standard. The calibration of SDD and
wavelength, primary processing, azimuthal integration and background subtraction were done with
the DIOPTAS v0.5.5 software [34]. Phase analysis was carried out using the POWDERCELL 2.4
program [35]. The lattice parameters a and ¢ for the graphane Il phase were determined from the

positions of the 002 and 110 peaks.

2.6. X-ray diffraction studies of graphite hydride at elevated temperatures

Another small portion of the hydride sample was studied by X-ray diffraction in vacuum at
temperatures of 297, 373, 473, and 573 K with a Rigaku SmartLab diffractometer using a
multipurpose high-temperature attachment. The diffractometer was equipped with a 3kW copper
tube, a primary beam monochromator of the Cu Ko radiation, and a HyPix-3000 area detector.
Prior to the measurements at each selected temperature, the diffractometer was self-aligned, so the

zeroshift of the detector and displacement of the sample were temperature independent (this was
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additionally verified by measuring the lattice parameter a(7) of the platinum internal standard
accurately determined previously [36]). The obtained diffraction patterns were analyzed using the

Jana2006 program [37] with the Le Bail refinements using the 002 and 110 peaks only.

2.7. Calorimetric measurements

The heat capacity of the hydride and deuteride of graphite and, for comparison, of the initial
ball-milled graphite was measured with a 5% accuracy at temperatures 120—673 K using a Perkin-
Elmer DSC-7 differential scanning calorimeter. The measurements were carried out in the regime
of heating at a rate of 20 K/min; the mass of each sample was about 13 mg. To ensure a good
thermal contact with the sample holder, powder samples were enclosed into thin aluminum
capsules and compacted under a pressure of 0.5 GPa into flat disks 6.6 mm in diameter and about

0.7 mm thick.
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3. Results and discussion

3.1. Lattice dynamics of graphite hydride

The experimental G(E) spectrum of graphite hydride is shown in Fig. 3. Based on Fig. 2a, one
can distinguish the lower-energy band at £ < 100 meV, the middle-energy band at 115 <E <175
meV, and the upper-energy band near 350 meV. The peaks at 286, 306 and 330 meV, as well as
the hump-like feature between 200 and 260 meV, which are also observed in the experimental
G(E) spectrum, do not correspond to any predicted phonon modes. It was reasonable to attribute

these features to multiphonon neutron scattering.
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Fig. 3. Generalized phonon density of states G(E) of graphite hydride measured at 7= 5 K with
the SEQUOIA neutron spectrometer at ORNL (solid red circles). The green curve shows the
calculated contribution from multiphonon neutron scattering and the black curve represents the
one-phonon G''(E) spectrum (black curve) obtained from G(E) by subtracting the multiphonon

contribution.

We calculated the multiphonon part of the G(E) spectrum using a harmonic isotropic
approximation and iterative technique [23,24] under the assumption that the one-phonon part of
this spectrum is only located in the ranges 0-175 meV and 341-361 meV. The calculated

multiphonon contribution is shown in Fig. 3 with a green curve and accurately describes the excess
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scattering intensity at £ > 175 meV. The difference between the experimental and multiphonon
spectra can be assigned to the one-phonon spectrum G'P*(E) of the graphane phase.

As seen from Fig. 4a, the spectrum G'P'(E) thus obtained agrees with Geaic(E) for the graphane
IT phase calculated in the LDA approximation and convoluted with the energy resolution function
of the SEQUOIA spectrometer. In particular, the gap of the order of 15 meV between the lower-
and middle-energy bands characteristic of graphanes in the chair conformation is clearly visible at
energies near 100 meV. The contribution Gi(E) of the atoms of type i to the total G(E) of the
compound is proportional to the ratio g;/m;, where o; and m; are the neutron scattering cross-
sections and masses of the atoms. This ratio for the hydrogen atom is 177 times greater than for
the carbon atom (on = 82 barn and mu = 1.0 amu, while oc = 5.55 barn and mc =~ 12.0 amu) [38].

So, the G(E) spectrum of graphane mainly represents the dynamics of hydrogen atoms.
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The intensity of the G(E) spectrum is approximately proportional to the density g(£) of phonon
states of a hydride, and the latter can sometimes be accurately constructed by normalizing the
integral intensity under the G(E) curve to the number of phonon modes in the corresponding
vibrational band. This has previously been demonstrated for a-AlH3 [39] and a-MgH> [40], whose
INS spectra were measured with good accuracy and energy resolution over the entire range of

phonon frequencies. A specific feature of the graphane II phase is that the relative intensity of the
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peak at ~125 meV in the middle-energy optical band of the calculated and experimental spectra
G(E) is about twice smaller than in the calculated gcaic(E) spectrum (please compare Fig. 4(a) and
Fig. 5a). This is because the peak is mostly related to the transverse optical C—C stretching modes,
so the eigenvectors for the vibrations of H atoms corresponding to these modes are smaller than
those for the other modes in the band. To get the “experimental” g(£), we set the integral intensity
of the 125 meV peak in G(E) equal to 2 phonon states and renormalized the intensity of the other
parts of the band to 12 states to obtain the required 14 states in total. The resulting experimental

spectrum g(£) is shown in Fig. 5a together with the calculated gcaic(E).
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The peak at 351 meV in Fig. 5a is formed by four modes of C—H stretching vibrations: two
symmetrical and two antisymmetrical. As one can see, the full width at half maximum of the peak
resulting from the INS measurements and from the DFT-LDA calculations is almost the same and
equals to 7 meV, which is the energy resolution of the spectrometer. This indicates that the splitting
of the stretching modes of graphite hydride and their dispersion are less than 7 meV in agreement
with the ab initio calculations of the graphane II phase (see Fig. 2a).

Figure 5b compares the experimental g(FE) for the hydride of graphite (red curve) and
calculated gcaic(E) for the graphane III phase composed of layers of graphane in the boat

conformation (blue curve). On the gcac(E) curve, a broad peak is observed with a maximum at 104

16



meV, right at the center of the interval of minimum experimental g(£) values. Therefore, the
synthesized multilayer graphane cannot have a crystal structure of the graphane III type.

At the same time, the INS method cannot distinguish the graphane II phase from the graphane
I phase, while these phases should be almost equally stable at low pressures according to Ref. [4].
Indeed, our DFT calculations showed that the phonon spectra gcac(E) of the graphane I and II
phases practically coincide (see Fig. 6a). Moreover, these spectra do not differ much from the
phonon density of states calculated for the one-layer graphane in the chair conformation (see, e.g.,
[13] or [14]). The reason is that the vibrational spectrum of multilayer graphane is almost
completely determined by the interactions between the atoms inside the graphane layers, since the
layers are separated by a large distance of about 4.8 A and weakly interact with each other. On the
other hand, our INS investigation narrowed the range of possible modifications of the synthesized
graphite hydride to the graphane I and graphane II phases, and the choice between them was
unambiguously made previously in favor of the graphane II phase [6]. Figure S3 in Supplementary

Material shows the X-ray data from Ref. [6], which illustrates the validity of this conclusion.
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3.2. Lattice dynamics of graphite deuteride

As seen from Fig. 2, substituting deuterium for protium reduces all vibrational energies in the
graphane II phase. Figure 6b compares gcaic(E) for the graphane II phases of graphite hydride and
graphite deuteride containing no H impurity. As one can see, the intensity distribution in the
middle-energy band of the deuteride differs from that in the hydride, and the width of this band
significantly increases. The gap between the lower- and middle-energy bands shifts below 100
meV, but its width remains almost unchanged and still equals to about 15 meV.

As we have already mentioned, the sample of graphite deuteride studied by INS was
contaminated by protium. Our estimates of the effect of absorbed protium on the crystal structure
and lattice dynamics of graphite deuteride are based on DFT calculations for a stoichiometric
compound CisD14H> (CDo.875Ho.125) with a P63mc crystal structure of the graphane II type (see file
“C16D14H2 calc.cel” in Supplementary Material). The calculated density of phonon states of this
compound is presented in Fig. 7. Its most notable feature is the presence of a peak of stretching
C—H vibrations occurring at exactly the same energy of 351 meV as in the pure hydride (please
compare with Fig. 6). The position and shape of the C—D stretching peak and the lower-energy
band remained virtually unchanged as well. Doping with protium somewhat changed the intensity
distribution in the middle-energy band, but the energy span of this band remained practically the
same. Since the protium concentration in the CDos75sHo.12s compound is higher than in the
experimental CDo91Ho.09 sample, it can be expected that the phonon spectrum of the latter should

differ from the spectrum of the pure CD phase in a similar way.
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Fig. 7. Phonon density of states gcaic(E) calculated in the LDA approximation for the graphane 11

phases of graphite deuteride CD (blue curve) and the CDy.875Ho.125 compound (orange curve).
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Using the calculated partial Gi(E) for the C, D, and H atoms in the CDo.g75Ho.125 compound,
we estimated Geac(E) for the already mentioned composition CDo.91Ho.00 of the sample of graphite
deuteride. The resulting total Gcac(£) for the graphane II phase CDo.91Ho.09 is shown by a solid
brown line in Fig. 4b together with the experimental G(E) determined by inelastic neutron
scattering (open blue circles connected with a blue line). The peaks in Geae(E) at 258 and 351 meV
are almost entirely due to the neutron scattering by the D and H atoms, respectively. The ratio D/H
=0.91/0.09 = 10 for the experimental sample of graphite deuteride was estimated from the ratio
of the integral intensities of the peaks of stretching H vibrations located at 351 meV in the INS
spectra of the studied graphite hydride and deuteride (the peaks were fitted by Gaussians above
the linearly sloped background).

The partial contributions of neutrons scattered by the C, D, and H atoms to the lower- and
middle-energy bands of the total Gcaic(E) are shown by solid colored curves in Fig. 8. The
contributions from 9 at. % H and 91 at. % D are comparable in magnitude, because op = 7.64 barn
[38] and mp = 2 amu, which gives the ratio (eu/mu)/(op/mp) = 21. Despite the complex nature of
the calculated total Geae(E), it accurately reproduces the lower-energy part of the experimental
G(E) and reflects the main features of G(E) in the middle-energy band, as one can see from Fig.
4b. Above the middle-energy band at £ > 170 meV, a continuous and uneven spectrum of

multiphonon neutron scattering overlaps with the one-phonon peaks of the C-D and C-H stretching

vibrations located at 258 and 351 meV, respectively.
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Fig. 8. Calculated total Gcac(E) for the graphane II phase of the CDo.91Ho.09 compound (dashed

brown curve) obtained as the sum of partial contributions G;(£) from neutron scattering by the C,

D, and H atoms (solid colored curves). Each calculated spectrum is convoluted with the energy
resolution function of the SEQUOIA spectrometer.
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The last problem to be discussed in this section is the change in the vibrational energies
resulting from the replacement of protium with deuterium in the graphane II compound. The peak
of stretching vibrations descends from 351 meV in the hydride to 258 meV in the deuteride (see
Fig. 4b). These vibrations of the C-H or C-D groups are approximately perpendicular to the
graphane layers and are only slightly perturbed by interactions with other atoms of the layer.

Accordingly, the energy of these vibrations is determined by the reduced mass of the group and
should decrease by a factor of m /m(i ~1.362 when protium is replaced by deuterium. The

experimental ratio 351/258 = 1.360(4) is equal to this value within the experimental error.
If the energy of long-wavelength acoustic vibrations tends to zero, then the C and H atoms in
the C-H groups and the C and D atoms in the C-D groups move in phase, so the ratio of their

vibrational energies in the hydride and deuteride, respectively, should be

\/(mc +myp)/(me +my;) ~1.038. In the lower-energy bands of the hydride and deuteride, there are

four peaks, which are most clearly visible in the curves gecac(E) in Fig. 6b. As shown in Fig. S4 in
Supplementary Material, the experimental En/Ep ratio decreases from 1.16(1) for the peak at En
=82 meV to 1.05(2) at Ey = 10 meV. Linear extrapolation to £y = 0 gives En/Ep = 1.034(10) in

agreement with the theoretical value of 1.038.

3.3. Equation of state V(P) of graphite hydride

A sample of graphite hydride was studied at room temperature by Synchrotron X-ray
diffraction in a diamond anvil cell upon a step-wise increase in the H> pressure from 0.3 to 53 GPa.
Typical diffraction patterns are shown in Fig. 9. The large residual R-factors of the profile fitting
are mainly due to the overlap of the diffraction lines of the sample with those of the Au chip used
as a pressure gauge, and also with the lines of the Re gasket and its hydrogenated inner edge,
whose hydrogen content gradually increased with increasing pressure. The lattice parameters of
the hydride were determined using only the angular positions of the 002 and 110 lines, which could
be satisfactorily determined at all experimental pressures. The obtained pressure dependences of
the atomic volume V, of graphite hydride and its c/a ratio are shown in Fig. 10 with open red

circles.
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Fig. 9. X-ray diffraction patterns of graphite
hydride measured at room temperature and
hydrogen pressures of 0.3 GPa (top panel)
and 49 GPa (bottom panel) using synchrotron
radiation with 4 = 0.2914 A at the P02.2
beamline at PETRA-III (black curves) and
results of semi-quantitative profile analysis

of these patterns (colored curves).

Fig. 10. Experimental pressure dependences
of the atomic volume V,=(+/3/8)a’c (top

panel) and c/a ratio (bottom panel) for
graphite hydride (open red circles, this paper;
solid blue squares, results of Ref [6]) and for
graphite (magenta curves, results of Ref.
[41]) measured at room temperature. The red
curve in the top panel is a fit to the Vu(P)
points for graphite hydride using the Birch-
Murnaghan equation of state. The solid green
curves and dashed black curves represent
results of the DFT-LDA calculations for the
graphane II and graphane I phases at 7=0 K
(the c/a ratio for the graphane I phase in
figure (b) is doubled for ease of comparison).
The inset in the top panel shows a photo of

the sample of graphite hydride at 0.3 GPa.



As seen from Fig. 10, the experimental pressure dependences of V, and c/a of graphite hydride
(open red circles) are in good agreement with the results of previous X-ray diffraction
measurements [6] at normal conditions (solid blue squares). The red curve in Fig. 10a shows a fit
to the V4(P) points for graphite hydride using the third-order Birch-Murnaghan equation of state
[17,18] determined by three parameters: atomic volume 7o =13.19+0.03 A* at P = 0; bulk modulus
Bo=22.5£3 GPa at P =0, and pressure derivative Bo" = 10.142 of the bulk modulus. The equation
of state with constant values of Vy and By well approximates the experimental dependence V.(P),
and the value of V) agrees with the experimental value of V(1 atm) = 13.22(1) A3/atom C from
Ref. [6]. This is characteristic of hydrides with an invariable H content experiencing no phase
transitions.

Our DFT-LDA calculations for the graphane II phase satisfactorily describe the experimental
pressure dependences of both V, and a/c of the graphite hydride (compare the green curves in Figs.
10a and 10b, respectively, with the experimental data). These calculations additionally give a
pressure dependence of the distance dc-n between the nearest C and H atoms, which cannot be
determined by X-ray diffraction because of the small scattering length of H atoms. Namely,
according to the calculations, an increase in pressure from 1 atm to 50 GPa reduces dc-u by 3%,
from 1.12 to 1.09 A, while the distance ¢/2 between the graphane layers decreases by 26%, from
4.547 to 3.360 A (compare the calculated data in “CH-II_calc.cel” and “CH-II_calc_50GPa.cel”
in Supplementary Material).

For comparison, Fig. 10 also shows experimental pressure dependences of V, and c/a for
graphite at room temperature [41]. In contrast to the graphane II phase, these dependences can
only be measured at pressures up to about 30 GPa due to the transition of graphite into a post-
graphite phase called M-carbon; the transition begins at a pressure of the order of 15 GPa and ends
at about 37 GPa [41]. Fitting the experimental V,(P) dependence for graphite with the third-order
Birch-Murnaghan equation of state gave Vo= 8.817(11) A*/atom C and Bo = 57.3(8) GPa, provided
that Bo” =4 [41]. The value of By = 22.5 GPa for graphane is predictably smaller due to the greater
distance between the carbon layers bound together by weak van der Waals forces.

At pressures up to 53 GPa, our sample of graphite hydride did not react with the surrounding
hydrogen and did not transform into the graphane III phase, otherwise we would have seen the
diffraction peak 021 of this phase (a calculated diffraction pattern of the graphane III phase at a
pressure of 49 GPa is shown in Fig. 9 with a magenta curve; the 021 peak is marked with an
asterisk). At the same time, the quality of the X-ray diffraction patterns measured in diamond
anvils was insufficient to detect the transition of the graphane II phase to the graphane I phase.
The calculated pressure dependences of " and c/a for these phases are very similar (Fig. 10) and

cannot help to distinguish the phases either. However, the formation of the graphane I phase at
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high pressures is unlikely, since according to the ab initio calculations at 7= 0 K [4], the enthalpy
of the graphane II phase is virtually equal to the enthalpy of the graphane I phase at pressures up
to 100 GPa and becomes lower at higher pressures, which increases the relative stability of
graphane II.

To initiate phase transformations of the graphane II phase at the maximum pressure of 53 GPa,
the sample of graphite hydride was laser heated to 1500+£500 K with a pulsed Yb-doped fiber IR
laser at P02.2 [33]. Subsequent X-ray examination of the sample at room temperature showed no
changes in its diffraction pattern. This suggests a possible increase in the thermal stability of the
graphane II phase with increasing pressure. Indeed, when a sample of graphite hydride is heated
in vacuum at a rate of 20 K/min, it decomposes into graphite and gaseous H: in the temperature
interval of 830-920 K [6]. When the hydride is heated in molecular hydrogen compressed to 7.5
GPa, it reacts with hydrogen, transforms into methane and/or other light hydrocarbons at 990—
1050 K, and therefore disappears as a solid phase [6]. In this paper, the hydride remained intact
after heating to ~1500 K at a hydrogen pressure of 53 GPa.

The large 7-P domain of (meta) stability makes the graphane II phase an important member of

the carbon-hydrogen system.

3.4. Heat capacity of graphite hydride and deuteride

As one can see from Fig. 11, our calorimetric study of the graphite powder used to synthesize
graphite hydride and deuteride showed that its heat capacity agrees with the reference data [42,43]
for the bulk graphite. To minimize the effects of a gradual baseline shift, the experimental Cp(7)
dependence was composed of segments measured in overlapping temperature intervals with a
width of 60-120 K. The dashed orange curve starting at 473 K reflects the initial transient process,
which was characteristic of each measurement and continued for about 20 K. The solid colored
curves in Fig. 11 show the valid calorimetric results obtained at temperatures above these transient
intervals.

Unlike graphite with metallic conductivity, all modifications of one-layer and multilayer
graphane are predicted to be dielectrics [4]. The electronic band structure of the graphane II phase
calculated by DFT-LDA is shown in Fig. S5 in Supplementary Material. The gap width of about
3.3 eV in the electronic spectrum agrees with the results of similar previous calculations [4]. More
advanced calculations using many-body GW approximations, which include electron-electron
interactions beyond DFT, give a much larger band gap of 5.4—6.1 eV for one-layer graphane in the
chair conformation [44,45]. In any case, the graphite hydride and deuteride studied in this work

are undoubtedly dielectrics, and their heat capacity is exclusively of phonon origin.
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Fig. 11. Experimental temperature dependences of the heat capacity Cp of graphite powder
measured in this paper at a heating rate of 20 K/min (segments of thick colored curves) and Cp of
bulk graphite reported in Refs. [42,43] (dashed black curve). The thin brown curve labeled “C5",
total” shows the heat capacity calculated for the graphane II phase of graphite hydride (this
dependence is borrowed from Fig. 12, where it is depicted as a dashed black curve). Some
experimental points are shown as open black circles intersected by vertical bars, which indicate
the experimental error of 5% of the Perkin-Elmer DSC 7 scanning calorimeter used in the present
study. R = 8.314 J/mole/K is the universal gas constant. The inset shows the results for lower

temperatures on a larger scale.

The spectra gexp(7) and geaic(7) of the phonon density of states discussed in section 3.1 and 3.2
were used to calculate the heat capacities for the corresponding graphane II phases of graphite
hydride and deuteride at temperatures up to 1000 K. The heat capacities Ci(7) at constant volume

were calculated as:

=7 (%] g(Ey(ET)[n(E.T) +1)dE. ()

where R = 8.314 J/mole/K is the universal gas constant; kg = 1.381-10"2 J/K is the Boltzmann

constant, and n(E,T) = [exp(E kg T)—- 1]7l is the Bose factor. With the phonon spectra normalized to

24 states in total, this equation gives C, (T)—=2-6R =3Rx2 per gram-mole of the hydride (CH)

or deuteride (CD) in accordance with the Dulong and Petit law. The contributions to the heat

capacity from the lower-, middle-, and upper-energy bands were also calculated separately and
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shown in the Figures. In addition, the dependences of the heat capacity Cp(T) at constant pressure

were calculated from the corresponding dependences of the heat capacity Ci(T) at constant volume

by adding a small difference ACS)} = C,(T)—C, (T) determined for graphite hydride; the details of

the determination of ACF; (T) will be discussed in this section later.

The investigated samples of graphite hydride and deuteride contained, respectively, 6 and 5
mol.% of unreacted graphite. The measured calorimetric data for these samples were corrected to
represent Cp(7) of pure graphite hydride CH and deuteride CD using the experimental dependence
Cp(T) of graphite from Refs. [42,43] (dashed black curve in Fig. 11). The corrections were small
and only reached about 1% at the maximum measurement temperature of 673 K.

As seen from Fig. 12, the experimental Cp(7T) dependence for graphite hydride is rather well

approximated with the “C5" | total INS” dependence (orange curve) based on gexp(E) derived from

the INS study and shown by the red curve in Fig. 5a. An equally good fit is provided by the “ C5"
, total” dependence (dashed black curve) resulting from gecac(E) calculated by DFT-LDA and
shown by the red curve in Fig. 6. A considerable deviation of the DFT-LDA dependence from

experiment was only observed at the lowest temperatures 7' < 150 K (see inset in Fig. 12). The

reason for this deviation remains unclear.
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Fig. 12. Temperature dependences of the heat capacity of graphite hydride determined
experimentally (thick colored curves) and those calculated from the INS-derived gexp(E) (thin

orange curves). Dashed black curves show the heat capacity of the graphane II phase of graphite
hydride resulting from the gcaic(E) calculated by DFT-LDA. The curves labeled “C5", total” and
“Cy!, total INS” are obtained by adding the difference labeled “ACS! ” to the corresponding
calculated dependences of the total Ci(7).
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The approximate composition of the graphite deuteride synthesized and studied in this work
was CDo.91Ho.00. In Fig. 13, the experimental heat capacity of this deuteride is compared with the
Cp(T) dependences calculated for the graphane II phases of CDo.g75Ho.125 (solid grey curve) and
pure CD (dashed black curve); the gcaic(E) spectra used to calculate these dependences are shown
in Fig. 7. As can be seen from Fig. 13, the two calculated Cp(7T) dependences almost coincide with
each other and well approximate the experimental dependence over the entire studied temperature
interval of 120-673 K. This suggests, in particular, that Cp(T) and gcaic(E) calculated by DFT-LDA
for the graphane II phase of hydrogen-free graphite deuteride should accurately reproduce the
properties of this CD compound.
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Fig. 13. Temperature dependence of the experimental heat capacity of graphite deuteride with the
composition CDo.91Ho.09 (thick colored curves) and calculated dependences of the heat capacity of
the graphane II phases of deuterides CD (dashed black curves) and CDos7sHo.125 (solid grey
curves). The dependences of the calculated heat capacity at constant pressure are obtained from

the corresponding C/(T) dependences by adding the “ACy, ” difference determined for the

graphite hydride.
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3.5. Estimation of Cp(T) — Cy(T) for graphite hydride

The CW(T) dependences calculated using Equation (1) refer to the volume of multilayer
graphane at the temperature of determining the phonon spectrum, i.e., /(0 K) for gcaic(E) calculated
by DFT-LDA, or V(5 K) = V(0 K) for gexp(E) derived from the INS data. The Ci(T) dependence

can be converted into Cp(7) required for thermodynamic analysis by adding the correction term

ACpyr=Cp—-Cy= anT/ﬂ, (2)

where V is the molar volume; a = (1/V)(0V/0T)p is the coefficient of volume expansion, and f =
1/Bo = —(1/V)(0V/OP)r is the isothermal compressibility, all of these factors being functions of
temperature [46].

To determine o(7) and V(T), a small portion of the hydride sample was studied by X-ray
diffraction at ambient pressure and temperatures from 297 to 573 K. The obtained Vu(T)

dependence is shown in Fig. 14 by open blue circles.
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Fig. 14. Experimental temperature dependence of the atomic volume V, = (\/5 /8)a’c of graphite

hydride at ambient pressure (open blue circles) approximated by Equation (3) as shown in the

inset.

One of the semi-empirical Griineisen laws says that « is approximately proportional to the heat

capacity (see [46]). From a(T) = A-C(T) it follows that
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In[V'(T)/V(0K)] = 4 jOT C, (r)dr, 3)

where IOTC‘V (r)dz is actually the enthalpy H(T). Linear approximation of the experimental

In[ V4 exp(H)] dependence (see inset to Fig. 14) gave us the fitting parameters 4 = 1.552-10% mol/J
and Va5t (0 K) = 13.2018 A3/atom C. The resulting Ve (T) dependence extrapolated down to 7=
0 K and up to 7= 1000 K is shown in Fig. 14 with a blue curve; the asi(7T) dependence is depicted

in Fig. 15 with a red curve.
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The experimental dependences a(7) and ¢(7) were also fitted using equations analogous to
Equation (3) (see Fig. S6 in Supplementary Material). Such a procedure was earlier demonstrated
to give accurate values of lattice parameters extrapolated to 0 K for rather anisotropic hexagonal
systems [47] and hydrides AlH3 [48] and MgH> [40]. For the graphite hydride, the extrapolated
values of a(0 K) =2.5296 A and (0 K) =9.5292 A gave V, (0 K) = 13.2017 A3/atom C, which
is very close to Ve (0 K) = 13.2018 A*/atom C. This suggests that Equation (3) and its analogs
approximate well each of the Vu(T), a(T), and c(7) experimental dependences for graphite hydride
at 7<573 K.

The use of Equation (2) requires knowledge of the (7)) dependence as well. This dependence
can be obtained from another Griineisen’s semi-empirical relation claiming that (1/8)(6f/0T)p =

8.4« (see [49] for discussion and references). Correspondingly,

B(D) = BO KYAT)/ V(0 K)I*. 4
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Using the Vi(7T) dependence shown in Fig. 14 and drawing dependence (4) through the
experimental point 4297 K) = 1/Bo = 0.044(6) GPa™! gave the fitting parameter 5(0 K) = 0.0437
GPa! = (297 K). The resulting fr(T) dependence is plotted in Fig. 15 by an olive curve.

Substituting the as(7), Vi(T), and fr«(T) dependences thus obtained into Equation (2) gave

the ACy, (T) dependence shown by the dashed brown curves at the bottom of Figs. 12 and 13,

and—on a larger scale—in Fig. S7 in Supplementary Material. Due to the high compressibility of

the multilayer graphane, the correction ACy, (T) is small compared to Ci{(T) and only reaches

about 0.5 J/K/mol at 7= 1000 K, which is less than 1.5% of Ci(1000 K).

4. Concluding remarks

In its compounds carbon forms very strong chemical bonds with hydrogen. Among the stable
at ambient conditions hydrocarbons, methane CH4 has the highest gravimetric hydrogen capacity
of 25 wt. % H. Methane can be thermally and thermocatalytically decomposed into carbon and
hydrogen without the formation of carbon oxides. A variety of the processes using methane as a
clean source of hydrogen is considered in a review paper [50].

Various carbon-based materials including activated carbon, graphite, graphene, graphene
oxide, reduced graphene oxide, fullerenes, and carbon nanotubes have been examined as possible
hydrogen hosts in H» storage systems. For most of these materials, the mechanism of hydrogen
storage is Hy physisorption. Using the materials with a large surface area of 1000 m?/g or more in
combination with cryocooling made it possible to reach H storage capacities exceeding 3 wt.% H.
These materials alone do not meet the requirements for the hydrogen system performance.
However, they can be modified through either decoration or doping to alter their chemical
properties and increase their hydrogen storage capacity, by applying various metal-modified
graphene materials [51].

Graphene-based materials have also been considered for use in solid-state hydrogen storage,
because of their large specific surface area. However, graphene is additionally capable of forming
C-H chemical bonds like other carbon-based materials, which significantly increases its hydrogen
storage capacity at ambient temperatures and above. Solid-state hydrides with the C—H chemical
bonds and H storage capacities reaching 7.7 wt.% for the stoichiometric composition CH were
reported for fullerenes Ceo and C7o [52,53], carbon nanotubes [54], and graphite after its
mechanochemical treatment in gaseous hydrogen [19].

Single-layer sheets of graphene have been shown to react with atomic hydrogen and
demonstrate reversibility of their hydrogen storage performance [3]. In fact, the formation of
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graphane was registered after a 2-hour treatment of graphene in dc plasma ignited in a mixture of
10 % H> with argon at a pressure of 10 Pa. The original state of the graphene sample was restored
after hydrogen desorption at 723 K in an Ar atmosphere for 24 h. Bulk graphite also belongs to
the materials that reversibly absorb and desorb hydrogen: multilayer graphane is formed from
graphite and hydrogen at pressures above 2 GPa and temperatures 720-970 K and decomposes
back into graphite and molecular hydrogen when heated in vacuum to 770-920 K [6].

The relative stability of various possible phases of multilayer graphane at 7 = 0 K has been
carefully examined by first-principles calculations in Ref. [4]. The theoretical studies showed that
two phases called graphane I and graphane II and consisting of the layers of 2D-graphane in the
chair conformation are almost equally stable at pressures up to 10 GPa, and the graphane III phase
built from graphane layers in the boat conformation is the most stable phase at pressures from 10
to 240 GPa. In Ref. [6], multilayer graphane was shown to form from graphite and molecular
hydrogen at hydrogen pressures of 2 to 7.5 GPa and elevated temperatures. A semi-quantitative
profile analysis of the X-ray diffraction patterns of the synthesized samples showed [6] that one of
the two phases predicted to be stable in the studied pressure range, the graphane Il phase, provides
a satisfactory fit to the measured patterns, whereas the graphane I phase does not.

In this paper, an INS investigation gave the spectrum gexp(£) of the phonon density of states
for the multilayer graphane, which proved to be very similar to the geac(£) spectrum of the
graphane II phase predicted by first-principles calculations, including the presence of a gap
between the lower- and middle-energy vibrational bands. The gap is characteristic of the phonon
spectrum of one-layer graphane in the chair conformation [13]. It remains almost the same in the
spectra of the graphane I and graphane II phases consisting of such layers, and is absent in the
spectra of other phases of 3D-graphane [4]. The accurate prediction of both the crystal structure
and phonon spectrum of multilayer graphane validates the results of the first-principles
calculations. Of the three phases (graphane I, II, and III) expected to be stable at pressures below
240 GPa, X-ray diffraction [6] and inelastic neutron scattering (this paper) unequivocally selected
the graphane II phase as the one which is preferably formed.

As mentioned in section 1, recent ab initio calculations of phase equilibria in the C-H system
showed [5] that the graphane I and graphane III phases are not thermodynamically stable at
hydrogen pressures up to 400 GPa and temperatures from 500 to 2000 K. Apparently, the graphane
IT phase studied in this work should also be considered as a metastable phase, which is typical of
many hydrocarbons. At the same time, the domain of baric and thermal stability of this phase is
extremely large: once formed at a hydrogen pressure of 7.4 GPa and a temperature of 870 K, the
graphane II sample did not react with the surrounding hydrogen and did not transform to any other

phases without changing the chemical composition even at a pressure as high as 53 GPa and a
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temperature exceeding 1000 K (see section 3.3). Accordingly, the graphane II phase is an
important part of the vital carbon-hydrogen system and deserves thorough investigations.

To facilitate further experimental and theoretical studies, some results of this paper are
presented in numerical format in Supplementary Material. Table S1 presents the phonon densities
of states gcaic(F) for the graphane II phases of graphite hydride and deuteride calculated by DFT-
LDA and slightly corrected to better represent the experimental INS spectra (see section 2.4); the
tabulated gcaic(E) are shown in Fig. 6. Table S2H and Table S2D present the dependences Ci(7),
ACp(T), and Cp(T) for the graphane II phases of, respectively, graphite hydride and deuteride
calculated using gcaic(E) from Table S1; these dependences are shown in Figs. 12 and 13 by the

dashed curves. Table S3H and Table S3D contain temperature dependences of the standard
(referred to Po = 1 atm) enthalpy H° =IOT(3P(r)dr, standard entropy S° =IOT[CP(1)/ rldz, and

standard Gibbs free energy G° = H° — T-S° for this hydride and deuteride. Supplementary Material
also includes CEL files with the structural parameters of the studied phases of multilayer graphane;
the data in the file “CH-II_exp.cel” are taken from Ref. [6] and refer to room temperature, the data

in the other CEL files are the results of our DFT-LDA calculations.
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