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The High-Density Hydrogen Carrier Intercalation in Graphane-Like
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Vehicles
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Abstract: Theoretical (thermodynamic) and experimental backgrounds are considered for developing a much simpler,
more technological and effective method (in comparison with the known megabar compression dynamic and static meth-
ods) of producing a high-density solid molecular (“reversible”) hydrogen carrier by means of hydrogen intercalation (at
the cost of the hydrogen association energy) in carbonaceous nanomaterials (between graphane-like layers) at relevant
temperatures and pressures. As is shown, one of the processes of chemisorption of hydrogen in carbonaceous nanomateri-
als may be related to formation of graphane-like (carbohydride-like) complexes and/or multilayer graphane-like nanos-
tructures. In this connection, some aspects of the graphene/graphane problem are considered, as well. By using gravimet-
ric and electron microscopy data, the density values (py = 0.740.2 g(H,)/em*(H,), and p*y = 0.28+0.08 g(H,)/cm’(system)
- the “volumetric” capacity) of the intercalated solid molecular (“reversible”) hydrogen (of a high purity) in graphane-like
nanofibers (= 15 mass % H, — the “gravimetric” capacity) have been defined. It is a much more acceptable, safe and effi-
cient technology, in comparison with the current technologies of composite vessels with high hydrogen pressure (about 80
MPa) and the current space cryogenic technologies of hydrogen on-board storage in fuel-cell-powered vehicles. It exceeds
and/or corresponds to the known U.S. DOE requirements-targets for 2015, with respect to the hydrogen capacities, safety,
reversibility and puirity.
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1. INTRODUCTION

As is noted in [1], the main problem of using hydrogen as
a fuel is the gaseous nature of hydrogen molecules, requiring
their compression in heavy and somewhat unsafe pressurized
gas cylinders to enable transport and storage of the fuel. The
energy content of hydrogen is the highest of any fuel that
exists (except nuclear fuel) for vehicles, rockets and other
applications relative to the mass of hydrogen alone [1, 2].
Thus, as is emphasized in [1], it becomes necessary to find
forms of hydrogen that can be stored and transported without
much overhead, while still retaining the high energy content
of hydrogen gas. In a series of articles ([1, 3, 4] and some
others), a novel method (based on theoretical predictions [5])
is described for producing atomic hydrogen material of high
density of 0.5-0.7 g/cm®, but only in microscopic amounts. In
this method, hydrogen gas is absorbed in a K-promoted iron
oxide catalyst (a hydrogen-abstract catalyst) and desorbs as
clusters containing H atoms at low pressure and temperature
of < 900. K. The results are compared to the dynamic
(shock-wave) or static (in the diamond-anvil cell) megabar
compression experiments ([6-9] and others). Hence, it is
concluded [1, 3, 4] that the resulting atomic hydrogen mate-
rial is a metallic quantum liquid.
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In the following sections, the theoretical (thermody-
namic) and experimental backgrounds are described (in the
light of results [10-12]) to develop a much more efficient and
safety method (compared to [1-9]) of producing a high-
density (~0.70 g(H,)/cm®(H,)) solid molecular (“reversible”)
hydrogen carrier of a high purity and safety (with the “volu-
metric” capacity ~0.3 g(H,)/cm’(system) and the “gravimet-
ric” capasity > 17 wt % H,).

It is shown that such unique hydrogen can be intercalated
at relevant temperatures and pressures in some carbonaceous
multilayer nanomaterials between graphane-like (within ter-
minology [13, 14]) nanoregions (at the expense of the asso-
ciation energy of hydrogen atoms to molecules).

In this connection, some aspects of the gra-
phene/graphane problem [13, 14], relevance to multilayer
graphene-like structures, are considered in the folling sec-
tions, as well.

The present hydrogen storage nanotechnology is much
more acceptable, safety and efficient, in comparison with the
current technologies of composite vessels with high hydro-
gen pressure (about 80 MPa) and the current space cryogenic
technologies of hydrogen on-board storage in fuel-cell-
powered vehicles. And the present nanotechnology exceeds
(in some points) and/or corresponds to the known U.S. DOE
requirements-targets for 2015 (with respect to the hydrogen
capacities, safety, reversibility and puirity).
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It’s relevant to note that the U.S. Department of Energy
(DOE) has established different targets and requirements for
on-board hydrogen storage systems in ecologically clean
fuel-cell-powered vehicles (www.eere.energy.gov/hydrogen-
andfuelcells). Their strategic objectives for the year 2015
include a minimum “gravimetric” capacity (weight of stored
reversible H, /system weight) of 9.0 wt %, and a “volumet-
ric”  capacity  (density) of  0.081  g(reversible
H,)/cm3(system).

2. THE INTERCALATION OF HIGH-DENSITY HY-
DROGEN CARRIER INTO NEAR-SURFACE GRA-
PHENE LAYERS

A real possibility of hydrogen intercalation into (be-
tween) near-surface graphene layers of highly oriented pyro-
lytic graphite (HOPG) has been shown in some experimental
studies [15-20]. It has been analyzed in [10-12] which also
takes into account results [21-42].

The present study considers some new and very impor-
tant aspects of this problem. Hence, some self-plagiarism of
[10-12] in this article is necessary.

Atomic hydrogen accumulation in HOPG samples and
etching their surface on hydrogen thermal desorption (TD)
[15] have been studied using a scanning tunneling micro-
scope (STM) and atomic force microscope (AFM).
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STM investigations [15] revealed that the surface mor-
phology of untreated reference HOPG samples was found to
be atomically flat (Fig. 1a), with a typical periodic structure
of graphite (Fig. 1b). Exposure (treatment) of the reference
HOPG samples (30-125 min at external atomic hydrogen
pressure Py = 1 Pa and near-room temperature) to different
atomic hydrogen doses (D) has drastically changed the ini-
tially flat HOPG surface into a rough surface, covered with
bumps-blisters (Fig. 1c), with an average height, as shown in
Fig. 1d, of about 4 nm.

Desorption of hydrogen has been found on TD heating of
the HOPG samples under mass spectrometer control (Fig.
2a). As is shown in Fig. 2a, with the increase of the total
hydrogen doses (D) to which HOPG samples have been ex-
posed the desorbed hydrogen amounts (Q) increase and the
percentage of D retained in samples (Q) decreases towards a
saturation stage. After TD, no bumps were visible on the
HOPG surface, the graphite surface was atomically flat, and
covered with some etch-pits of nearly circular shapes, one or
two layers thick (Fig. 2b). This implies that after release of
the captured hydrogen gas, the bumps-blisters become empty
of hydrogen and the HOPG surface restores back a flat sur-
face morphology under action of VVan der Waals forces [15].

According to [15], bumps found on the HOPG surface
after atomic hydrogen exposure are simply monolayer graph-
ite (graphene) blisters, containing hydrogen gas in molecular

0 500 1000 nm

Fig. (1). STM images of the untreated HOPG sample (under ambient conditions) taken from areas of (a) 60.8 x60.8 nm and (b) 10.9x10.9
nm (high resolution image of the square in image (a)). (c). AFM image (area of 1x1 nm) of the HOPG sample subjected to atomic hydrogen
dose (D) of 1.8:10'® H%cm?. (d) Surface height profile obtained from the AFM image reported in (c). The STM tunnel Vy,s and current are

50-100 mV and 1-1.5 mA, respectively [15] (with the permition).
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Fig. (2). (a) Hydrogen storage efficiency of HOPG samples, desorbed molecular hydrogen (Q) versus dose (D) of atomic hydrogen exposure.
(b) STM image for 600x600 nm area of the HOPG sample subjected to atomic hydrogen dose of 1.8-10* H%cm?, followed by hydrogen

thermal desorption (TD) [15] (with the permition).

form. As is suggested in [15], atomic hydrogen intercalates
between layers in the graphite net through holes in graphene
hexagons (due to the small diameter of atomic hydrogen
compared to the hole size) and is then converted to a H, gas
form (obviously, a high purity hydrogen) which is captured
inside the graphene blisters (due to the relatively large ki-
netic diameter of hydrogen molecules).

It was found in [15] that the average blister has radius 25
nm and height 4 nm. If the bllster is con5|dered to be a semi-
elllpse bllster area (S, ~ 2.0-10™ cm?) and its volume (V;, =
8.4-10™° cm®) were found [15]. The amount of retained hy-
drogen in this sample was Q ~ 2.8:10* H,/cm? and the num-
ber of hydrogen molecules captured inside the blister was (Q
Sp) ~ 5.5-10° [15]. Thus (within the ideal gas apprOX|mat|on
[21]) the internal pressure of molecular hydrogen in a single
blister at room temperature (T) is Py = k (Q Sp) T/ Vp =
2.5:10" Pa, k - being the Boltzman constant; the estimated
accuracy is not higher than the order of magnitude. During
TD heating, for instance, at 1,000 K the pressure can reach a
level of Py, = 8.5-107 Pa, which can be enough for some blis-
ters to get punctured (or tensile ruptured), possibly due to
some defects in their roofs (walls).

In [15], the pressure levels are compared with known
experimental values of ten5|le and compressive strengths for
graphite — 10’ Pa and 3-10" Pa, respectively. But it seems
more reasonable to take into account the recent data on elas-
ticity, strength and toughness of carbon nanorods and nano-
tubes, for instance, [22, 23], data [24] on stress-strain state of
multiwall carbon nanotubes under internal pressure, data
[25] on carbon onions as nanoscopic pressure cells for dia-
mond formation, and data [26] on the elastic properties and
intrinsic strength of monolayer graphene. As is noted in [26],
their experiments establish graphene (a defect-free mono-
layer sheet) as the strongest material ever measured. In stud-
ies [22-26] much higher values (by several orders of magni-
tude, in comparison with graphite) of elasticity modulus,
modulus of elongation and tensile strength are declared.
Hence, it follows: (i) that the blister formation in HOPG [15]
at room temperatures can occur under elastic deformation
conditions, and (ii) that a counteraction blister pressure (of

the fugacity order) should be taken into account (within both
the mechanical and thermodynamic considerations).

By using the stress obtained above (pressure in a blister)
as ~10% Pa, and finding from data [15] the local elastic de-
formation degree of a blister roof as ~0.1, one can estimate
(within Hooke’s law) the modulus of elast|C|ty of the defect
surface graphene layer in HOPG as ~10° Pa. This value is
about two orders higher than the known quantity for graph-
ite, but about two orders lower than the quantity for more
perfect graphene in carbon nanotubes, nanorods and mono-
layer graphene (a defect-free sheet) [22-26]. The defect
structure of the surface graphene layer in HOPG can be
caused by some known fragmentation of HOPG structure,
probably, providing the ready critical nuclei for the blisters.

It is also consistent with the thermodynamic estimation
of the equilibrium hydrogen fugacity (fz) in the blisters in
[15] which can be made by using the law of mass action for
the reaction of 2H(gas)SHo(gas in_plisters), 8 follows:

(fiio/P°) = (P/P°)*exp{[AHuis- TASgis-fra(AV/N)]/RTS, 1)

where Py = 1 Pa is the atomic hydrogen pressure in the at-
omizer in [15], P° = 1 Pa is the standard pressure, AHgis =
448 kJ/mol(H,) is the known experimental value of the dis-
sociation energy (enthalpy) of one mole of gaseous hydrogen
(at room temperatures), ASgis = 98.5 J/K-mol (from the stan-
dard thermodynamic quantities) is the dissociation entropy,
AV = Vp, n = (Q Sp)/Na, Na is the Avogadro number R is the
gas constant, T ~ 300 K in [15]; hence, fu, = 10° Pa. Such a
value can be related to the saturation stage in [15] for Q >
410" Hy/cm?.

The hydrogen volumetric (mass) density in the blisters in
[15] can be estimated as p= {(Q My, Sp)/Vp} = 0.045
g(Hz)/cm (H,), where My is the hydrogen molecule mass;
this is close (W|th|n the errors) to the liquid hydrogen mass
density (0.071 g/cm® at 21.2 K and 0.1 MPa).

By using Eq. 1, one can show that the hydrogen volumet-
ric (mass) density in the graphene blisters in [15] could reach
a value of ~ 0 7 g(Hz)/cm (H,) at Py =~ 100 Pa corresponding
to fp =~ 10" Pa, i.e. a “megabar” hydrogen pressure. This
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“open” question is discussed further, relevance to multilayer
graphene structures, in the next sections.

By using the experimental and estimated results consid-
ered above, one can conclude that there is some three-
dimensional clustering of hydrogen molecules in the graphite
near-surface regions (between the two graphene layers), i.e.,
there is formation and growth of liquid-like three-
dimensional nanoclusters under the conditions given in [15].

It is consequently relevant to point, for instance, to re-
sults [27] of molecular dynamics simulations of hydrogen
molecule liquefaction on exterior (deformed) surfaces of
single-walled carbon nanotube (SWNT) bundles (at 80 K
and 10 MPa). Those studies were carried out in relation to
experimental findings on some hydrogen phase transitions in
SWNT bundles [28].

It is also relevant to compare data [15] with related re-
sults [20] of studying the graphite surface modifications in-
duced by interaction between hydrogen atoms (respectively
deuterium) and perfectly crystalline HOPG surfaces. The
surface properties were probed [20] with high-resolution
electron-energy-loss spectroscopy (HREELS) revealing the
formation of C-H units with different vibration energies.
Comparison of the results (in [20]) with the density func-
tional theory (DFT) calculations [29] established models of
the hydrogen adsorption processes at the graphite surface. It
was shown in [20] that vibration at 295 meV was due to a
single H atom bonding to graphite (C-H), while vibrations at
331 meV and 345 meV (and higher energy losses) were re-
spectively related to formation of dimer and quartet, or more
generally, a higher number of clustering atoms (i.e., hydro-
gen cluster formation). Subsequently, studies were per-
formed in [20] by using scanning tunneling microscopy
(STM). From the electron viewpoint in [20], as hydrogen
locally disturbed the electron density near the Fermi level,
charge density confinement was observed between the hy-
drogen clusters, particularly when using low tip-sample bias
voltage.

It is also necessary to take into account the experimental
data [16-19] on hydrogen thermal desorption (TD) from
highly oriented pyrolytic graphite (HOPG) exposed to
atomic hydrogen (as in [15]) at near-room temperatures, and
their constructive (thermodynamic) analysis [10-12]. As was
shown in [16-19], such treatment resulted in emergence of
surface nano-hillocks (nano-blisters) with heights of 3-5 nm
and diameters of 40-75 nm, most of which disappeared after
hydrogen thermal desorption that occurred as a first-order
reaction [17, 18]. The TD measurements in [16-19] (at a
heating rate of v = 25 K/s) revealed two TD peaks (proc-
esses): a peak o centered at T, ~ 1123 K (AT, = 180 K - its
width at half of its height, S,/S; = 0.45 — its fraction of the
total spectrum area, Q, = 230 kJ/mol — activation energy of
the process) and TD peak B centered at Ty = 1523 K (AT =
250 K, Sp/S5~ 0.55, Q4= 385 kl/mol).

Using analyses results [10-12] and the aforementioned
results, one can attribute the TD process (peak) o to process
Il of dissociative chemisorption of hydrogen between gra-
phene layers (Table 1 in [12], model “F,” in Fig. 4). The
rate-controlling stage of the process (peak) o can be attrib-
uted to diffusion of hydrogen atoms (between the two sur-
face graphene layers from the nearest graphene blisters to a
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“punctured” one (accompanied by hydrogen reversible trap-
ping, i.e., C-H bonding at chemisorption centers in the gra-
phene layers (model “F;” in Fig. 4). The diffusion character-
istics of the processes o (or 111) are as follows: diffusion ac-
tivation energy Q, = Qu = 250 kd/mol (H), pre-exponential
factor of the diffusion coefficient Dy, = Doy = 3-10° cm?/s
(Table 1 in [12]), and diffusion coefficient D, = Dy, =~ 7:10™®
cm?/s. Hence, the diffusion length (D, AT, /v)*? is on order
of 1-10 nm, i.e., as the separation between the walls of the
neighboring blisters (in [15]). It can be related to study re-
sults given in [20] on the vibration contribution at 295 meV
due to a single H atom bonding to graphite (C-H).

In the same way, one can attribute the TD process (peak)
B to process IV of dissociative chemisorption of hydrogen
between graphene layers with some defects, for instance, as
dislocation loops (Table 1 in [12], models “C,” and/or “D,”
in Fig. 4). The rate-controlling stage of the process (peak) 3
can be attributed to diffusion of hydrogen atoms (between
the two surface graphene layers) from the available graphene
blisters to a “punctured” one (with concomitant hydrogen
reversible trapping, i.e., C-H bonding at chemisorption cen-
ters in the defect regions of the graphene layers (models “C,”
and/or “D;” in Fig. 4). The diffusion characteristics are Qg =
Qv = 365 kd/mol (H), Do = Doy = 6:10> cm?/s (Table 1 in
[12]), and Dy = Dyy = 2:10™° cm®/s; the diffusion length (Dg
ATy 1 v)* is on order of 10> nm, i.e., as the separation be-
tween the neighboring etch-pits (in [15]). The defects of the
dislocation loop type can be formed (created) during (and/or
due to) shrinking and/or disappearing of a number of blisters.

Publication [15] considered that the etching mechanism
(i.e., creating etch-pits on the surface due to release of some
hydrogen (a small amount) together with carbon atoms (ob-
viously, as hydrocarbon complexes) from the hole edges (in
punctured graphene blisters), resulting in bigger sizes of the
holes, can be attributed to process Il of dissociative-
associative chemisorption of hydrogen molecules (Table 1 in
[12], model “H” in Fig. 4). As has been shown in [12], only
process Il (from those considered I-1V in Table 1 in [12]) is
characterized by a concomitant (initiated by the process)
occurrence of a fairly small amount of hydrocarbons (CH,4
and others) in the thermal desorption (TD) spectra. The ex-
planation for this phenomenon is that the energy (-AHg =
560 kJ/mol (H,), Table 1 in [12]) of desorption (detachment)
of two hydrogen atoms from the carbon atom of the sorption
center (model “H” in Fig. 4) is higher than the energy (-AHc.
¢ = 485 kJ/mol) of detachment of this carbon atom from its
two nearest carbon neighbors. Process Il may be related to
results in [20] on the vibration contribution at 331 meV due
to a dimer of hydrogen atoms bonding to graphite.

And as it can be shown [10, 41, 42], by comparing results
[11, 12] and [13, 14], there are serious reasons to suggest
that the TD peak a in [17, 18], corresponding to process IlI
of dissociative chemisorption of hydrogen between graphene
layers (Table 1 in [12], model “F;” in Fig. 3) may be related
to the graphane-like situation in the material.

As is estimated in [13], the standard energy (enthalpy) of
formation of graphane from graphite and molecular gaseous
hydrogen is AHOf(theor_) =-0.15 £ 0.05 eV/atom(C). Hence, by
using the known experimental value of the dissociation en-
ergy of molecular gaseous hydrogen, one can define the
bonding energy of atomic hydrogen with graphane as AHc.
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Fig. (3). (from [34, 12, 10]). Schemes of theoretical models (ab initio molecular orbital (MO) calculations) of chemisorption of atomic hy-
drogen on graphite (on the basal and edge planes). Chemisorption of one or two hydrogen atoms on one or two carbons in the chair-like or
zigzag-like edge planes corresponds to models “C,” and “C” (with the adsorption energies AH,gs¢c17jzay = AHads¢-crpzap = 3.69 eV/atom(H)) or
“D;” and “D” (With AHagsp17p347) = AHagsprpzap) = 3.91 eV/atom(H)), respectively; it can be related to thermodesorption (TD) process IV [12]
with activation energy of about 3.8 eV/atom(H) (Fig. 4). Chemisorption of one or two hydrogen atoms on one or two carbons, every of which
has 3 not occupied (by hydrogen) nearest carbons (i.e. a single-side (C-C-H) “complex” or a single-side (H-C-C-H) “complex” in the basal
plane) corresponds to models “F,” and “F” (with AHags¢r1rpzap) = AHagseerzap = 2.01 eV/atom(H)), respectively; it can be related to TD-
process 11 [12] with activation energy of about 2.6 eV/atom(H) (Fig. 4). Chemisorption of two hydrogen atoms on one carbon in the edge
zigzag-like plane within model “H” can be related to TD-process Il [12] with activation energy of about 1.2 eV/molecule(H,) (Fig. 4). TD-
process 111 [12] (within model “F;”) in multilayer graphene structures can be related to a graphane (carbohydride) situation [13, 14], and a
single-side “(C-C-H) complex” can correspond to a “molecule” of the graphite-like graphane (or carbohydride) [10, 41, 42]. A maximum
(carbohydride) filling of a single side of a graphene layer in multilayer carbonaceous nanomaterials by the single-side “(C-C-H) complexes”
can reach the atomic ratio H/C = 0.5, and it can be H/C = 0.5 also for the opposite side filling of the graphene layer; the total atomic ratio
H/C for the graphene (carbohydride) layer can be ~1, but without the diamond-like distortion [10, 41, 42]. A similar situation (relevance to
H/C = 1) has place in the diamond-like graphane (Figs. 5D, 6)) [13, 14], which is related to filling of graphene by the two-side “(H-C-C-H)
complexes”, or “graphane molecules” (Fig. 6), that provides the diamond-like graphene distortion [10, 41, 42].

H(graphane) = -2.5 + 0.1 eV [10, 42]. This quantity coincides Therefore, from a thermodynamic viewpoint, process Il
with the similar characteristic of the process Ill (Table 1 in can be related to hydrogen thermal desorption from the
[12]) of chemisorption of hydrogen in graphite and some graphane-like [13, 14] “centers” (Fig. 3) in near-surface lay-
carbon nanostructures. ers in the graphite material [15-20]. The “open” question on

a possibility of the graphane-like multilayer regions, also as
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the “open” question on a possibility of intercalation of
“megabar” hydrogen between graphene (graphane-like) lay-
ers in carbonaceous materials are discussed further in the
next sections.

3. ABOUT GRAPHANE-LIKE REGIONS (CENTERS)
IN GRAPHITE AND SOME CARBONACEOUS
NANOSTRUCTURES

As is shown in [10, 41, 42], the process Il (in Ref [12])
of the dissociative chemical absorption of hydrogen H,* in
graphene layers (model “F,”, Fig. 3)) of the crystal lattice of
isotropic graphite [43] (Fig. 4a, bg, TD peak I11) and in some
carbon nanostructures with sp® hybridization, including
nanostructured graphite (Fig. 4c) [44]) and graphite nanofi-
bers (GNFs) [35, 36], can be related to the gra-
phene/graphane problem [13, 14].

Chemisorptions process 111, described below by the over-
all reaction (5), can be presented through different steps as

Vs H% & HY, (2)
H — H, 3)
H'+ (C-C)" & (C-C-H)™, 4)
V5 Hp% + (C-C)™ — (C-C-H)™, (5)

where H® are hydrogen atoms on the surface of graphite
gralns or nanoregions of the material, H' are hydrogen atoms
in the graphite lattice (between graphene layers) outside the
chemisorption centers, (C-C)™" are internal carbon centers of
chemisorption for hydrogen atoms in the graphene layers
corresponding to potentlal C-C-H (graphane-like) com-
plexes, and (C-C-H)™® are the absorbed hydrogen atoms on
carbon chemisorption centers in the graphene layers of the
material (i.e., C-C-H graphane-like complexes (model “F,”,
Fig. 3)).

The analysis [12] shows that in the first (dissociative (2))
and third (chemical (4)) stages of the overall process Ill, are
in many cases close to equilibrium (local equilibrium, or
reversibility), and that (2) and (4) are not limiting stages. The
second stage, (3), may be diffusion-limited, i.e., the stage
that determines the rate of the overall process Il correspond-
ing to the TD peak 111 in experiments involving temperature-
programmed desorption of hydrogen from the material (Fig.
4).

Process 11 [reaction (5)] is characterized [12] by the ex-
perimental value [43] of the standard enthalpy of the bulk
solution, or the chemisorption of half mole of hydrogen
molecules H,%* (the initial gaseous state) in the graphite lat-
tice of the material ( AH)n = -19 + 1 kJ mol (H) =-0.20 £
0.01 eV/atom(H)) and the experimental value ([43, 16-19]
and others [12]) of the effective enthalpy of the bulk-
diffusion activation of hydrogen atoms in the graphite lattice,
Qui = 250 + 3 kJ mol™(H) = 2.59 + 0.03 eV/atom(H). The
graphite quantities of AHs); and Qy; are related and close to
the aforementioned (in Sectlon 2) graphane quantities of
AHC f(theor.) aNA AHc_p(graphane) [10, 41, 42], respectively.

The quantity of AH), can be also defined as the stan-
dard energy (enthalpy) of formatlon of the C-C-H graphane-
like complex (i.e., AHgu) = AH fCCH) in multilayer gra-
phene structure of graphlte lattice (reaction (5)), which is
related and rather close to (or even coincides with) the grap-
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hane quantity of AH eory = -0.15 + 0.05 eV/atom(C) [13,
10, 41, 42] considered in Section 2.

Taking into account the experimental data [43] and some
others (review [12]), we can approximate the mass action
law for the reaction (5) as

Ky = X/ Xijim) /{(PH2/P0H2)1/2 [1 =X/ Xum)13 (6)

which corresponds to the Sieverts-Langmuir absorption iso-
therm.
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Fig. (4). Experimental curves of the temperature-programmed
desorption (TD-peaks or TD-spectrum) of deuterium and the fitting
curves for carbon materials: (a) 1SO-88 isotropic graphite deute-
rium-saturated (in D,gas) in the course of 5 hours at 973 K and 60
kPa, [43]; (b) 1SO-88 isotropic graphite after irradiation by 20 keV
ions of D, with the dose 5-10° m™, [43]; (c) — nanostructured
graphite (by mechanical synthesis with D, in a ball mill for 80
hours at 1 MPa and 300 K), [44]. The thermodesorption activation
energies are shown: 1.3 eV for TD-peak Il, 2.6 eV for TD-peak IIl,
and about 4.4 eV for TD-peak 1V [12].

At small pressures (K(Py,/P’n,)"><<1), it corresponds
to the Sieverts isotherm [43]

Xm I Xiim = Ky (Pu,/P°w,) "% 1 [1+ Ky (Pr,/P°,) "] =
oMl (PHZIP Hy) (62)

Where the equilibrium constant for reaction (5) is described
by
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Ky = exp (ASem/R) exp (-AH/RT), (7
AHsyni = V2 AHgis + AH @y (8)

In Equations 6-8: Xy, = (H/C I)u. is the equilibrium con-
centration of hydrogen atoms absorbed by the graphite lattice
in the material at pressure Py, (Pa) and temperature T (K),
i.e., the ratio of the number of dissolved hydrogen atoms to
the number of carbon atoms in the graphite lattice, which in
some cases is close to the total number of carbon atoms in
the material (C <C); Xmm=(H/IC )... m<1.0,is the maxi-
mum (carbohydride-like) concentration [12, 45, 46] Plp=1
Pa is the standard pressure of hydrogen ASs) is the stan-
dard entropy for reactlon (5); R is the gas constant AHgis =
448 + 2 kJ mol™(H,) is the experimental value [47] of the
dissociation enthalpy for one mole gaseous hydrogen; AHgn
= Y5 AHgis, AH(g = 0, and AH 4y, are the standard enthalpies
for reactions (2)-(4) as applied to process I11.

The flrst indirect experimental value (AHgy = -243 + 3
kJ mol*(H) = -2.52 + 0.03 eV/atom(H)) of the enthalpy of
chemical C-C-H bonds formation between hydrogen atoms
and the definite carbon C-C centers in graphene layers of the
graphite materials is estimated via thermodynamic formula
(8), by using the experimental values of AHsy;; and AHgjs.

Using the model described in [12] for the bulk diffusion
of hydrogen atoms in the graphite lattice accompanied by a
reversible capture on the internal (graphane-like) chemisorp-
tion C-C centers in graphene layers, we can write the effec-
tive diffusivity (D) and the effective diffusion-activation

enthalpy (Qu) as
Dur = A D'/ Ky, 9)
Qui = Q' = AHgyii = -AHgyn, (10)

where Ay, = const, Ky is the equilibrium constant for reac-
tion (4) as applied to process 111, and D' and Q' are the
diffusivity and the diffusion activation enthalpy,
respectively, for hydrogen atoms in a graphite lattice in
absence of chemisorption capture centers (or at maximum
(carbohydride) filling of these centers).

Knowmg the experimental values of Qy, and Q =7+4
kJ mol™(H) (review [12]), we can obtain the second indirect
experlmental value of AHy = -243 = 4 kJ mol’ Y(H), by us-
ing thermodynamic Eqn. (10)

The value of AHy thus obtalned is close to the experi-
mental value -255 + 1 kJ mol*(H) [48] of the enthalpy of C-
C-H bond formation in the fullerene hydrlde CeoH3s (i€, the
filling of quasigraphene spherical layer is H/C= 36/60) and to
the theoretical values -(220-260) + 20 kJ mol™(H) of the
energy of C-C-H bond formation, linking hydrogen atoms to
the graphene (cylindrical) surface of various single-wall
nanotubes with a filling factor H/C=0.5, obtained in [45] by
the density functional method. It’s also consistent with the
experimental data [46] on about 100 % hydrogenation of
carbon nanotubes through formation of stable C-H bonds.

The obtained value of AH s is approximately half of the
C-H binding energy in the methane molecule and about half
of the H-H binding energy in the hydrogen molecule (-AHg;s)
[47]. Thus, a characteristic feature of the dissociative chemi-
sorption of hydrogen by carbon materials (process 111) is the
formation of approximately 50% bonds weaker than the
typical chemical C-H bonds, e.g., in a methane molecule.
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From Eqn (6a), it is possmle to estimate that the equilib-
rium concentration X;;; = (H/C)m of the dissolved hydrogen
atoms in graphite nanofibers (GNFs) and in nanostructured
graphite at 300 K and at the hydrogen pressure in the range
1-10 MPa, is about 0.77 (about 6 wt %). This value is de-
fined in Ref [37] as the lower limit of the sorption capacity
of adsorbent materials suitable for storing hydrogen in vehi-
cles. The estimated value can be confirmed, as order of mag-
nitude, by the analysis [12] of the known sorption data in-
cluding [35, 36, 44].

Unfortunately, the diffusion kinetics of chemisorbed hy-
drogen discharge from carbon materials at room temperature
(process 111) does not meet the technological requirements
[37] for hydrogen-driven vehicles, mainly because of the
high value of the hydrogen-diffusion activation energy Q.

According to analysis [10, 12, 42], the obtained value of
AH(gy can be quantitatively described (with accuracy of
order of magnltude) in the framework of model “F;” (Fig. 3)
corresponding to sp® rehybridization [34, 49], that is similar
to the graphane situation [13, 14].

It’s also noted [10, 42] that the value of AH 4y coincides
with the aforesaid (in Section 2) value (AHc.c-Hgraphane) = -2.5
+ 0.1 eV/atom(H)) of the bonding energy of atomic hydro-
gen with graphane [13, 14]. And the theoretical value [13] of
the standard energy (enthalpy) of formation of graphane
from graphite and molecular gaseous hydrogen (AH f(theor)) =
-0.15 + 0.05 eV/atom(C)) coincides (within errors) with the
experimental value of the standard energy (enthalpy) of for-
mation (AHe)m = = AH° fic-c-y = -0.20 = 0.01 eV/atom(H)) of
the C-C-H graphane I|ke complex (model “F,” in Fig. 3) in
the graphite lattice of multilayer graphene materials.

Meanwhile, the experimental value of AH 4y agrees onIy
in order of magnltude with the theoretical value of AHads(ry)
-194 kJ mol™(H) [34] of the S|m|Iar quantity; the reIatlve
difference is (AHagsrry-AH@m)/10°AHuym) = -20 %. The
calculations [34] have been done by ab |n|t|o molecular or-
bital (MO) method, computing the energy of atomic hydro-
gen chemisorption (AHagsryy) On graphite (on graphene
plane), particularly, for model “F;” (Fig. 3), which can be
related to the chemisorption process 111 [10, 12, 42].

In Fig. 3, models “E” and “F” represent hydrogen atoms
adsorbed on the basal (graphene) plane sites. In model “E”,
two hydrogen atoms are bonded to two adjacent carbons, and
in model “F” they are further apart, with one carbon in be-
tween (i.e., on alternating basal sites). And the calculated
value [34] of AHads e1) per H atom for model “E;” is AHags(ey)
= -113 kJ mol (H) which, obviously, is less suitable for
process I11 (in comparison with AHags(r1)).

In [50], the similar (relevance to [34]) calculations have
been done by ab initio molecular orbital (MO) method, com-
puting the energy of atomic hydrogen chemisorption (AHggs)
on graphite (on graphene plane) at very low occupancies
(i.e., 1 and two hydrogen atoms within 26 carbon atoms in
graphene plane sites), those are considerably lower than in
[34].

In the case of one hydrogen atom adsorbed on one carbon
of the basal plane carbon sites, which is related to model
“Fy”in Flg 4, the calculated value [50] of the chemisorption
energy is AHagsry = -181 kJ mol’ (H) that is close to AHags(e1)
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Fig. (5). Schematic representation of the graphite-like structure of graphene (C — experiment [14]), and theoretically predicted diamond-like
structure of graphane in the chair-like conformation (D — theory [13]). Carbon atoms are shown as blue spheres, and hydrogen atoms are
shown as red ones; d is the lattice spacing (in-plane lattice parameter), a = Ic ¢ is the C-C bond length. A two-side “H-C-C-H complex” (in
D) can correspond to a “molecule” of the diamond-like graphane [13, 10, 41, 42]; an imaginary single-side “C-C-H complex” (in C) may
correspond to a “molecule” of the graphite-like graphane (i.e., carbohydride) [10, 41, 42, 52].

= -194 kJ mol™(H) [34]. In the case of two hydrogen atoms
adsorbed on two alternated basal carbon sites, which corre-
sponds to model “F” in Fig. 4, the calculated value [50] of
the chemisorption energy is AHags(2-aitem) = -143 kJ mol'l(H),
that is also close t0 AHagsr1) [34]. In the case of two hydro-
gen atoms adsorbed on two adjacent basal carbon sites,
which corresponds to model “E” in Fig. 4, the calculated
value [50] of the chemisorption energy is AHags(2-adjac) = -120
kJ mol™(H), that is close to AHags1) [34].

In [45, 51], the DFT calculations have been done of the
bonding characteristics of hydrogen atoms on the exterior
wall of the single-walled carbon nanotubes (SWNTSs), both
consisting of 200 carbon atoms.

In [45], the bond energies were calculated for SWNT
with 1 H, 2 H, 24 % coverage, 50 and 100 % coverage (as-
suming 1 H/1 C) of the exterior wall. The average C-H bond
formation energy for the first H was -90.2 kJ mol™*(H), and -
170 kJ mol™(H) for the first two atoms. The average C-H
bond formation energy for 50 % coverage was 239 kJ mol’
Y(H), decreasing to 161 kJ mol™(H) for 100 % coverage of
the exterior wall (a single-side filling).

In [51], the bonding of 1 H with SWNT was studied,
where the H atom approached the tube wall in two ways:
direct approach to the top of a carbon atom (as in the case of
AHags1) [50]), and approach along the centerline of a hexa-
gon. The energy minima were, respectively, -88 kJ mol™(H)
and -234 kJ mol™(H) [51]. The latter quantity is rather close
to AHgym, and such a situation may have place on the basal
plane of graphite at low coverage.

It was also reported [51] on the C-C bond lengths (lc.c) in
the nanotube after H bonding. With 16 H bonded to 64 C on
the 200-atom tube, the Icc increased from 143 to 159 pm
[51].

A similar effect of H bonding on the Ic_c was also seen on
the basal plane of graphite [34]. In cases of models “E” and
“F”, there are some significant increases in lc.c and C-H
bond lengths (lc.y) where hydrogen is directly involved, and
decreases in Mulliken bond population, indicating weaker C-
C and C-H bonds [34].

Particularly, in case of model “F”, there are values of lc.
=110 pm and lc.c = 153 pm [34], those are close to the simi-
lar quantities for graphane [13, 14]. The dihedral angles (in
models “F” and “E”) are no longer as 0° or 180° (as in mod-
els “A”, “B”, “C” and “D”), they deviate from 1° to 5°, so
that the single layer graphene sheet (Fig. 3) appears to curve
away slightly (from hydrogen) [34]. It differs from the theo-
retical model [13] on the diamond-like structure of graphane
(Figs. 5, 6), but it’s close to the carbohydride-like situation
[10, 41, 42, 52].

Fig. (6). Theoretically predicted [13] diamond-like structure of
graphane in the chair-like conformation. The carbon atoms are
shown in gray, and the hydrogen atoms in white. The figure shows
the hexagonal network with carbon in the sp® hybridizatin. In some
extent, it’s related to model “F” (Fig. 3) for the case of the two-side
hydrogen bonding with a graphene layer (with about 50 % coverage
of each side), but without the diamond-like distortion of the hex-
agonal network (i.e., within the graphite-like (carbohydride) struc-
ture of graphane) [10, 41, 42, 52].

Thus, the above consideration shows a possibility of for-
mation of the graphane-like (or carbohydride-like) multilayer
regions, consisting from weakly bonded (mainly, by van der
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Waals attractive interactions [13]) graphane-like sheets in
some carbonaceous nanomaterials.

And is shown in the next section, the high-density
(“megabar”) solid molecular hydrogen can be intercalated
between graphane-like layers in some carbonaceous nanoma-
terials (under definite conditions of their hydrogenation),
which can be used for the hydrogen on-board efficient stor-
age in fuel-cell-powered vehicles [10, 41, 42, 52].

4. THE NECESSARY CONDITIONS FOR FORMING
THE HIGH-DENSITY (~0.7 G/ICM® “MEGABAR”
HYDROGEN CARRIER INTERCALATED BETWEEN
GRAPHANE-LIKE REGIONS IN CARBONACEOQOUS
NANOMATERIALS

By using data in Fig. 7, one can estimate the internal
pressure of the molecular gaseous hydrogen as Py, =~ 1-10°
Pa (at room temperature) corresponding to hydrogen density
of p = 0.045 g/cm®. It is the density of hydrogen intercalated
in near-surface blisters in HOPG at the external pressure of
atomic gaseous hydrogen of Py = 1 Pa and room temperature
(as in [15], Figs. 1, 2). The value of Py, =~ 1.10° Pa is in ac-
cordance with the above estimated value of the internal pres-
sure of molecular gaseous hydrogen of Py, ~ 3-10” Pa in the
blisters in [15]. This accordance indicates the quantitative
nature of the thermodynamic estimations using Eqn. (1).

102
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Fig. (7). (from [6], with the permition). Pressure as a function of
density (p) along the isotherms and the liquid-vapor equilibrium
curve (black circles) for protium. The symbols show the experimen-
tal data, and curves plot the calculation results (isotherms are dis-
tinguished by temperature in K). The isotherm of 300 K at p =
0.045 g cm™ corresponds to P = 1.108 Pa, in accordance with results
[10, 11, 41, 42, 52].

From data in Figs. 8 and 9, one can estimate the external
compression pressure level of P =~ 1.10* Pa (~1 Mbarg corre-
sponding to the high desired density of p = 0.7 g/cm” of the
intercalated solid molecular hydrogen at room temperatures.
Hence, by using Eg. (1), one can estimate (in the compressed
gas approximation) the necessary values of Py = 100 Pa [10,
41, 42, 52].

Furthermore, it should be also emphasized that the car-
bon nanotubes and nanofibers can withstand such megabar
pressure (stresses) of the compressed solid molecular hydro-
gen intercalated between closed graphane-like layers
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(nanoregions), due to their very high levels of elasticity
modulus, modulus of elongation and tensile strength noted in
[22-26].
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Fig. (8). (from [6], with the permition). Isentropes (at entropies S/R
=10, 12 and 14, in units of the gas constant R) and isotherms (at T
= 300 K) of molecular and atomic deuterium. The symbols show
the experimental data, and curves fit calculated dependences. The
density (p) of protium was increased by a factor of two (for the
scale reasons). Thickened portion of the curve is an experimental
isotherm of solid form of molecular hydrogen (H,). The quantity of
2p = 1.4 g cm™ of solid H, corresponds to the external compression
pressure P ~ 1-10™ Pa, in accordance with results [10, 41, 42, 52].
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Fig. (9). (from [6], with the permition). Phase diagram, adiabats,
and isentropes of deuterium calculated with the equation of state: 1
and 2 are a single and a doubled adiabat, e — the experimental data,
3 — melting curve, thickened portion of the curve — the experimental
data. The related point [10, 41, 42, 52] with coordinates of T = 300
K and P = 1-10™ Pa corresponds to the solid molecular form of
deuterium.

Such conditions for forming a high-density (megabar)
solid molecular hydrogen carrier intercalated between grap-
hane-like closed regions in graphite nanofibers (GNFs) can
be created (in light of results [10, 41, 42, 52]), by using the
catalyst method of the hydrogen atomizing and closing of the
edge regions of graphene (and/or graphane) layers in the
material. The main result is presented in Fig. (10).
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Fig. (10). (from [35, 36, 10, 41, 42, 52]). Micrographs of hydrogen-
ated GNFs after release from them (at ~300 K, for ~10 min) of the
intercalated solid molecular (“reversible”) hydrogen (~17 wt % -
the gravimetrical hydrogen capacity), under a sharp decrease in the
external pressure of gaseous molecular hydrogen (from Py, ~10
MPa to Py, ~1 MPa). The arrows indicate some of the slit-like
nanopores between multilayer graphane (carbohydride) nanoregions
of the nanomaterial. The high-density solid molecular (“reversible™)
hydrogen of high purity was localized, mainly, within slit-like
nanopores. Dehydrogenation of graphane (i.e., carbohydride)
nanoregions, relevance to the covalent bonded “non-reversible”
hydrogen (i.e., TD-peak Il (model “F;” in Fig. 3, Fig. 4) occurs
during thermodesorption at elevated temperatures.

The density of the intercalated hydrogen in the material
(Fig. 10) can be estimated by using the relevant ordinary
expressions as:

P = pel(L- fun) fon JI(L- fom) fonl, (11)

where pc is the known GNF density (pc = 2.3 glem?), fyy =
[vy /(vytve)], vy and vc are the volumes of the slit-like
nanopores and carbon parts of GNFs, respectively, f,y is the
volume fraction of the slit-like nanopores formed in GNFs
(fun = 0,4£0,1, from Fig. 10), fuy = [my /(mp+me)], my and
mc are the masses of the intercalated (in the slit-like
nanopores) solid hydrogen and the carbon part of GNFs,
respectively, f is the mass fraction of the intercalated solid
hydrogen (in the slit-like nanopores) in GNFs (fon =
0.17+0.01 is the experimental value from [35]).

Hence, one can estimate the hydrogen density value (py =
0.7+0.2 g(Hy)/em®(Hy)) and the hydrogen volumetric capac-
ity (p*n = p fun = 0.2820.08 g(Hy)/cm®(system)), those in the
case of the overall compression of the solid molecular hy-
drogen correspond to a megabar external compression pres-
sure (Figs. 8, 9).

The external pressure can be, for instance, Py, = 10 MPa
(100 bar), but it should provide Py = 100 Pa at the material
surface (the catalyst method [10, 41, 42, 52]) with tempera-
ture about 300 K.

There is a real possibility [10, 41, 42, 52] for quenching
the high-density (megabar) hydrogen carrier and graphane-
like regions in carbon-based nanomaterials for a sufficiently
long time, and for establishing relevance for its detailed (sta-
tionary) studies and technological applications.
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Obviously, that in our case the local internal megabar
pressures in the slit-like nanopores in graphane-like regions
in GNFs (Fig. 10) has occurred. This is confirmed by the
observed definite swelling of the slit-like nanopores in their
middle parts (Fig. 10), i.e. the lens shape of the nanopores in
GNFs.

Evaluations of the necessary local stresses for such swel-
ling of the nanopores, by using data [22-26] on the very high
values of the elasticity modulus, modulus of elongation and
tensile strength of the material (defect-free graphene), can
produce megabar quantities. Such high local stresses (inter-
nal pressures) are formed at the expense of the energy of the
hydrogen association reaction (Eqgn. (1)).

Thus, in our case [10, 41, 42, 52], the external pressure of
molecular hydrogen gas can be Py, = 10 MPa (100 bar) at
temperature about 300 K, providing Py = 100 Pa at the mate-
rial surface (the catalyst method). It results in intercalation of
solid (megabar) molecular (reversible) hydrogen of a high
purity (> 17 wt % H; - the gravimetric capacity), with the
hydrogen density of py = 0.7+0.2 g/em® and the volumetric
capacity of p*y = 0.28+0.08 g(H.)/cm’(system)). These re-
sults [10, 41, 42, 52] can be applied for developing much
more acceptable, safety and efficient technologies of the
hydrogen on-board storage in fuel-cell-powered vehicles
(with respect to the known U.S. DOE requirements [37]),
compared to current technologies of composite vessels with
high hydrogen pressure (about 80 MPa) and the space cryo-
genic ones.

And such a hydrogen storage nanotechnology can even
exceed (in some points) the known U.S. DOE requirements-
targets for 2015, with respect to the hydrogen capacities tar-
gets (9.0 wt % H,, 0.081 g(H,)/cm?(system)), safety, reversi-
bility and puirity.

5. DISCUSSION ON THE GRAPHENE-GRAPHANE
PROBLEM

Publication [13] has predicted the stability of an extended
two-dimensional hydrocarbon (with diamond-like structure
(Figs. 5D, 6)) on the basis of first-principles total-energy
calculations. This compound that has been called graphane
in [13] is (according to [13]) a fully saturated hydrocarbon
(Table 1) derived from a single graphene sheet with formula
CH. And as is also noted in [13]: “The graphane bonds are
fully saturated and there is no opportunity for hydrogen
bonding between the graphane sheets. The weak van der
Walls attraction contributes negligibly...”

As is noted in [13], the relative stability of graphane may
explain the possible observation of graphane-like (obviously,
multilayer) structures in the case of reactive ball milling be-
tween anthracite coal and cyclohexene [54], when the deliv-
ery of atomic hydrogen does not involve splitting molecular
hydrogen.

And as is also noted in [13], direct exposure of graphite
to an atmosphere of gaseous molecular hydrogen (H,) at high
temperatures does not seem to be the correct path to produce
graphane because hydrogen does not intercalate graphite [55]
due to the higher H-H binding energy in H, compared to the
C-H binding energy in graphite.
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Table 1.
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Comparison of Experimental [47] and Theoretical [13] Values of the Standard Energy (Enthalpy) of Formation (AH%) of

some C-H Substances (from Graphite and/or Hygs) at T = 298 K and Py, = 0.1 MIla) [10, 41, 42, 52]

Substance AH {experimentar) (€V/atom(C)), AH i heoretica (€V/atom(C)), (AH %t y-AH fexy)!
(Compound) [47,42] [13] J(AH exy)-107 (%)
Methane -0.775 -0.335 -57
(CH4(ga5))
Benzene +0.085 -0.075 -188
(CeHegiquia)
Cyclohexene (CeH1ogiquia)) -0.127 -0.165 +30
Cyclohexane (CeH12qiquia)) -0.270 -0.240 -11
Polyethylene -0.240
(-CHa-CH2-)n(solia)
Atomic carbon 7.35 9.55 +30
(C(gaS))
Atomic hydrogen 2.26 3.27 +45
(H(gaS))
Graphane (diamond-like struct.) -0.15£0.05 —<x35>
(CHgsolie)

As is noted in [14]: “Although graphite is known as one
of the most chemically inert materials, we have found that
graphene, a single atomic plane of graphite, can react with
atomic hydrogen, which transforms this highly conductive
semimetal (single-layer graphene) into an insulator (grap-
hane).”

But hydrogen chemisorption by graphite and related car-
bon nanostructures (Figs. 3, 4) is not taken into account in
[13, 14], and particularly, process 111 [12], for which the C-H
binding energy in graphite is higher than the H-H binding
energy in H,. Obviously, graphite and related carbon nanos-
tructures are chemically active (almost as much as graphene
is) in relation to hydrogen. Hence, multilayer graphane-like
(carbohydride-like) material can be derived from multilayer
graphene sheets under definite hydrogenation conditions, for
instance, from graphite nanofibers (Fig. 10) [10, 41, 42, 52].

A possibility of formation of the multilayer graphane-like
regions and/or nanomaterials (from multilayer graphene ma-
terials, under definite hydrogenation conditions, is proved
(shown) by the following facts.

Firstly, the theoretical value [13] of the standard energy
(enthalpy) of formation of graphane from graphite and mo-
lecular gaseous hydrogen (AHOf(theor_) = -0.15 £ 0.05
eV/atom(C)), Tables 1 and 2) coincides (within errors) with
the experimental value of the standard energy (enthalpy) of
formation (AHy = AH%cy = -0.20 £ 0.01 eV/atom(H)) of
the C-C-H graphane-like complex (model “F,” in Fig. 3) in
the graphite lattice of multilayer graphene materials (Table
2).

Secondly, as is noted in Section 2 (using data [13, 47]),
the bonding energy of atomic hydrogen with graphane (AHc.
H(graphane) = -2.5 % 0.1 eV) (Table 2) essentially coincides with
the indirect experimental value (AHw@yn = AHc ngraphite) = -

2.52 £+ 0.03 eV/atom(H)) of bonding energy of atomic hy-
drogen with the graphite lattice (the C-C-H graphane-like
complex (model “F;” in Fig. 3)) for the chemisorption proc-
ess 111 [12] in multilayer graphene materials (Table 2).

Thirdly, thermodynamic analysis [10, 41, 42, 52] of the
related data (including [13, 14]) shows a possibility of for-
mation of both graphane (carbohydride) and multilayer
graphane (multilayer carbohydride) with graphite-like struc-
ture (Table 2).

Fourtly, a comparision of the AHc.c quantities of carbon
materials (Table 2) shows that an experimental graphane
(carbohydride) can possess of about the same strength prop-
erties as an experimental graphene possesses, in contrary to
the theoretical diamond-like graphane.

It is consistent with experimental data [14] about forma-
tion of a single-side graphane in the case of a single-side
graphene on a substrate (SiO;), where only one side of gra-
phene is accessible for atomic hydrogen. As is noted in [14],
the single-side graphene hydrogenation is in contradiction
with theory [13] on the diamond-like graphane structure
(Figs. 5D, 6) allowing only two-side graphene hydrogena-
tion. But it seems possible for the graphite-like graphane
(carbohydride) structure (Table 2), with occurring of some
ripples for the graphene hydrogenation noted in [14].

In [14], the same hydrogenation procedures (2 hours ex-
posure in cold hydrogen plasma) both for single-layer and
bilayer (on a SiO, substrate) graphene samples have been
applied. Bilayer samples exhibited significantly lower affin-
ity for hydrogen, as compared to single-layer graphene sam-
ples. As has been proposed in [14], this observation agrees
with the theory [13] that hydrogen cannot be adsorbed on
one side of a flat graphene, and with their conclusions that
hydrogen adsorption for single-side graphene on a substrate
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Table2. Comparison of Thermodynamic and Crystal-Chemical Characteristics of Graphite (Multilayer Graphene), Graphene,
Diamond, Graphane and Multilayer Graphane (Carbohydride) [10, 41, 42, 52]

Carbon AHOf -AHc.c -AHc.n Ic.c IC-H d
material (eV/atom) (eV) (eV) A) A) A)
Graphite 0.0 4.94+0.03 1.42 2.46
(multigraphene) [47] [12, 47] [14,13] [14,13]
Graphene <0.1 142 (2.46)
[13, 47] [14,13] +0.02 [14]
Diamond 0.020 + 0.001 [47] 3.69+0.01 1.53
[12, 47] [14,13]
Graphane [13] (dia- -0.15 27£1.0 25£0.1 1.52(3) 1.11 243
mond-like structure) +0.05 [13, 42, 47] [13, 42, 47] [13,53] [13] [13,53]
[13,42,52]
Graphane [14] (ex- (2.42)
periment) +0.09 [14]
Multigraphane (ex- -0.20 £0.01 491 +0.03 2.52+£0.03
periment) [10, 42, 52] [10, 42, 52] [10, 42, 52]
Graphane (graphite- -0.2 49 25
like structure) [10, 41, 42, 52] [10, 41, 42, 52] [10, 41, 42, 52]
is facilitated by ripples. And as has been also proposed in 5. SUMMARY

[14], higher rigidity of bilayers suppresses their rippling,
thus reducing the probability of hydrogen adsorption.

But the bilayer graphene data [14] may be also related to
data [15] (Section 2) on the graphene blister formation in
surface bilayers in HOPG, and also with data [12] (Section
3) on a sluggish kinetics of the hydrogen absorption in multi-
layer graphene (process Ill, Figs. 3, 4). It can result in de-
creasing the affinity for hydrogen in the case of bilayer sam-
ples [14].

As is noted in [14], the diamond-like graphane [13] is an
“until-now-theoretical material”, and the experimentally
produced graphane, particularly, relevance to anomalous
values of the lattice spacing d (Table 2), may have a more
complex hydrogen bonding than one suggested by theory
[13].

The above consideration of the graphene/graphane prob-
lem shows the following points:

1. It is expedient to consider an experimental graphane
(CH) not as a hydrocarbon, but as a carbohydride (the gra-
phene hydride).

2. Graphane may have not only the diamond-like structure
(theory), but the graphite-like one (experiment), as well.

3. An experimental graphane (carbohydride) can possess of
about the same strength properties as an experimental gra-
phene possesses, in contrary to the theoretical diamond-like
graphane.

4. The graphane-like (carbohydride-like) nanoregions
(nanostructures) can have place in some carbonaceous multi-
layer nanomaterials (graphite nanofibers and others).

This research obtained the following results.

First, a thermodynamic theory (description) of the proc-
ess of high-density hydrogen intercalation into (between)
near-surface graphene layers of highly oriented pyrolytic
graphite was developed and confirmed by comparing with
experimental and theoretical data. It includes kinetic (diffu-
sion) aspects, taking into account several processes of hy-
drogen chemisorption, and in particular, possible formation
of graphane-like (carbohydride-like) complexes.

Second, a thermodynamic theory (description) of the
process of high-density solid molecular hydrogen intercala-
tion into (between) closed graphane-like layers (nanore-
gions) of novel carbonaceous nanomaterials (graphite nan-
ofibers) was also developed and confirmed by comparing
with experimental and theoretical data. The necessary level
of atomic hydrogen external pressures (Py = 100 Pa), which
is necessary to intercalate solid molecular hydrogen of den-
sity p = 0.7 g(H,)/cm3(H,) in carbonaceous nanostructures
(at room temperatures), was estimated and confirmed by
comparing with experimental and theoretical data. As is
shown, it corresponds to formation of a megabar local inter-
nal pressure (stresses) in closed graphane-like nanoregions at
the cost of energy of the local association of hydrogen at-
oms. Particularly, it is confirmed by local swelling of the
nanomaterial.

Third, there are serious reasons to propose that a process
of dissociative chemisorption of hydrogen between graphene
layers in some carbonaceous nanostructures can be related to
formation of graphane-like (carbohydride-like) complexes
and/or nanoregions.
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Fourth, the necessary conditions for formation of a high-
density solid molecular (reversible) hydrogen carrier of a
high purity intercalated between graphane-like layers
(nanoregions) in carbonaceous nanomaterials (= 15 wt % H,
- the gravimetric hydrogen density) were defined.

Fifth, by using gravimetric and electron microscopy data,
the density value (py = 0.7£0.2 g(Ho)/em*(H,)) and the
volumetric  capacity  value (py =  0.28+0.04
g(Hz)/em®(system)) of the intercalated solid molecular (re-
versible) hydrogen in graphane-like nanofibers were defined.
As is shown, in this case the external pressure of molecular
hydrogen gas can be Py, = 10 MPa (100 bar) at temperature
about 300 K, providing Py = 100 Pa at the nanomaterial sur-
face (the catalyst method), and resulting in intercalation of
reversible megabar hydrogen carrier.

These results can be applied for developing much more
acceptable, safety and efficient technologies of the hydrogen
on-board storage in fuel-cell-powered vehicles, compared to
current technologies of composite vessels with high hydro-
gen pressure (about 80 MPa) and the space cryogenic ones.

And such a hydrogen storage nanotechnology can even
exceed (in some points) the known U.S. DOE requirements-
targets for 2015, with respect to the hydrogen capacities tar-
gets (9.0 wt % H,, 0.081 g(H,)/cm3(system)), safety, reversi-
bility and puirity. It could be also beneficial for other indus-
tries, for instance, those working on hydrogen generation
from water splitting, by using either nuclear or tidal energy.
And it may be of great benefit to an overall solution to the
problem of hydrogen storage and distribution.
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