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In this work, the effect of hydrostatic compression on dehydrogenation of crumpled graphene is investigated using molecular
dynamics simulation. Crumpled graphene is a carbon structure composed of a large number of graphene flakes interacted by
van der Waals forces. These ultralight materials have unique mechanical properties and can be used in various applications,
for example, in hydrogen technologies. One of the important issues in the study of carbon structures is the search for the
new materials for hydrogen storage and transportation. In the present work, it is shown that pores of crumpled graphene
can be used as the caves for the storage of hydrogen atoms and molecules, and hydrostatic compression is an effective way of
keeping hydrogen inside the caves. Based on the analysis of changes in the capacity of hydrogen absorption, it is found that
the application of deformation leads to a significant improvement in the sorption characteristics of crumpled graphene. At the
same time, hydrostatic compression of crumpled graphene leads to an increase in volumetric hydrogen capacity. It has been
established that, with an increase in the degree of compression, the number of hydrogen atoms leaving the pores of crumpled
graphene decreases after exposure at 300 K. It is expected that the subsequent heating of the structure will lead to the release
of hydrogen due to the opening of graphene flakes and an increase in thermal fluctuation oscillations of atoms, which is
important for the dehydrogenation process.
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B manHOII paboTe MeTOLOM MOJEKY/IAPHO-AVHAMIYeCKOTO MOJEIMPOBAHMA VICCIENYeTCs BIUAHNE CKUMAIOLIEN TUpO-
CTaTM4ecKoll fedopmanny Ha IpoLecc pasBOfOPAKMBAHMA CKOMKAaHHOrO rpadeHa. CKOMKaHHBI rpadeH MpefCcTaBIgeT
c0o00JT YIIepOIHYIO CTPYKTYPY, COCTOSAIIYIO U3 OO/IBLIOrO KOMNYecTBa rpa)eHOBBIX YelllyeK, CBA3aHHBIX MEeX/y co00It cu-
namu BaH-fep-Baanbca. DTy CTPYKTYpbI 00/1a/Jal0T YHUKATLHBIMM MEXaHIYeCKUMM CBOJICTBAMM U SIBJIAIOTCS CBEPX/ICTKIIMI
MaTepuanaMy, II03TOMY MOTYT HaiiTU IPMMEHEHNE B Pa3IMYHBIX OTPAC/AX NPOMBIIIJIEHHOCTY, HAIIpUMep, B BOJOPOHOI
sHepreTuke. OTHNM 113 Ba)KHBIX HAaIIpaB/IeHNII B ICC/IENOBAHNM YI/IEPOTHBIX CTPYKTYP SB/IAETCS CO3[aHle HOBbIX MaTepya-
JIOB JUII XpaHEeHNUA U TPAaHCIOPTUPOBKYU BOJOpOya. B mpepcraBieHHOl paboTe IIOKa3aHO, YTO MIOPBI CKOMKaHHOTO rpadeHa
MOTYT JICIIO/Ib30BATbCS KaK eMKOCTH /L1 XpaHeHMs aTOMOB BOLOPOJa, IIPU 9TOM I'MIPOCTaTUYeCKOe CXKATIe ABNIAeTC 9¢h-
(eKTMBHBIM CIOCOOOM yHiep>KaHMsl BOJOPOJa BHYTPM CTPYKTYpblL. Ha 0cHOBe aHa/IM3a M3MeHeHV ITIOTHOCTY HaBOJOPaKU-
BaHNA YCTAaHOBJIEHO, YTO IIpUMeHeHMe flepopManyi BefieT K CYIIeCTBeHHOMY YIYYILIeHNIO COPOLIMOHHBIX XapaKTepUCTUK
CTPYKTYPpbL IIpy aTOM ruppocTaTnyeckoe cxkarue CKOMKaHHOTO Tpad)eHa IIPUBOJUT K YBEIMYEHNIO 00'beMHOI IJIOTHOCTHI
HaBOJOPa)KMBaHNA. YCTaHOBJIEHO, YTO C POCTOM CTEIIEHN CKATUA CTPYKTYPBI KOTMYECTBO aTOMOB BOJOPOJIA, MOKMHYBIINX
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HOPBI CKOMKaHHOTO rpad)eHa B Ipoliecce BbiepxKu mpu temmeparype 300 K, sametHo ymenbinaercs. [Ipu aTom yBemndye-
HIMe CTeTleHN CKaTusA 6osblile 25% He paccMaTpUBaeTCs, TOCKOIbKY IIPK 9THX AepOpPMAIVIAX MOTYT HOSABIIATbCS PacieTHbIE
omn6Km.. OKugaeTcs, 4To MOCAeAYIOUNIT HATPEeB CTPYKTYPLI IPUBEAET K BHICBOOOXK/IEHNIO BOOPOZA 33 CUET PACKPBITHA
Jenryek rpadeHa 1 BO3pacTaHMA TepMO(IyKTYalMOHHBIX KOMebaHNUIT aTOMOB.

KiroueBblie cToBa: CKOMKaHHBI rpa(l)eH, BOJIOpOHAA 9HEPreTUKA, XpaHEHNE BOJOPOJA, MOIEKYIAPHAA NMTHAMMKA.

1. Introduction

The search of new carbon structures has not ceased over
the past decades due to its unique properties found both
in theoretical and experimental studies [1-13]. To date,
carbon aerogels [1], crumpled graphene [2-4], pillared
graphene [5,6], moiré graphene bilayers [7], diamond-
like carbon phases [9-13] and many others have been
experimentally synthesized or theoretically studied. These
ultra-light materials have unique mechanical characteristics
and good conductive properties, and, therefore, can be
used in various industries, for example, energy storage,
nanoelectronics, photovoltaics, and sensor devices. One
of the important issues is the use of new carbon materials
for hydrogen transportation and storage. The advantages of
carbon nanostrucutres are a large specific surface area, low
density compared with intermetallic compounds, chemical
inertness, to name a few. Today, different carbon structures
were considered for reversible hydrogen sorption [14 -20].
Various systems are considered as potential hydrogen
sorbents, both traditional (activated carbon and graphites)
and new (porous carbon, nanocarbon fibers and tubes). A
special characteristic of such materials is the rapid kinetics
and complete reversibility of hydrogen adsorption.
Crumpled graphene is a carbon structure consisting of
graphene flakes interacted by van der Waals forces. A simple
and green way to synthesize this nanomaterial with an
ultrahigh specific surface (3523 m?/g) and high conductivity
was proposed in [2]. Analysis of the structure showed that
such a material consists of many defective/crumpled graphene
flakes several nanometers in size. It was established that
carbon atoms with sp? hybridization prevail in this structure.
It is well known that the maximum measured hydrogen
capacity of graphene is 2% wt., which is much lower than the
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minimum required value of 5-6% wt. Therefore, in order to
increase the mass of hydrogen accumulated in the structure,
it is necessary to use not chemical, but physical methods of
storing hydrogen in carbon material. For example in [21] a
way to create a graphene box filled with molecular hydrogen
was proposed. Crumpled graphene is a very promising
material for hydrogen energy because pores of the structure
can be natural sources of hydrogen accumulation.

Therefore, it is important to investigate ways of storage
and transportation of hydrogen in crumpled graphene. This
paper is devoted to the atomistic modeling of dehydrogenation
mechanisms of crumpled graphene, depending on the degree
of compressive deformation.

2. Simulation details

Molecular dynamics, which well reproduces the properties
of the carbon structures and studies structural changes
during deformation, as well as estimating the characteristics
of hydrogenated graphene is used for the study of crumpled
graphene and the effect of deformation on dehydrogenation
mechanisms. All the simulations are carried out using the
freely distributed simulation package LAMMPS with the
interatomic interactions potential AIREBO [22], which
was shown to reproduces well the properties of various
hydrocarbon structures. In particular, it was used to study
discrete breathers in graphane [23-25], mechanical
properties of hydrogenated graphene [26,27], various
structural configurations of hydrogenated graphene
[28-30], and others. Analysis of the results is carried out
using home-made software packages.

The schematic of generation of the initial structure is
shown in Fig. 1a,b. A single structural element — graphene
flake (N.=616) (Fig. 1b) was obtained by cutting atomic

Fig. 1. Schematic of how the initial structure of crumpled graphene is obtained: carbon nanotube (15,15) 2.5 nm long (a); graphene flake with
hydrogen atoms in the pore (b); crumpled graphene, consisting of randomly oriented graphene flakes, repeated along three x, y, z coordinate
axes (c). Hydrogen atoms 'H are gray, carbon atoms “C are black, and edge carbon atoms *C with higher molar mass are white.
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rows from a 2.5 nm long carbon nanotube (15,15) (Fig. 1a).
A similar method of generation of the initial structures
was used earlier in modeling crumpled graphene [31-33].
The chemical reactivity of the carbon atoms localized on a
graphene flake edge differs from the relative inertness of the
basal plane [34]. Broken o-bonds at the edges develop radical
groups with accessible and highly active electrons. One of
the simplest ways to modify the edge atom and to take into
account the chemical activity of the edge atoms is to add
hydrogen atom and create CH group [35]. Thus, atoms along
the edges of a graphene flake are considered as CH group with
the mass of 13m , while carbon atoms in a basal plane have a
mass of 12m , where m =1.6603 x10" kg. Hydrogen atoms
(N, =371) are placed 1n51de the cave of the flake, after which
it was transmitted along the three x, y, z coordinate axes so as
to obtain a 3 x 3 x 3 unit cell (Fig. 1¢). In total, the simulation
cell contains N=26649 with N_=16335 carbon atoms and
N,,=10314 hydrogen atoms. The orientation of each graphene
flake inside the simulation cell was set randomly (see Fig. 1c).
In Fig. 1, the 'H hydrogen atoms are represented in gray, the
12C carbon atoms are black, and the edge carbon atoms with a
higher molar mass are shown in white *C.

It should be noted that an increase in the structure does
not lead to a significant change in the simulation results. In
the presented model, the simulation cell is located in a certain
free space in all three directions x, y, z, which allowed the
hydrogen atoms to move out of the crumpled graphene and
freely move inside the cell.

The initial structure is relaxed to the state with the
minimum potential energy. The initial density of the
structure without hydrogen is p (C) =0.04182 g/cm’, and the
specific surface area of crumpled graphene is 11189 m?/g.
The initial gravimetric capacity of hydrogen, which is
defined as the ratio of the mass of all hydrogen to the mass
of the entire system, is p = 34.48% wt., The initial volumetric
capacity of accumulated hydrogen, which is defined as
the mass of accumulated hydrogen per unit volume, is
p,,=0.01127 g/cm’.

The computational cell is subjected to hydrostatic
compression (sxzsyzsfs) at a temperature close to 0 K,
where €<0 is a deformation parameter monotonically
increasing with a rate of 0.1 ps™'. After applying several
different values of compressive strain (¢=5, 10, 15, 20, 25%),
the structure is maintained at a temperature of 300 K using
a Nose-Hoover thermostat to follow the process of graphene
dehidrogination at each value of the chosen strain. The
exposure time is 2 ps, an increase of which did not lead to
significant changes in the results obtained.

3. Results and discussion

Fig. 2 shows changing of number of hydrogen atoms in
crumpled graphene as the function of strain ¢ after exposure
at 300 K. It can be seen that with the increase of deformation
value the number of hydrogen atoms monotonously
decreases from ~2500 to ~600 atoms. Value of the absorbed
hydrogen does not changing during exposure (curve with
the blue squares in Fig. 2) which can be explained by the fact
that AIREBO potential is not suitable for such simulations.
Atoms in the basal plane cannot attach hydrogen atoms
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during simulation. Analysis of the structure during exposure
at 300 K showed that most of the hydrogen atoms in the
process of relaxation transform into the molecular state H,.
At the same time, with an increase of the deformation value,
number of H atoms (a curve with triangular symbols in
Fig. 2) slightly increases from 28% to 32 -33%.

Based on the conducted analysis of the change in the
concentration of hydrogen atoms in the structure of crumpled
graphene, the dependence of the volumetric capacity of
accumulated hydrogen p, on the degree of deformation e, is
presented in Fig. 3. It can be seen, that with an increase in
the deformation value of crumpled graphene, a monotonic
increase in p, occurs, and the slope of the curve p, ()
decreases with deformation value increasing. Compressive
strain above 25% is not considered because at this strain level
structure density considerably increased and hydrogen atoms
attached to graphene surface or free cannot be distinguished.

An important characteristic of carbon structures used for
hydrogen storage and transportation is gravimetric capacity.
Gravimetric capacity of crumpled graphene p as the function
of deformation e after exposure at 300 K is shown in Fig. 4.
It can be seen that gravimeric capacity is not changing. As it is
mentioned above, this is connected with the applied potential
function.
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Fig. 2. Number of hydrogen atoms in crumpled graphene as the
function of strain ¢ after exposure at 300 K: curve with c1rcles —
the amount of hydrogen that move out of the structure N;"; curve
with squares — the amount of absorbed hydrogen N Hb ; curve with

triangles — the amount of molecular hydrogen N ;"
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Fig. 3. Volumetric capacity of stored hydrogen p,, as the function of
strain ¢ after exposure at 300 K.
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Fig. 4. Gravimetric capacity P, of crumpled graphene as the function
of strain ¢ after exposure at 300 K.

4. Conclusions

The results obtained by molecular dynamics simulation show
that hydrostatic compression is an effective way to increase
the volumetric capacity of hydrogen absorption by crumpled
graphene. The number of hydrogen atoms moving from the
pores of crumpled graphene during the simulation decreases
noticeably with an increase in the compression value.

The data obtained allow to predict the possibility
of using crumpled graphene as a medium for hydrogen
storage and transportation. Hydrostatic compression of
the structure leads to a significant increase in both the
sorption capacity of graphene and the better preservation of
hydrogen molecules in the pores and folds of graphene flakes.
It is expected that the subsequent heating of the structure
will lead to the full opening of graphene flakes and the
release of hydrogen, which is important for dehydrogination
mechanisms.
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