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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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В  данной работе методом молекулярно-динамического моделирования исследуется влияние сжимающей гидро-
статической деформации на процесс разводораживания скомканного графена. Скомканный графен представляет 
собой углеродную структуру, состоящую из большого количества графеновых чешуек, связанных между собой си-
лами Ван-дер-Ваальса. Эти структуры обладают уникальными механическими свойствами и являются сверхлегкими 
материалами, поэтому могут найти применение в различных отраслях промышленности, например, в водородной 
энергетике. Одним из важных направлений в исследовании углеродных структур является создание новых материа-
лов для хранения и транспортировки водорода. В представленной работе показано, что поры скомканного графена 
могут использоваться как емкости для хранения атомов водорода, при этом гидростатическое сжатие является эф-
фективным способом удержания водорода внутри структуры. На основе анализа изменения плотности наводоражи-
вания установлено, что применение деформации ведет к существенному улучшению сорбционных характеристик 
структуры. При этом гидростатическое сжатие скомканного графена приводит к увеличению объемной плотности 
наводораживания. Установлено, что с ростом степени сжатия структуры количество атомов водорода, покинувших 
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поры скомканного графена в процессе выдержки при температуре 300 K, заметно уменьшается. При этом увеличе-
ние степени сжатия больше 25% не рассматривается, поскольку при этих деформациях могут появляться расчетные 
ошибки.. Ожидается, что последующий нагрев структуры приведет к высвобождению водорода за счет раскрытия 
чешуек графена и возрастания термофлуктуационных колебаний атомов.
Ключевые слова: скомканный графен, водородная энергетика, хранение водорода, молекулярная динамика.

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 m2 / 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 sp2 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 

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 (NC = 616) (Fig.  1b) was obtained by cutting atomic 

          a        b     c

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 1H are gray, carbon atoms 12C are black, and edge carbon atoms 13C 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 σ-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 13mp, while carbon atoms in a basal plane have a 
mass of 12mp, where mp =1.6603 ×10−27 kg. Hydrogen atoms 
(NH = 371) are placed inside the cave of the flake, after which 
it was transmitted along the three x, y, z coordinate axes so as 
to obtain a 3 × 3 × 3 unit cell (Fig. 1c). In total, the simulation 
cell contains N = 26649 with NC =16335 carbon atoms and 
NH =10314 hydrogen atoms. The orientation of each graphene 
flake inside the simulation cell was set randomly (see Fig. 1c). 
In Fig. 1, the 1H 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 13C.

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 ρ0(C) = 0.04182 g / cm3, and the 
specific surface area of crumpled graphene is 11189  m2 / 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 ρg0 = 34.48 % wt., The initial volumetric 
capacity of accumulated hydrogen, which is defined as 
the mass of accumulated hydrogen per unit volume, is 
ρV0 = 0.01127 g / cm3.

The computational cell is subjected to hydrostatic 
compression (εх = εу = εz = ε) at a temperature close to 0  K, 
where ε <  0 is a deformation parameter monotonically 
increasing with a rate of 0.1  ps−1. After applying several 
different values of compressive strain (ε = 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 ε 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 

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 H2. 
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 ρV on the degree of deformation ε, is 
presented in Fig. 3. It can be seen, that with an increase in 
the deformation value of crumpled graphene, a monotonic 
increase in ρV occurs, and the slope of the curve ρV (ε) 
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 ρg as the function 
of deformation ε 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.

Fig. 3. Volumetric capacity of stored hydrogen ρV as the function of 
strain ε after exposure at 300 K.

Fig. 2. Number of hydrogen atoms in crumpled graphene as the 
function of strain ε after exposure at 300 K: curve with circles — 
the amount of hydrogen that move out of the structure NH

out ; curve 
with squares — the amount of absorbed hydrogen NH

abs ; curve with 
triangles — the amount of molecular hydrogen NH

mol .
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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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