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A theoretical analysis of the eﬀect of the
hydrogenation of graphene to graphane
on its mechanical properties
Qing Peng,* Chao Liang, Wei Ji and Suvranu De
We investigated the eﬀect of the hydrogenation of graphene to graphane on its mechanical properties
using first-principles calculations based on density-functional theory. The hydrogenation reduces the
ultimate strengths in all three tested deformation modes – armchair, zigzag, and biaxial – and the
in-plane stiﬀness by 1/3. The Poisson ratio was reduced from 0.178 to 0.078, a 56% decrease. However,
the ultimate strain in zigzag deformation was increased by 8.7%. The shear mode elastic constants are
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more sensitive than longitudinal ones to hydrogenation. The fourth and fifth order longitudinal mode
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third order. The hydrogenation does not change the monotonic decrement of the Poisson ratio with
increasing pressure, but the rate is tripled. Our results indicate that graphene–graphane systems could
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be used for hydrogen storage with high speed of charge–discharge of hydrogen.

elastic constants are inert to the hydrogenation, in contrast to a large decrease of those in second and

1 Introduction
As a monatomic layer of carbon atoms in a honeycomb
lattice,1,2 graphene is one of the strongest materials ever tested
with a tensile modulus of 1 TPa.3 With high carrier mobility
and saturation velocity, graphene has promising applications
in ultrahigh-speed radio-frequency electronics.4–6 However, a
zero bandgap limits its applications in field eﬀect transistors
with a high on–oﬀ ratio, as well as logic and high-speed
switching devices, since the current can never be turned oﬀ
completely.7–10 Hydrogenation is a chemical modification
towards opening bandgaps of graphene.11–16 As a derivative of
graphene, graphane is a theoretical non-magnetic semiconductor
with an energy gap formed by 100% hydrogenation of graphene
with stoichiometry CH (Fig. 1). It turns out that such hydrogenation greatly reduces the in-plane stiﬀness by about 30%.17
Besides stiﬀness, other mechanical properties such as high order
elastic constants, ultimate strengths, and ultimate strains are less
studied compared to its electronic properties.
There are some promising applications and recent developments of graphene including high frequency field-eﬀect
transistors,5 graphene-based spintronics,8 ferromagnetics,18
antiferromagnetics,19 mass sensors,20 and nanoelectronics.21
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Fig. 1

Left: graphane. Right: graphane molecule side and top view.

Mechanical properties are critical for designing parts or structures with these advanced 2D nanomaterials regarding their
practical applications. Strain engineering is a common and
important approach to tailor the functional and structural
properties of nanomaterials.22 In addition, these 2D materials
are vulnerable to strain with or without intent because of their
monatomic thickness. For example, there are strains caused
by the mismatch of lattices or surface corrugation due to
the presence of a substrate.21,23 Therefore, the knowledge of
mechanical properties of graphane is highly desired.
Depending on the loading, the mechanical properties are
divided into four domains: linear elastic, nonlinear elastic,
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plastic, and fracture. Materials in the first two strain domains
are reversible: i.e., they can return to equilibrium status after
the release of the loads. In contrast, the last two domains are
non-reversible. Defects are nucleated and accumulated with
the increase in the strain, until they rupture. Particularly in
graphene, the nonlinear mechanical properties are prominent
since the nanoindentation tests strongly suggested that the
graphene films were free of defects and remained elastic until
the intrinsic strength was reached.3,24 Thus knowledge of the
nonlinear elastic properties is necessary to understand the
strength and reliability of structures and devices.
The mechanical properties of graphene were studied
extensively,3,24–26 including the theoretical predictions of the
high order elastic constants describing the nonlinear elastic
properties.24,25 These predictions are based on first-principles
calculations in a unit cell containing two or four carbon atoms.
However, it was reported that the finite wave vector ‘‘soft
modes’’, which are the key factors in limiting the strength of
monolayer materials, can only be captured in unit cells with
hexagonal rings.27 Considering the overwhelming importance
of graphene, its nonlinear elastic properties necessitate a
rigorous investigation.
The two-dimensional graphane network was first suggested
by Sluiter and Kawazoe28 and by Sofo et al.,29 with an approach
to its synthesis made in 2009 by Elias et al.11 using exposure of
a single-layer graphene to a hydrogen plasma. It can also be
synthesized by reactive ball milling between anthracite coal and
cyclohexane,30 by exchanging the fluorine in fluorinated graphite
with hydrogen,31 or by dissolved metal reduction in liquid
ammonia.32 Hydrogenation of graphene can be reversed and
the original properties restored by annealing graphane at high
temperatures.33 The reversibility makes graphane a viable
option for hydrogen storage materials.34 The ability of hydrogen
absorption to produce graphane, which has a considerably wide
band gap in comparison to the gapless graphene, is of much
interest, especially since if the hydrogen were replaced by
lithium, the material would become a conductor.35
The prominent diﬀerence after hydrogenation is that graphane’s
carbon bonds are in sp3 configuration, as opposed to graphene’s sp2
bond configuration. As graphene turns into graphane, its lattice
constant increases from 2.46 Å to 2.51 Å.36 The C–C bond length
in graphane is 1.54 Å, and the C–H bond length is 1.11 Å. It has
been shown that the charge density around the C–C bonds in
graphane is similar to the charge density of a tetrahedrally
coordinated diamond. The angle between a C–C bond and a
C–H bond has been measured to be 107.341, and the angle
between two C–C bonds is 111.511. The intrinsic thermal ripples
present in graphene do not appear in graphane at finite
temperatures.37 The bandgap of graphane nanoribbons can be
linearly modulated by uniaxial elastic strains.38 To the best of our
knowledge, the mechanical properties of graphane have not been
reported experimentally. The response of a material to an applied
stress is determined by the elastic constants. Although the secondorder elastic constants including in-plane Young’s modulus and
Poisson ratio received enormous attention,17,39–42 the higher order
elastic constants have not been determined comprehensively.
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Under large deformation, the strain energy density needs to
be expanded as a function of strain in a Taylor series to include
quadratic and higher order terms. The higher order terms
account for both nonlinearity and strain softening of the elastic
deformation. They can also express other anharmonic properties
of 2D nanostructures including phenomena such as thermal
expansion, phonon–phonon interaction, etc.3 Knowledge of
higher order elastic constants is very useful in understanding
the anharmonicity. Using the higher order elastic continuum
description, one can calculate the stress and deformation state
under uniaxial stress, rather than uniaxial strain.24 In addition,
the pressure dependent second-order elastic moduli can be
obtained,43–46 as well as the variation in acoustic velocities due
to finite strain and stress.47
The goal of this paper is to study the nonlinear mechanical
properties of graphane and graphene, and find an accurate
continuum description of the elastic properties from ab initio
density functional theory calculations within the conventional
unit cell. As strain was applied, the total energies of the system,
forces on each atom, and stresses on the simulation boxes are
directly obtained from DFT calculations. The mechanical response
and fracture were studied, including ultimate strength and ultimate
strain. Furthermore, the high order elastic constants were obtained
by fitting the stress–strain curves to analytical stress–strain relationships that belong to the continuum formulation.48 With our
result of the high order elastic constants, the pressure dependence properties, including sound velocities, the second order
elastic constants, in-plane stiﬀness, and Poisson ratio, are
predicted. Our results of continuum formulation could be
useful in finite element modeling of the mechanical properties
of graphene and graphane at the continuum level. The remainder
of the paper is organized as follows. Section 2 presents the
computational method, including the computational details of
DFT calculations. The results and analysis are in Section 3,
followed by conclusions in Section 4.

2 Computational method
We consider a conventional unit cell which contains 6 carbon
atoms for graphene and 12 atoms (6 carbon atoms and
6 hydrogen atoms) for graphane (Fig. 2) with periodic boundary
conditions. Such a conventional unit cell is chosen to capture
the ‘‘soft mode’’, which is a particular normal mode exhibiting
an anomalous reduction in its characteristic frequency and

Fig. 2 Top-view of the simulation box of graphane (12 atoms) in the undeformed
reference configuration.
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leading to mechanical instability. This soft mode is a key factor
in limiting the strength of monolayer materials that can only be
captured in unit cells with hexagonal rings.27 A previous study
shows that the larger super cells, including (4  2), (6  3), (8  4),
and (10  10) unit cells, have almost identical results.17
The total energies of the systems, forces on each atom,
stresses, and stress–strain relationships under the desired
deformation configurations are characterized via first-principles
calculations with density-functional theory (DFT). DFT calculations were carried out with the Vienna Ab initio Simulation
Package (VASP)49 which is based on the Kohn–Sham Density
Functional Theory (KS-DFT)50 with the generalized gradient
approximations as parameterized by Perdew, Burke and
Ernzerhof (PBE) for exchange–correlation functions.51 The
electrons explicitly included in the calculations are the (2s22p2)
electrons. The core electrons (1s2) are replaced by the projector
augmented wave (PAW) and pseudo-potential approach.52
A plane-wave basis set with a kinetic-energy cutoﬀ of 600 eV
is used in all the calculations. The calculations are performed
at zero temperature. The criterion to stop the relaxation of the
electronic degrees of freedom is set by requiring the total
energy change to be smaller than 0.000001 eV. The optimized
atomic geometry was achieved through minimizing Hellmann–
Feynman forces acting on each atom until the maximum forces
on the ions were smaller than 0.001 eV Å 1. The atomic
structures of all the deformed and undeformed configurations
are obtained by fully relaxing atoms in the unit cells.
The irreducible Brillouin zone was sampled with a Gammacentered 25  25  1 k-mesh. Such a large k-mesh was used to
reduce the numerical errors caused by the strain of the systems.
The initial charge densities were taken as a superposition of
atomic charge densities. There was a 20 Å thick vacuum region
to reduce the inter-layer interaction to model the single layer
system. To eliminate the artificial eﬀect of the out-of-plane
thickness of the simulation box on the stress, we used the
second Piola–Kirchhoﬀ (P–K) stress48 to express the 2D forces
per length with units of N m 1. The Lagrangian strain53 is used
in this study, defined as Z = e + 1/2e2, where e is the stretch
ratio.48
For a general deformation state, the number of independent
components of the second, third, fourth, and fifth order elastic
tensors is 21, 56, 126, and 252, respectively. However, only
fourteen independent elastic constants need to be explicitly
considered due to the symmetries of the atomic lattice point
group D6h, which consists of a six-fold rotational axis and six
mirror planes.24
By a two-step least-squares fit, the fourteen independent
elastic constants are obtained from stress–strain relationships,
which are calculated by DFT calculations.48 In the first step, we
use a least-squares fit to five stress–strain responses. Five
relationships between stress and strain are necessary because
there are five independent components in fifth-order elastic
constants. We obtain the stress–strain relationships by simulating the following deformation states: uni-axial strain in the
zigzag direction (zigzag); uni-axial strain in the armchair direction
(armchair); and equibiaxial strain (biaxial). From the first step,
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the components of the second-order elastic constants (SOECs),
the third-order elastic constants (TOECs), and the fourth-order
elastic constants (FOECs) are over-determined (i.e., the number
of linearly independent variables is greater than the number of
constraints), and the fifth-order elastic constants (FFOECs) are
well-determined (the number of linearly independent variables
is equal to the number of constraints). Under such circumstances, a second step is needed: a least-square solution to
these over- and well-determined linear equations.

3 Results and analysis
3.1

Atomic structure

The most energetically favorable structure is set as the strainfree structure. The atomic structure as well as the conventional
cell of graphane is shown in Fig. 1. Specifically, the bond length
of the C–C bond (Fig. 1) is 1.54 Å, which is 0.12 Å longer than
that in graphene. The C–H bond length is 1.11 Å and the
shortest H–H distance is 2.54 Å. The C–C–C angle is 111.511
and the C–C–H angle is 107.341. Our results are in good
agreement with previous DFT calculations.41,54 It is not surprising that the graphane structure is similar to the diamond
structure (C–C bond length 1.54 Å, bond angles 1201 and
109.51), since the carbons have the same type of (sp3) bonds.
3.2

Strain energy

When the strains are applied, all the atoms are allowed full
freedom of motion. A quasi-Newton algorithm55 is used to relax
all atoms into equilibrium positions within the deformed unit
cell that yields the minimum total energy for the imposed
strain state of the super cell.
Both compression and tension are considered with Lagrangian
strains ranging from 0.1 to 0.45 with an increment of 0.01 in
each step for all three deformation modes. Such an asymmetrical strain range is selected according to the asymmetrical
mechanical responses to the tensile and compressive strains, as
detailed in the following subsection. We define strain energy
per atom Es = (Etot E0)/n, where Etot is the total energy of the
strained system, E0 is the total energy of the strain-free system,
and n is the number of atoms in the unit cell. This intensive
quantity is used for the comparison between diﬀerent systems,
for example, graphene. Fig. 3 top panel shows the Es of
graphane as a function of strain in uniaxial armchair (armchair),
uniaxial zigzag (zigzag), and equibiaxial (biaxial) deformation.
Es is seen to be anisotropic with strain direction. Es is nonsymmetrical for compression (Z o 0) and tension (Z > 0) for all
three modes. This non-symmetry indicates the anharmonicity
of the graphane structures.
The energy variation with respect to Lagrangian strain can
be classified into four strain regions: harmonic, anharmonic,
plastic, and failure region. The harmonic region where the Es is
a quadratic function of applied strain can be taken between
0.02 o Z o 0.02. The stresses, derivatives of the strain
energies, linearly increase with the increase in the applied
strains in the harmonic region. In the anharmonic region,
the linear stress–strain relationship is invalid and higher order
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Fig. 3 Energy–strain responses for armchair, zigzag, and biaxial strains of
graphane (top) and graphene (bottom).

terms are not negligible. With even larger loading of strains, the
systems will undergo irreversible structural changes, and
then fail.
The maximum strain in the anharmonic region is the critical
strain. Under armchair deformation, the critical strain is
0.22, less than that of graphene (0.31). For zigzag and biaxial
deformation, the critical strains are not spotted in the testing
range for both materials. The ultimate strains are determined
as the corresponding strain of the ultimate stress, which is the
maxima of the stress–strain curve, as discussed in the following
section. A critical strain of 0.34 in biaxial deformation of
graphane was previously reported.17 As the authors pointed
out, the system under strains between the critical strain and the
ultimate strain is meta-stable. The critical strain depends on
various defects and temperature of the system, which is beyond
the scope of this paper.
3.3

Stress–strain curves

The second P–K stress versus Lagrangian strain relationship for
uniaxial strains along the armchair and zigzag directions
and biaxial strains is shown in Fig. 4. The ultimate strength
is the maximum stress that a material can withstand while
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being stretched, and the corresponding strain is the ultimate
strain. Under ideal conditions, the critical strain is larger than
the ultimate strain. The systems of perfect graphane and
graphene under strains beyond the ultimate strains are in a
meta-stable state, which can be easily destroyed by long wavelength perturbations and vacancy defects, as well as high
temperature eﬀects.17 The ultimate strain is determined by
the intrinsic bonding strengths and acts as a lower limit of
the critical strain. Thus it has practical meaning in consideration for its applications.
The ultimate strengths and strains corresponding to the
diﬀerent strain conditions are given in Table 1, compared with
that of graphene. Both materials behave in an asymmetric
manner with respect to compressive and tensile strains. For
example, as shown in Fig. 4, the stress applied on graphene is
74 N m 1 (corresponding to a pressure of 222 GPa using the
carbon layer distance of 3.34 Å in graphite) when a biaxial strain
of 0.1 is applied, whose magnitude is about three times of that
at a strain of 0.1 (25 N m 1), and more than twice of the ultimate
strength of the material (32.1 N m 1). Thus the large negative
strains beyond 0.1 will cause unphysically large stresses.
With increasing strains, the C–C bonds are stretched and
eventually rupture. The insets in Fig. 4 show the atomic structure
of graphane at ultimate strain. When the strain is applied in the
armchair direction, the bonds of those parallel in this direction
are more severely stretched than those in other directions. While
the bond length is larger than 1.08 times its value at zero strain, it
is considered to be ruptured (Fig. 4, top). The C–H bonds are not
aﬀected since they are perpendicular to the strains. Under the
deformation mode z, in which the strain is applied perpendicular
to the armchair, there is no bond parallel to this direction. The
bonds at an incline to the zigzag direction with an angle of 301
are more severely stretched than those in the armchair direction.
Under the ultimate strain in mode z, which is 0.25, the bonds at
an incline to the armchair direction are observed to be ruptured
(Fig. 4, middle). Under the ultimate strain in mode b (Zmb = 0.23),
all the C–C bonds are observed to be ruptured (Fig. 4, bottom).
Please note that the softening of the perfect graphane and
graphene under strains beyond the ultimate strains only occurs
for ideal conditions. The systems under this circumstance are
in a meta-stable state, which can be easily destroyed by long
wavelength perturbations, vacancy defects, as well as high
temperature eﬀects.17 Thus only the data within the ultimate
strain have physical meaning and were used to determine the
high order elastic constants in the following subsection.
3.4

Elastic constants

The elastic constants are critical parameters in finite element
analysis models for mechanical properties of materials. Our results
of these elastic constants provide an accurate continuum description of the elastic properties of graphane from ab initio density
functional theory calculations. They are suitable for incorporation
into numerical methods such as the finite element technique.
The second order elastic constants model the linear elastic
response. The higher (>2) order elastic constants are important
to characterize the nonlinear elastic response of graphane
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Fig. 4 Stress–strain responses of graphane (left) and graphene (right) under the armchair (top), zigzag (middle), and biaxial (bottom) strains. S1 (S2) denotes the x (y)
component of stress. ‘‘Cont’’ stands for the fitting of DFT calculations (‘‘DFT’’) to continuum elastic theory.

using a continuum description. These can be obtained using a
least squares fit of the DFT data and are reported in Table 2.
Corresponding values for graphene are also shown.
The in-plane Young’s modulus Ys and Poisson’s ratio n may be
obtained from the following relationships: Ys = (C112 C122)/C11
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and n = C12/C11. Our results for graphene are Ys = 246.7 (N m 1)
and n = 0.078, which are in good agreement with previous ab initio
studies,17,39–42 specifically, Ys = 243 (N m 1) and n = 0.07 in ref. 17.
A detailed comparison with the results in ref. 39 of graphane is
listed in Table 2. Our calculated value of in-plane stiﬀness and
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Table 1 Ultimate strengths (Sam, Szm, Sbm) and ultimate strains (Zam, Zzm, Zbm) under
uniaxial strains (armchair and zigzag) and biaxial strain of both graphane and
graphene from DFT calculations

Sam
Zam
Szm
Zzm
Sbm
Zbm

Downloaded by Rensselaer Polytechnic Institute on 18 January 2013
Published on 05 December 2012 on http://pubs.rsc.org | doi:10.1039/C2CP43360E

a

Graphane

Graphene

Graphenea

18.9
0.17
21.4
0.25
20.8
0.23

28.6
0.19
30.4
0.23
32.1
0.23

29.5
0.19
31.4
0.24
33.1
0.24

2-Atom unit cell was used in ref. 24.

Poisson’s ratio of graphene agrees with the experimental value3
and theoretical predictions.24,25
The in-plane stiﬀness of graphane is quite small compared
to graphene, which indicates that the graphane is softened by
the introduction of the hydrogen. This could be understood as
follows. The C–C bond length in graphane is 1.54 Å, about
8.5 percent larger than that of graphene (1.42 Å). The C–C bonds
have been stretched in graphane previously by the introduction
of hydrogen atoms referring to the pristine graphene. These
stretched C–C bonds are weaker than those un-stretched,
resulting in a reduction of the mechanical strength.
The knowledge of higher order elastic constants is very
useful to understand the anharmonicity. Especially, third-order
elastic constants are important in understanding the nonlinear
elasticity of materials such as changes in acoustic velocities due
to finite-strain.
Both graphane and graphene monolayers exhibit instability
under large tension. Stress–strain curves discussed in the
previous section show that they will soften when the strain is
larger than the ultimate strain. From the view of electron
bonding, this is due to the bond weakening and breaking. This
softening behavior is determined by the TOECs and FFOECs
in the continuum aspect. The negative values of TOECs and
Table 2 Nonzero independent components for the SOECs, TOECs, FOECs, and
FFOECs, Poisson ratio n, and in-plane stiﬀness Ys of graphane from DFT calculations, compared with graphene and previous studies

a
Ys
n
C11
C12
C111
C112
C222
C1111
C1112
C1122
C2222
C11111
C11112
C11122
C12222
C22222

Graphane

Graphanea

Graphene

Grapheneb

2.540
246.7
0.078
248.2
19.4
2374.1
95.4
2162.8
19 492
819
68
14 823
103 183
816
16 099
10 151
134 277

2.54
246.4
0.081
248
20
1385
195

2.468
340.8
0.178
352.0
62.6
3089.7
453.8
2928.1
21 927
2731
3888
18 779
118 791
19 173
15 863
27 463
134 752

2.446
348
0.169
358.1
60.4
2817
337.1
2693.3
13 416.2
759
2582.8
10 358.9
31 383.8
88.4
12 960.5
13 046.6
33 446.7

a
4-Atom unit cell (two C and two H atoms), ref. 39. b 2-Atom unit cell
was used and fitting data beyond ultimate strains, ref. 24.
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FFOECs ensure the softening of the graphane monolayer under
large strain.
The longitudinal mode elastic constants (diagonal terms
including C11, C22, C111, C222, and so on) of graphane monolayers are smaller than those of graphene, consistent with the
knowledge that the graphane is ‘‘softer’’. The fourth and fifth
order longitudinal mode elastic constants are inert to the
hydrogenation, in contrast to a large decrease (about 1/3) of
those in second and third order. The shear mode elastic
constants (oﬀ-diagonal terms including C12, C112, C1122, etc.)
in general are smaller than those of graphene, which contributes to its lower Poisson ratio. However, some shear mode
elastic constants are very sensitive to hydrogenation than
longitudinal ones.
Our results of third order elastic constants of graphene agree
with previous 2-atom-unit cell results.24 However, there is a
considerable diﬀerence in the fourth and fifth order elastic
constants. This is mainly because that the primitive unit cell
(2-atom unit cell) does not have the freedom to distort along the
K1 mode (soft mode) as the primitive translational symmetry is
enforced.27 Such K1 soft mode is a precursor to a phase
transition as in soft-mode theory or directly leads to mechanical failure. This failure mechanism aﬀects the nonlinear
behavior of graphene around the ultimate strain, especially
the fourth and fifth order elastic constants.
It should be noted that the Poisson ratio of graphene was
greatly reduced by the hydrogenation. To the best of our
knowledge, the graphane has the lowest Poisson ratio among
known monolayer honeycomb structures.17 Such unique characteristics could be the result of the monatomic buckled carbon
layer. Although the diamond has also the buckled carbon layers
with sp3 bonds, the Poisson ratio of diamond is 0.2, which is
much higher than that of graphane. The distinctive monatomic
buckled carbon layer allows in-plane bending modes, involving
the C–C–C angles. In principle, it could cause a strong anharmonic
coupling of the out-of plane bending mode with these in-plane
bending accordion modes, which reduces the out-of-plane
strains as the in-plane strains are applied, resulting in an
extremely low Poisson ratio. A recent review paper also reports
that materials with stiﬀ arms or struts in directions normal to
the loading axis will resist transverse contraction and exhibit
low Poisson ratio.56 As shown in Fig. 1, the C–H bonds are
perpendicular to the plane. These stiﬀ ‘‘arms’’ results in low
Poisson ratio. This could also explain the unexpected behavior
of graphane that it is an unrippled system at finite temperature
in contrast to graphene.
Our results of mechanical properties of graphene and
graphane are limited to zero temperature due to current DFT
calculations. Once the finite temperature is considered, the
thermal expansions and dynamics will in general reduce the
interactions between atoms. As a result, the longitudinal mode
elastic constants will decrease with respect to the temperature
of the system. The variation in shear mode elastic constants
should be more complex in responding to the temperature.
A thorough study will be interesting, which is, however, beyond
the scope of this study.
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Pressure eﬀect on the elastic moduli

With third-order elastic moduli, we can study the eﬀect of
the second-order elastic moduli on the pressure p acting in
the plane of graphane. Explicitly, when pressure is applied, the
pressure dependent second-order elastic moduli (C̃11, C̃12, C̃22)
can be obtained from C11, C12, C22, C111, C112, C222, Ys,
and n.47,48
The second-order elastic moduli of graphane are seen to
increase linearly with the applied pressure (Fig. 5). Poisson’s
ratio also increases monotonically with the increase in pressure. C̃11 is not symmetrical to C̃22 any more. Only when P = 0,
C̃11 = C̃22 = C11. This anisotropy could be the outcome of
anharmonicity.
Compared to graphene, the pressure eﬀects on the elastic
moduli of graphane have similar trends, however with a larger
magnitude. The hydrogenation does not change the monotonic
decrement of the Poisson ratio with increasing pressure, but
the rate is tripled. This illustrates that the hydrogenation
aﬀects the elastic behaviors of graphene under pressure.
3.6

Promising applications

As revealed in our study, graphane has a Poisson ratio of 0.078,
which is about half of that of graphene, and the smallest
among the discovered monolayer honeycomb structures.17 This
outstanding property has remarkable applications in transportations. The smaller Poisson ratio value means that the stress
(or strain) in one direction will cause less deformation in other
directions. For a highly pressurized flow, there is a large stress
inside the tube outward to the cylinder surface radially. This
radial stress is applied to the tube, which causes a deformation,
resulting in a dilation of the diameter and shrinkage in length.
The decrease in length, in particular, can have a noticeable size
change at the end of the long tube. Also the large perpendicular
deformation of the tube will aﬀect the transportation and its
lifetime.
With such a small Poisson ratio, graphane is a good candidate to build tubes or pipelines that transfer materials with
high speed by applying high pressure. At finite temperature,
the graphane is intrinsically unrippling,37 which makes the
graphane plane stable at finite temperature. Furthermore, as
shown in Fig. 5, the Poisson ratio monotonically decreases with
increase in the pressure. Such negative coupling between the
Poisson ratio and applied stress indicates that the nanotubes
made with graphane will be very stable under the working
conditions.
Recall that the hydrogenation of graphene to graphane is
reversible, which makes graphane a viable option for hydrogen
storage materials.34 The unique mechanical properties of
graphane will potentially ensure high speed charge and discharge
of hydrogen atoms. Thus, the graphane–graphene systems
could be used to build advanced high speed and eﬃcient
hydrogen storage devices, such as a matrix of nanotubes. The
hydrogen atoms can be injected with high speed through
the nanotubes during the charging process. For discharging,
the hydrogens can be released quickly through the pipelines.
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Fig. 5 Second-order elastic moduli and Poisson ratio as a function of pressure
for graphane (top) and graphene (bottom).

4 Conclusions
We studied the eﬀect of the hydrogenation of graphene to
graphane on its mechanical properties by examining the mechanical response of both graphane and graphene under various
strains using first-principles calculations based on density functional theory. A conventional unit cell containing a hexagonal
ring made of carbon atoms was chosen to capture the finite wave
vector ‘‘soft modes’’, which aﬀect the fourth and fifth elastic
constants considerably. It is observed that graphane exhibits a
nonlinear elastic deformation up to an ultimate strain, which is
0.17, 0.25, and 0.23 for armchair, zigzag, and biaxial directions,
respectively. The deformation and failure behavior and the
ultimate strength are anisotropic. The ultimate strength in biaxial
strain is 0.07 N m 1 larger than that in the armchair strain, but
0.01 N m 1 lower than that in the zigzag strain. Compared to
graphene, our study shows a reduction of 1/3 of ultimate
strengths in all three tested deformation modes after hydrogenation. However, graphane has larger ultimate strains in
zigzag deformation, and smaller in armchair deformation.
The nonlinear mechanical properties of graphane and graphene
were investigated. We found an accurate continuum description of
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the elastic properties by explicitly determining the fourteen
independent components of high order (up to fifth order)
elastic constants from the fitting of the stress–strain curves
obtained from DFT calculations. These data are useful to
develop a continuum description which is suitable for incorporation into a finite element analysis model for its applications at large scale. Our results of third order elastic constants
of graphene obtained from a 6-atom-unit cell agree with those
from previous calculations within a 2-atom-unit cell. However,
there is a considerable diﬀerence between fourth and fifth
order elastic constants.
Graphane is observed to have a relatively low in-plane
stiﬀness of 242 N m 1, which is about 2/3 of that of graphene,
and a very small Poisson ratio of 0.078, 44% of that of
graphene. The shear mode elastic constants are more sensitive
than longitudinal ones to hydrogenation of graphene to graphane.
The fourth and fifth order longitudinal mode elastic constants
are inert to the hydrogenation, in contrast to large decrease
(about 1/3) of those in second and third order. The pressure
dependence of the second order elastic constants was predicted
from the third order elastic constants. The hydrogenation does
not change the monotonic decrement of the Poisson ratio with
increasing pressure, but the rate is tripled.
To the best of our knowledge, graphane’s Poisson ratio is the
smallest among known monolayer honeycomb structures. Such
unique mechanical properties make the graphane a good
candidate for materials building the tubes or pipelines that
transfer materials in high speed under the applied high pressure. Poisson’s ratio monotonically decreases with increase in
the pressure. Such negative coupling between the Poisson ratio
and applied stress indicates that the pipelines made with
graphane will be stable under the working conditions of high
pressure loading. Combined with reversible hydrogenation, the
potentially high speed of charge and discharge of hydrogen will
make the graphene–graphane an ideal system for advanced
high-eﬃciency high-density hydrogen storage.
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