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Partially hydrogenated and fluorinated graphene: Structure, roughness,
and negative thermal expansion
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The structural properties of partially hydrogenated and fluorinated graphene with different percentages of H/F
atoms are investigated using molecular dynamics simulations based on reactive force field (ReaxFF) potentials.
We found that the roughness of graphene varies with the percentage (p) of H or F and in both cases is maximal
around p = 50%. Similar results were obtained for partially oxidized graphene. The two-dimensional area size
of partially fluorinated and hydrogenated graphene exhibits a local minimum around p = 35% coverage. The
lattice thermal contraction in partially functionalized graphene is found to be one order of magnitude larger
than that of fully covered graphene. We also show that the armchair structure for graphene oxide (similar to
the structure of fully hydrogenated and fluorinated graphene) is unstable. Our results show that the structure of
partially functionalized graphene changes nontrivially with the C : H and C : F ratio as well as with temperature.
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I. INTRODUCTION

Graphene is a crystalline allotrope of carbon arranged in
a two-dimensional (2D) honeycomb lattice with sp2 in-plane
covalent bonds [1,2], which has gained considerable attention
in recent decades due to its exceptional physical properties
[3–8]. The thermal properties of graphene are of particular
interest because it has the largest thermal conductivity among
other materials, i.e., 1000 W m−1 K−1. Therefore, it is a
desirable candidate in applications for thermal transport and
heat management in nanoelectronic devices [9]. Experimental
observations have found ripples in suspended sheets of
graphene [10], and recently our atomistic simulations suggest
that the strong bonds between the carbon atoms determine the
features of these ripples [11].

On the other hand, hydrocarbons (CH)n are the simplest
organic structures, made of merely carbon and hydrogen atoms
[12], which have a very different thermal conductivity due to
sp3 bond formation in hydrogenated graphene. Experimen-
tally, it has been shown that hydrogenated graphene can be
obtained reversibly starting from a pure graphene layer [13],
and since then it has become a material of high interest due to
its potential applications in nanoelectronics [14]. We recently
found that fully hydrogenated graphene is an unrippled system
in contrast to graphene [15], with a lower melting temperature
than graphene [16]. However, experimentally, information
about the rippling of partially hydrogenated graphene and on
its lattice expansion/contraction is lacking (more properties of
hydrogenated graphene can be found in a recent review paper,
i.e., Ref. [17]).

In addition to hydrogenated graphene, recently, a similar
functionalization was realized by adding F atoms [18] to
graphene. Since the F atoms have larger binding and desorption
energies than H atoms [18], the C-F bonds are energetically
more stable than the C-H bonds [19–21]. Both theory and ex-
periment report the stability of one-sided fluorinated graphene
[22,23] while one-sided fluorinated graphene nanoribbons are
found to curl up into nanotubelike structures [24]. Further-
more, fluorination is easier to control via temperature and
reactant gases, leading to better reproducibility with precise
C/F stoichiometries [25,26].

In the presence of F/H adatoms, C bonds in graphene
transit from sp2 to sp3 hybridization, which turns the con-
jugated graphitic C-C bonds into single C-C bonds. This
rehybridization turns the lattice structure into an angstrom
scale out-of-plane buckled membrane known commonly as
the chair configuration [19,21]. The buckling of fully covered
graphene by H (F) has an out-of-plane deformation of about
0.044 nm (0.045 nm).

In this paper, using state-of-the-art molecular dynamics
(MD) simulations, we show that the roughness of graphene
varies strongly with the C : H and C : F ratio. We found that
a random distribution of H/F atoms over graphene changes
significantly the morphology of the system and can change the
size of the samples. In fact, there are two different contributions
to the rippling structure in partially functionalized graphene,
i.e., thermal and structural. The thermal contribution of
the ripples is one order of magnitude larger than that of
the structural contribution. The energy of the carbons in
hydrogenated (fluorinated) graphene decreases (increases up
to 35% and then decreases) with the concentration p. We found
that the area of partially hydrogenated/fluorinated graphene is
minimum at around 35%, and a negative thermal expansion is
found for partially functionalized graphene.

The paper is organized as follows. In Sec. II we review the
method used and the presented model. In Sec. III the rough-
nesses of partially hydrogenated and fluorinated graphene
at zero and finite temperature are reported and compared
with partially oxidized graphene. Section IV contains results
for the binding energy. In Secs. V and VI the in-plane
size deformations of partially functionalized graphene at
zero and finite temperature are reported, respectively. The
thermal contraction is investigated in Sec. VII. Our results
are discussed in Sec. VIII.

II. THE MODEL AND COMPUTATIONAL METHODS

The partially hydrogenated/fluorinated/oxidized systems
are generated by randomly removing H/F/O atoms from both
sides of the fully covered systems. The initial configuration
of perfect graphene, fully hydrogenated graphene (chairlike
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FIG. 1. (Color online) (a) Perfect graphene (top view), and hy-
drogenated graphene with (b) 100%, (c) 50%, and (d) 25% concen-
trations of hydrogen atoms (side view).

configuration), and graphene with p = 50% and 25%
hydrogens are shown in Figs. 1(a)–1(d). Those figures are
qualitatively the same if we replace H by F or O.

In order to study the ripples caused by the H (F, O) atoms
over graphene, we performed several MD simulations for
a system with 12 000 (11 200, 12 000) carbon atoms with
different percentages of randomly distributed H (F, O) [the
total number of atoms, e.g., in fully hydrogenated and oxidized
(fluorinated) graphene is 24 000 (22 400) atoms]. We employed
periodic boundary conditions in our molecular dynamics (MD)
simulations using reactive force fields (ReaxFF [27–29]).
The large-scale atomic/molecular massively parallel simulator
(LAMMPS) code was used [30,31]. The ReaxFF potential is a
reactive force field that accounts for possible bond formation
and bond dissociation of different bond orders. It has been
shown that this potential describes correctly the thermal
properties of fluorographene [32]. The new set of parameters
appropriate for structures with C-F bonds can be found in our
previous study [32]. The MD simulations for graphene-oxygen
systems with ReaxFF gives energies, transition states, reaction
pathways, and reactivity trends for hydrocarbon-oxygen that
are in agreement with quantum mechanical calculations and
experiments [33]. It was shown that ReaxFF gives reasonable
results for hydrogen bond networks in graphene oxide compos-
ites [34] as well as its structural evolution during the reduction
[35]. There are different studies about the bonding mechanism
between graphene and oxygen, and most of them propose the
formation of oxygen functional groups on graphene, such as
epoxy and hydroxyl molecules. There is also evidence for the
presence of ketones and phenols [35]. Despite these previous
models, a systematic study of the structure of graphene oxide
is still lacking. Here, we report on the instability of oxidized
graphene with an armchair configuration. Such an armchair
configuration is similar to the structure of graphane and
fluorinated graphene. Nevertheless, we included the graphene
with oxygen system for comparative purposes.

In this paper we find the minimum energy configuration
of hydrogenated/fluorinated/oxidized graphene using periodic
boundary conditions. Before minimizing the energy, we
perform annealing molecular dynamics simulations using the
NPT ensemble. The annealing simulations starts at T = 10 K
and ends at T = 0 K using a 2 K/ps rate at zero pressure. This
is done in order to remove boundary stress and to find the true
simulation box size. After that, the total energy is minimized
using the iterative conjugate gradient (CG) scheme. The CG
method in LAMMPS uses the Polak-Ribiere algorithm, which
at each iteration combines the force gradient with the previous
iteration information to compute a new search direction that is
perpendicular (conjugate) to the previous search direction. As a
result, this gives us the proper configuration of the system for
different concentrations of hydrogen/fluorine/oxygen atoms.
We used a time step of 0.1 fs during annealing. A Nosé-
Hoover thermostat and barostat [36,37] were used to control
the temperature and to keep the pressure constant. Note
that the barostat used should only scale the x-y coordinates of
the atoms. For this reason we used a nonisotropic barostat in
our simulations.

In order to calculate the thermal expansion, we heat the
system starting at 0 K up to 600 K at a rate of 2 K/ps.
We save the dimension of the system and calculate the size
variation with respect to the size at 0 K and estimate the thermal
expansion coefficient of the system.

III. RIPPLES IN PARTIALLY
HYDROGENATED/FLUORINATED GRAPHENE

By relaxing the system we reach the system equilibrium
state, after which we calculate the roughness using

σ 2 = 〈z2〉 − 〈z〉2, (1)

where 〈z〉 and 〈z2〉 are the average values of the height
and square height of the carbon atoms, respectively. We
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FIG. 2. (Color online) Plot of the out-of-plane position (in units
of angstrom) of the C atoms with 50% randomly distributed
hydrogens.
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FIG. 3. (Color online) The roughness of partially hydrogenated,
fluorinated graphene, and oxidized graphene at T = 0 K.

are able to quantify the rippling of any particular hydro-
genated/fluorinated graphene by calculating its roughness. In
Fig. 2 we show a typical density plot of the out-of-plane
movement of the C atoms in a system with 50% hydrogen
coverage at zero temperature. The out-of-plane deformations
are random and symmetric in the negative and positive
z direction, indicating the random out-of-plane movement
of the C atoms. Notice that partially hydrogenated graphene,
independent of temperature, is intrinsically a nonflat system.
This is due to the fact that the randomly distributed sp3 bonds
in the system cause local buckling around each C-H/C-F/C-O
bond. Note that, in all the simulations, 〈z〉 ≈ 0.

The variation of σ 2 with p at T = 0 K is shown for H,
F, and O functionalized systems in Fig. 3. The maxima are
around p = 50% (symbols). A polynomial fit according to the
equation

σ 2 =
4∑

n=0

anp
n (2)

is shown by the solid curves (where p varies between 0
and 100). The corresponding fitting parameters are listed in
Table I for partially hydrogenated (fluorinated and oxidized)
graphene. It is interesting to note that these profiles are
almost symmetric around p = 50%. The almost quadratic
dependence on the roughness influences the other physical
properties of partially H/F/O functionalized graphene such as
its melting temperature [16]. Assuming that larger roughness
results in less stability in the system, we can qualitatively argue
that the quadratic dependence of the roughness shows that the

system with concentrations close to 0% and 100% are more
stable. We found indeed that the melting temperature is higher
for concentrations that are close to 0% and 100%.

It is also interesting to investigate the variation of σ 2 with
temperature, e.g., for p = 50%, that gives us insight about
the thermal rippling effects. We found that, e.g., at room

temperature, σ 2 � 10 Å
2

and �20 Å
2

for hydrogenated and
fluorinated graphene, respectively. These numbers are one
order of magnitude larger than that at zero temperature that are
shown in Fig. 3. The angstrom size roughness and out-of-plane
movements can be measured by atomic force microscopy
and scanning tunneling microscopy [38,39]. For fully covered
systems, we reported previously that at zero temperature the
out-of-plane deformation is zero and the systems remain flat
up to 1000 K [15,32].

IV. STABILITY OF PARTIALLY HYDROGENATED
AND FLUORINATED GRAPHENE

Here, we study the variation of the binding energy of the
carbon atoms as a function of p for T = 0 K. The binding
energy (cohesive energy) is the total potential energy (per
atom) of the system at T = 0 K. The total potential energy
in ReaxFF comprises ten different terms [27], e.g., bond
order and van der Waals (vdW) and Coulomb energy. The
binding energy is the difference between the energy of an
isolated atom with its energy in the bulk. In Fig. 4(a) we
show the average binding energy of a carbon atom (EC) in
the partially hydrogenated/fluorinated/oxidized systems as a
function of p. ReaxFF gives 7.87 eV/atom as the binding
energy of the C atom, which is in good agreement with
the density functional theory result, i.e., 7.74 eV/atom [40],
and is close to the cohesive energy of bulk graphite, i.e.,
7.37 eV/atom [40]. We also found the formation energies
of fully hydrogenated/fluorinated graphene to be 2.64 and
3.65 eV/atom, respectively, which are in good agreement
with the density functional theory (DFT) results, i.e., 2.8 and
3.6 eV/atom [22]. The excellent agreement between DFT
and ReaxFF is very promising because ReaxFF allows us
to overcome the size limitations of DFT calculations and to
perform simulations for thousands of atoms.

The energy of a carbon atom in fluorinated graphene
increases slightly with p up to p = 35%, after which it
decreases nonlinearly. However, the energy of a carbon atom
in the hydrogenated system decreases for all values of p.
This shows that, independent of p, the binding energy of
a C atom in hydrogenated graphene is lower than that of
fluorinated graphene (the C-C bonds in hydrogenated graphene
are shorter). In oxidized graphene the binding energy increases
rapidly, indicating an instability of the armchair structure of
oxidized graphene. We conclude that graphene with p = 35%

TABLE I. Fitting parameters of Eq. (2) for different studied systems.

a0 a1 a2 a3 a4

O 2.60 × 10−2 2.45 × 10−2 −5.16 × 10−4 −4.68 × 10−6 1.90 × 10−8

H 1.50 × 10−2 1.76 × 10−2 −2.53 × 10−4 1.72 × 10−6 −8.91 × 10−9

F 8.38 × 10−3 2.39 × 10−2 −5.7 × 10−4 6.26 × 10−6 −2.90 × 10−8
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FIG. 4. (Color online) (a) The average binding energy of a
C atom in hydrogenated, fluorinated, and oxidized graphene as a
function of the concentration number p. (b) The corresponding
average energy of H, F, and O atoms in, respectively, hydrogenated,
fluorinated, and oxidized graphene as a function of the concentration
number p.

fluorine is less stable than for other C : F ratios. In fact, F atoms
absorb more electrons (in contrast to H) from the C atoms
and weaken the C-C bond. In fully fluorinated (hydrogenated)
graphene, the C-C and C-F (C-H) bonds are found to be 1.58(1)
and 1.41(2) Å, respectively [1.56(4) and 1.10(2) Å]. These are
in agreement with DFT results, i.e., C-C and C-F are 1.37
and 1.55 Å in fluorinated graphene and C-C and C-H are
1.52 and 1.12 Å in hydrogenated graphene [22]. The latter
confirms the validity of the ReaxFF potential. The different
electronegativities of H and F atoms are responsible for those
changes in the respective chemical bonds. Furthermore, the
oxygen atom cannot bind to the carbon atoms in a similar way
to which the H and F atoms bind.

In Fig. 4(b) we depict the variation of the energy of the H,
F, and O atoms with p. Surprisingly, the energy of an H atom
in partially hydrogenated graphene decreases with p while

the energy of an F atom increases almost linearly with p in
the whole range of p. By increasing p, the number of C-F
bonds increases, which results in weaker C-C bonds. These
are important results, showing the complexity in the stability
of partially hydrogenated and fluorinated graphene. The O
atoms again lose their stability by increasing p. The latter
confirms the instability of oxidized graphene when it has an
armchair structure. Because of this instability, hereafter, we do
not continue the study of the armchair structure of oxidized
graphene. Indeed, the true structure of oxidized graphene is
still a challenge. Different possible structures for graphene
oxide can be found in Ref. [41].

V. SIZE EFFECTS

We performed additional MD simulations in order to study
the size effects of the roughness of partially fluorinated
graphene and hydrogenated graphene with 40% F and H,
respectively. We generated five samples with sizes L =√

LzzLac = 39.7, 79.5, 119.3, 156.8, and 198.8 Å, where
Lzz and Lac are the lengths of the samples in the zigzag
and armchair directions, respectively. In Fig. 5 we depict
the variation of σ 2 as a function of L. It is interesting to
note that the roughness of the system is independent of
the size. Therefore, at zero temperature there is no size
effect in the roughness of the partially hydrogenated and
fluorinated graphene. The roughness only depends on the C : H
or C : F ratio while the roughness of graphene and of fully
hydrogenated graphene at room temperature depends on the
size of the computational unit cell because of the well known
anharmonicity in the flexural modes [15].

VI. STATISTICAL ANALYSIS

Now we show that the random positions for distributed F
and H over graphene for a given p do not affect the results.
The statistical error related to the random distribution of, e.g.,
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FIG. 5. (Color online) The variation of the roughness of hydro-
genated and fluorinated graphene as a function of the size of the unit
cell.
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FIG. 6. (Color online) The variation of the roughness, carbon,
and fluorine energy in 21 systems, which are all fluorinated graphene
(40% F) with different random positions of F over graphene.

fluorine over graphene for a given p can be obtained by
performing several calculations for an ensemble containing
21 systems, all with 40% fluorination (4500 F atoms and
11 200 C atoms) but with random positions of the fluor
atoms over graphene. The results for the roughness and the
average energy of carbon and fluorine are given in Fig. 6.
Notice that the standard deviation in each case is smaller
than 0.005, which is clear evidence of the small error of the
presented quantities in this study. The roughness was found to
be σ 2 = 0.383 ± 0.005 Å, and the average energies of carbon
and fluorine were found to be EC = −3.572 ± 0.003 eV/atom
and EF = −7.726 ± 0.001 eV/atom, respectively.

VII. LATTICE EXPANSION DUE TO
HYDROGENATION/FLUORINATION

In Figs. 7(a) and 7(b) we depict the variation of the
zigzag (Lzz) and the armchair (Lac) size with p. In both
hydrogenated and fluorinated graphene the zigzag size is
almost independent of p in the range 10% < p < 40% and
it increases linearly beyond it. However, along the armchair
direction for fluorinated graphene, a minimum occurs in the
size around 40% while beyond 40% the armchair size increases

with about 8 Å
2

up to p = 100%. For partially hydrogenated
graphene the armchair size is almost constant from 10% to

40%, and then increases to about 3.5 Å
2

up to p = 100%.
Finally, the projected area of the systems (Ap = LzzLac) is
almost constant before 40% and increases linearly beyond it.
These results show that the size of partially functionalized
graphene at zero temperature is more or less constant at low
concentration (namely, <40%). Hydrogenation increases the
size of the system, e.g., for p = 100% with about 8% and
for the fluorinated system it increases the size of the system,
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FIG. 7. (Color online) (a) The zigzag and (b) armchair size
variations with p in H and F functionalized graphene. (c) The
variations of the area of the unit cell of H and F functionalized
graphene with p.

e.g., at p = 100% with about 10%. The latter is due to the
weakening of the C-C bonds in the presence of H or F.

VIII. LATTICE THERMAL CONTRACTION

Employing the heating process in MD simulations, we study
the lattice deformation of partially functionalized graphene
where we take the concentration p = 40% as an example.
In Fig. 8 we show the length and width of the system
corresponding to the armchair and zigzag directions in the
systems as a function of temperature. Both Lzz and Lac

decrease with temperature up to 200 K and then oscillate
beyond it. We also calculated the corresponding binding
energies with temperature (see Fig. 9). The variation of the
binding energy of the carbon increases linearly, consistent with
the well known behavior of classical systems (e.g., the energy
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FIG. 8. (Color online) The zigzag and armchair lengths of func-
tionalized graphene with 40% fluorine (a) and hydrogen (b) as
functions of temperature.

of an ideal classical gas). There is a clear difference in the
binding energy of H and F atoms. The binding energy of the
F atom remains constant below 200 K, but it increases beyond
200 K. This can be due to the strong C-F bond in comparison
to the C-H bond.

Finally, we can estimate the lattice thermal expansion
by calculating the change in the projected area of the
computational unit cell [Ap(T ) = LzzLac] with temperature
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FIG. 9. (Color online) The variation of the binding energy of
(a) carbon, (b) fluorine, and (c) hydrogen with temperature in
hydrogenated and fluorinated graphene with 40% hydrogen and
fluorine.
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FIG. 10. (Color online) The variation of the linear thermal ex-
pansion of functionalized graphene with 40% hydrogen and fluorine.
The error in the estimation of α is less than 0.1%.

by using

α = dAp

Ap(0)dT
. (3)

We found a 2.65% and 2.64% (2.84% and 3.16%) reduction in
the armchair and zigzag size in fluorinated (hydrogenated)
graphene with p = 40%, respectively. Using Eq. (3), the
results for the projected area as functions of temperature are
shown in Fig. 10. It is interesting to note that α for fluorinated
graphene is slightly lower than for hydrogenated graphene in
the whole temperature range. Moreover, the results at room
temperature are one order of magnitude larger than those for
fully hydrogenated graphene [42] and for pristine graphene,
i.e., −(4 ± 1) × 10−6 K−1. Therefore, it should be easier to
measure the thermal contraction in partially hydrogenated or
fluorinated graphene.

IX. DISCUSSIONS AND CONCLUSIONS

Using state-of-the art MD simulations we performed exten-
sive simulations to study the structural and thermal properties
of partially and fully hydrogenated and fluorinated graphene.
There are two basic mechanisms to tune the electronic gap
in graphene: (i) disturbing the band crossing at the Dirac
points by breaking the equivalence of two sublattices, or
(ii) transforming the carbon hybridization from sp2 into sp3

via chemical functionalization. For instance, using Raman
spectroscopy, Withers et al. [43] found that, depending on
the fluorine concentration, different transport regimes can be
accessed. In an experimental report on hydrogenated [13] and
fluorinated [18] graphene, partially fluorinated graphene was
found to be unstable if graphene was fluorinated only for a few
hours. The latter process was found to be largely reversible,
but after more extensive fluorination (about 1 day), the process
was found to be irreversible. These effects can be elucidated by
the structural stability of the partially functionalized graphene.
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FIG. 11. (Color online) (a) The variation of the (a) in-plane C-C
distance and (b) C-C bond length with C : H and C : F ratio percentages
in functionalized graphene by hydrogen and fluorine.

Here, we showed that by increasing the C : H or C : F ratios, the
binding energy of carbon decreases, which results in a larger
formation energy and in a mechanically more stable system
with larger C : H and C : F ratios [see Fig. 4(a)]. This may
explain the aforementioned experiment. Even at 0 K, starting
from zero concentration of H and F up to p = 40%−50%
concentration, the systems deviate from a flat structure, but it
becomes almost flat when p approaches p = 100%. In fact, the
system transits from an ordered phase to maximal disordered
phase when p = 40%−50% and returns to a new ordered
phase at p = 100%. The size of the roughness of the system
can be understood as an order parameter.

The sizes of the samples along the zigzag or armchair
directions change differently depending on the type of added
atom. This is because of the different electronic structure of

the F and H atom, where one absorbs electrons and the other
loses electrons. The resulted buckling structures due to the
presence of H/F change the local areas along the zigzag and
armchair directions differently. This nonuniform out-of-plane
buckling in the partially functionalized graphene is the origin
of the observed effects, i.e., the C-C bond in the partially
functionalized system is varying over the system. The net
area of the sample beyond p = 40% increases with p in both
fluorinated and hydrogenated graphene, which is due to the
elongation of the C-C bonds. We show the variation of the
averaged in-plane distance (Rxy

CC) between the C atoms in
Fig. 11(a) and the averaged C-C bond lengths in Fig. 11(b)
for hydrogenated (red dots) and fluorinated (square symbols)
graphene as a function of p (for any given p the averaging
is done over the minimum energy configurations). The solid
line in Fig. 11(b) is a linear fit (RCC = 1.5 × 10−3p + 1.438)
of the C-C bond length data for fluorinated graphene and
the dashed line is a quadratic fit (RCC = −6.0 × 10−6p2 +
1.9 × 10−3p + 1.443) of the C-C bond length data for the
hydrogenated graphene. The variation of in-plane C-C distance
with p [Fig. 11(a)] explains the results for the in-plane lengths,
i.e., Lzz and Lac, as functions of p [see Figs. 8(a) and 8(b)].
Notice that although RCC increases with p, it is not directed in
plane, especially when p is larger than 40%.

We also found that by heating the system up to 550 K, the
binding energy of C atoms increases linearly with temperature,
which is in agreement with a typical classical system [42]. The
projected area of the sample decreases with temperature up to
200 K, and after this temperature it starts to oscillate around
the new length. This shows the negative thermal expansion in
partially functionalized graphene.
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