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ABSTRACT: Tetrahexcarbon (TH-carbon) was recently predicted to
be a stable two-dimensional semiconductor with an intrinsic direct band
gap, making it promising for practical applications in optoelectronic
devices. In this work, ab initio density functional theory (DFT)
calculations were performed in order to study the possibility of
manipulating the essential physical and chemical properties of TH-
carbon by fluorination, which significantly change the hybridization
states of carbon atoms. The phonon spectrum, ab initio molecular
dynamics (AIMD) simulations, and elastic constants results revealed
that fluorinated derivatives of TH-carbon are dynamically, thermally,
and mechanically stable. Depending on the fluorine coverage, we
examined the tunability of the electronic band gap and the direct−indirect−direct band gap transitions. We found that the phononic
gap in TH-carbon can be controlled by fluorination. A decrease in the specific heat capacity was observed with increasing fluorine
coverage, which is useful for nanoscale engineering of heat management. The fluorination is found to reduce the in-plane stiffness
and Young’s modulus but it increases the ultimate strength. These results suggest fluorination would enable the ability to tailor TH-
carbon material for several interesting technological applications.

■ INTRODUCTION
Two-dimensional (2D) materials (graphene,1 silicine,2 hex-
agonal boron nitride,3 and many more4−8) have been the focus
of a vast amount of attention. Graphene, as the most stable 2D
form of carbon, has received a great deal of attention from
experimentalists and theoreticans due to its superior properties
such as the flexibility, zero gap, Dirac cone electronic structure,
and high electronmobility.1,9−11 The intense interest focused on
graphene hasmotivated searches for the discovery of new carbon
allotropes.
Carbon possess different hybridization states such as sp, sp2,

and sp3 ones. Their combinations (sp−sp2, sp−sp3, and sp2−
sp3) lead to form many possible atomic arrangements and reveal
new carbon allotropes whose chemical and physical properties
are quite different. For instance, sp3-hybridization-diamond (3D
structure) exhibits excellent hardness and insulating property
whereas sp2-hybridization-graphite layers (2D structure) are soft
and zero band gap semiconductor.1,12 Moreover, sp−sp2
hybridization-6,6,12 graphyne has more amazing electronic
and transport properties than that of graphene.13 Furthermore,
sp2−sp3-hybridization-pentagraphene (PG) possesses an un-
usual negative Poisson’s ratio and ultrahigh ideal strength.14 By
applying a simple Stone−Wales transformation in PG, sp2−sp3-
hybridized TH-carbon,15 energetically more favorable than PG,
has been recently predicted to be a stable two-dimensional-
layered semiconductor with an intrinsic direct band gap and
presents high electronmobility and highly anisotropic electronic
properties. By designing the hybridization of carbon, we can

change the essential phyical and chemical properties of these
systems.16

Both experimental and theoretical efforts have revealed that
chemical functionalizations of the carbon allotropes with
adatom (H, F, O, and so forth) and ad-molecules (OH) can
modify the hybridization of carbons. Hydrogenation5,17 and
halogenation (especially with fluorine atoms)6,18,19 of graphene
have been intensively investigated in recent years because of
their many unique properties. For instance, hydrogenation in
graphene transforms the hybridization of carbon from sp2 to sp3,
changes its nature of electronic states from the semimetallic
feature into a wide band gap semiconductor and induces
magnetic moments and the extreme modification of the
optoelectronic and transport properties.5,20−24 Very recently,
Kilic et. al reported the tunability of the phononic and electronic
band gap and the direct−indirect−direct band gap transitions in
TH-carbon by hydrogenation.16 There is a significant chemical
bonding interaction between halogen atoms and carbon atoms
due to the strong electron affinities of halogen atoms, which play
a critical role in geometric structures and electronic properties.
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Recently, fluorinated graphene has been reported to be more
stable than hydrogenated graphene at higher temperatures.25

Besides hydrogenation, fluorinated graphene exhibits many
unique properties such as opened bandgap and high thermal and
chemical stability because of the formation of various types of
CF bonds (covalent, semi-ionic, or ionic) resulting from the
high difference in electronegativity between C (2.5) and F
(4.0).25,26 Recently, much progress has been made on the
preparation and control of CF bonding characters, F/C ratios
(the F/C ratio is defined as the mole ratio of fluorine to carbon),
and configurations of fluorinated graphene.19,25

In this present work, we have studied the chemical
functionalization of TH-carbon by introducing fluorine atoms
with various configurations such as single- and double-sided
fluorination. Using first-principles density-functional theory
(DFT) calculations, we have studied the stability of TH-carbon
and its fluorinated derivatives from the energetic, dynamic,
thermal, and mechanical aspects with the results of binding
energy, phonon band structure, thermal stability, and elastic
constants, respectively. Our results showed that, depending on
the fluorine coverage, we examined the tunability of the
electronic band gap and the direct-indirect-direct band gap
transitions. We studied the effect of fluorination on the
phononic gap in TH-carbon since the gap in the frequency
spectrum plays an important role on the thermal properties. We
found that the phonic gap can be controlled by fluorination. A
decrease in the specific heat capacity was observed with
increasing fluorine coverage, which is useful for nanoscale
engineering of heat management. The fluorination is found to
reduce the in-plane stiffness and Young’s modulus but it
increases the ultimate strength.

■ METHODOLOGY

The first-principles calculations and ab initio molecular
dynamics (AIMD) simulations are performed using density-
functional theory (DFT) method as implemented in the Vienna

Ab initio Simulation Package (VASP).27 For the exchange
correlation energy functional, the projector-augmented wave
function (PAW) method28,29 with the Perdew−Burke−Ernzerh
(PBE)30 of generalized gradient approximation (GGA) was
applied. To achieve a higher precision in our electronic band
structure calculations, we adopted the Heyd−Scuseria−
Ernzerhof (HSE)31,32 hybrid functional, constructed by mixing
25% of nonlocal Fock exchange with 75% of PBE exchange and
100% of PBE correlation energy instead.
In our DFT calculations, a vacuum region of 20 Å along the

out-of-plane direction was included since periodic boundary
conditions were applied in all three dimensions. A Γ-centered k-
mesh 24 × 24 × 1 was used for all geometry optimization and
electronic band structure calculations, respectively. A plane-
wave kinetic energy cutoff of 520 eV was employed. In the
energy minimization using the conjugate gradient method,
structure relaxations were performed without any symmetry
constraint. The total energy of all geometries was calculated with
high precision and converged to 10−6 eV/atom. The lattice
constants and the atom coordinates were relaxed until the
interatomic forces were less than 10−2 eV/Å.
To calculate the binding energy (Eb) of the fluorine atom(s)

on TH-carbon as a function of x, where x is the concentration of
F in CFx, the following expression is used

=
+ −‐ ‐E

E nE E
n

( )x

b
TH carbon F TH carbon/nF

(1)

where ETH−carbon, EF, and ETH‑carbon/nF
x are the total energies of

pristine TH-carbon, an isolated fluorine atom(s), and the
fluorinated TH-carbon with a x concentration of F, respectively,
and n is the number of attached F atoms per unit cell for given x.
Eb > 0 implies the adsorption is energetically favorable.
In AIMD simulations, the convergence criterion of total

energy is set as 0.1 meV. The calculations were performed in 4 ×
4 × 1 supercells with the temperature starting from 300 K and
then gradually being increased up to 900 K. Temperature

Figure 1. Top view along the [001] direction (upper panel left), side view along the [100] direction (upper panel right), another side view along the
[010] direction (middle panel), and ELF profiles (lower panel) of (a) pristine TH-carbon, (b) C6F(s), (c) C3F(s), and (d) C3F2(d) in the 2 × 2
supercell framed by a rectangular red line. The unit cell of each considered system is also framed by a black dashed line. Here, the sp2-hybridized carbon
atoms (C1) lie on two external layers while the sp

3-hybridized carbon atoms (C2) lie on the middle layer. C1 and C2 atoms are blue and F is yellow. For
each structure, two ELF profiles from the [100] planes are depicted, namely I and II. The ELF is dimensionless and has a range from 0 to 1. ELF = 1
means highly localized and bounded electrons, while ELF = 0 means lack of electrons.
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control was achieved using Nose−Hover thermostat.33−35 The
time step used for the integration of equations of motion was set
to t = 1 fs, and the total time for the simulation was 2.5 ps.
To explore the dynamics stability of all the TH-carbon

systems, the phonopy software36 is used in combination with
VASP to produce phonon frequencies and obtain the second-
order force constants (FCs). The phonon band calculations for
all the considered systems were performed in a 4 × 4 × 1
supercell with 3 × 3 × 1 k- mesh with high accuracy (the
convergence criterion of total energy was set as 1 × 10−8 eV)
To examine the diffusion barrier property of the single F atom

on TH-carbon, the climbing-image nudged elastic band (NEB)
method37 was used to find minimum energy paths (MEP) and
transition states (TS) given from the initial state (IS) and final
state (FS). The five linearly interpolated images between two
energetic sites (IS and FS) for single F atom diffusion were
taken. All of the images were relaxed until the maximum force
acting on an atom was less than 0.01 eV Å−1. The maxima on the
MEP are saddle points and then verified to be true TS.
To examine the chemical bonding environment for sp2- and

sp3-hybridized carbon atoms, the electron localization function
(ELF) as an ideal visualization tool38 is calculated using the
Kohn−Sham DFT orbitals.

■ RESULTS AND DISCUSSION

Atomic Structure and Energetics. Contrary to graphene
(where all carbon atoms are equivalent to sp2-hybridization),
there are two chemically nonequivalent carbon atoms in TH-
carbon. Its structure consists of a three-atom thickness of the
planar carbon membrane with a perfectly ordered arrangement
of tetra-hexa (TH-) carbon rings with 12 atoms in unitcell where

there are eight sp2- and four sp3-hybridized carbon atoms,
namely C1 and C2, respectively. The top and side views of the
TH-carbon structure are shown in Figure 1a. The calculated
lattice parameters for pristine TH-carbon are given in Table 1.
The obtained lattice parameters of pristine TH-carbon are in
good agreement with the previous calculation.15

Considering the possible experimental realization of TH-
carbon (were not synthesized yet), we evaluated the formation
energy difference of pristine TH-carbon. The formation energy
difference ΔEf per C atom was calculated using the equation

Δ = −E E Ef 2D 3D

where E2D and E3D are per C atom energies of 2D and the
reference bulk materials, respectively. The low energy difference
indicates that the 2D materials can easily form from their bulk
counterparts. Looking at previous studies, the ΔEf ≤ 200 meV/
C implies that the 2D materials can be synthesized as free-
standing such as in graphene, BN, and MoS2.

1,39−41 TheΔEf for
other 2D materials, such as graphdiyne,42 silicene,43 and ZnO,44

which have been synthesized experimentally on the substrate, is
higher than 200 meV/C.45 For instance, the ΔEf of 823 meV/C
graphdyine was experimentally synthesized on the copper
surface.42 For TH-carbon, we calculated the ΔEf to be about
920 meV/C, hence TH-carbon would require a suitable
substrate on which it can be experimentally realized. The
lower energy and robust stability (based on dynamical, thermal,
and mechanical stability) is evidence of the possibility of the
existence of TH-carbon.
Because of the special atomic configuration of TH-carbon, we

tried several different positions to adsorb a F atom on a 2 × 2
TH-carbon supercell (the red stars in Figure 1a). Our results

Table 1. Calculated Structure Parameters of TH-Carbon and Its Fluorinated Derivatives in 2 × 2 Supercella

structure Θ a b h

−dC C1
F

1

or d11

−dC C1
F

2

or d12 −dC F1
F

θ Eb M Eg(PBE/HSE06) type

TH-carbon 0 4.533 6.107 0.58 1.34 1.54 123.9 0 1.62/2.63 direct
F/TH-carbon 2 4.531 6.102 0.74 1.49 1.60 1.41 114.6 3.25 1.0 metallic
C6F(s) 17 4.503 6.085 0.72 1.56 1.59 1.39 118.1 4.07 0 1.98/3.06 indirect
C3F(s) 33 4.536 6.090 0.70 1.55 1.58 1.37 118.2 3.85 0 2.25/3.39 indirect
C3F2(d) 67 4.531 6.126 0.81 1.57 1.57 1.38 118.3 3.79 0 2.83/3.85 direct

aHere, the fluorine concentration (Θ) in %, the unitcell lattice constants a and b, buckling height h, bond lengths between C1F and C1 atoms
−dC C1

F
1
or d11, and between C1F and C2 atoms −dC C1

F
2
or d12, between F and C1F atoms −dC F1

F in Å, and the bond angle between carbon atoms
(C1C1

FC2) θ in °, the binding energy Eb in eV/F, the total magnetic moment M in μB, the electronic band gap energy Eg in eV are presented
for all the considered structures.

Figure 2. Energy pathways for a single F atom on 2× 2 TH-carbon supercell along the three different reaction pathways, (a) Path I, (b) Path II, and (c)
Path III where the relaxed atomic configurations of the IS, TS, and FS are illustrated. (d) Diffusion energy barrier andMEP along each considered path.
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indicated that the most stable adsorption site is the top of the
sp2-hybridized carbon atom (C1) with the binding energy of
3.25 eV. This configuration is referred as F/TH-carbon. The F
atom hybridizes the unhybridized p orbital of the C1 atom, and
making the C1 atom to sp3-hybridized (denote as C1

F), which
causes a local atomic distortion (see Figure S1 of Supporting
Information). The C1C1

FC2 angle decreased from 123.9°
to 114.6°, which is close to that of fluorinated graphene
(110.84°) and ideal sp3 (109.47°) hybridizations.18 The results
of the structural parameters for the F/TH-carbon are
summarized in Table 1.
We next studied the single F atom diffusion on TH-carbon

using the NEB algorithm. Three typical migration pathways
(namely, Path I, Path II, and Path III), as shown in Figure 2, were
optimized. The converged MEP including IS, FS, and TS for
each considered path are presented in Figure 2a−c. The
migration energy barriers for the single F atom on TH-carbon
along the Path I, Path II, and Path III are very high at about 1.47,
1.87, and 2.04 eV, respectively, (Figure 2d). We conclude the
low possibility of fluorine migration occurs from one energetic
site (C1) to another and the F atom strongly binds to an sp2-
hybridized carbon atom.
We further analyzed the adsorption of two fluorine atoms on a

2 × 2 supercell. With two adatoms, several different
configurations are possible. Here, we discuss the configurations
where the adsorption on the next nearest neighbor sites (namely
2F/TH-carbon-1 and 2F/TH-carbon-2) and the nearest
neighbor site (2F/TH-carbon-3) are in the same plane (see
Figure S2 of Supporting Information). Structural optimization
indicates that the binding energy of the 2F/TH-carbon-1 and
2F/TH-carbon-2 is 2.98 and 3.09 eV, respectively, and is
reduced compared to the F/TH-carbon due to the repulsive
interaction of the two fluorine atoms. Instead, for 2F/TH-
carbon-3, namely “ortho-dimer” configuration, the binding
energy is increased by 0.86 eV. Similarly, the ortho-dimer
configurations on graphene lattice exhibit strong stability as
compared to other configurations of two fluorine atoms.25

Therefore, the two fluorine atoms prefer to bind to two adjacent
sp2-hybridized carbon (C1) atoms with the strong binding
energy of 4.11 eV (see Figure S2d of Supporting Information).
We now turn to the adsorption of two fluorine atoms on the TH-
carbon unit cell where the concentration of the fluorine atoms,
Θ, is 17%. This configuration referred to C6F(s) is presented in
Figure 1b. The calculated binding energy is about 4.07 eV, which
is 0.04 eV lower that that in the 2 × 2 supercell of TH-carbon
due to the interactions between periodic images of the adatoms.
The distance between the two fluorine atoms in the C6F(s) is

found to be 2.46 Å. We observed that the fluorine adsorbed
carbon atoms move simultaneously in the same direction
(Figure S1c of Supporting Information). However, one can
easily see that the atomic distortions are negligible for the
second and third neighbors of the fluorine-bonded carbon
atoms. Considering the negligible atomic distortions and the
high binding energy, we conclude that extra stability is gained
through the fluorine pairing. The electrons that were previously
in the unhybridized p orbitals are now localized the C1F σ-
bond (see the big red regions in Figure 1b, lower panel). The

−dC C1
F

1
increased from 1.33 to be 1.56 Å, which is close to the

standard value of sp3 CC bonds (1.54 Å).46 Another possible
configuration is theΘ = 17% case; we studied two fluorine atoms
adsorbing two adjacent sp2-hybridized carbon atoms on
opposite sides of the TH-carbon unitcell (see Figure S3 of
Supporting Information). The results of the phonon band
calculations indicated the structure is dynamically stable. We
then attempt to test the other stability criteria (thermal
stability). The potential energy diagram and the atomic
configurations of the AIMD results at 900 K revealed that the
structure is thermally unstable. For the partially fluorinated TH-
carbon, we tried to explore another possible fluorinated
derivatives in the unitcell. However, they did not pass the
stability tests (see Figure S4 of Supporting Information).
With increasing fluorine coverage, we studied the case of

single- and double-sided full fluorination of TH-carbon. For the
single-sided full fluorination, all the sp2-hybridized carbon atoms
on the one-side of TH-carbon are fluorinated, where the
concentration of fluorine,Θ, is 33%. This configuration, referred
to as C3F(s), is presented in Figure 1c. The distance between the
fluorine atoms in C3F(s) is slightly decreased to 2.37 Å, which
leads to a reduction in the binding energy due to the repulsive
interaction of two fluorine atoms attached to TH-carbon. The
obtained binding energy is 3.85 eV/F, which is 0.22 eV lower
than that of C6F(s). One can easily see that the C1C1 bonds
on one side of TH-carbon are pure σ-bond (Figure 1c, lower
panel). In the case of the double-sided full fluorination of TH-
carbon (Θ = 67%), all the sp2-hybridized carbon atoms are
fluorinated on both sides of the TH-carbon sheet (Figure 1d).
This configuration is denoted as C3F2(d). The covalency in
C3F2(d) is almost fully sp3, and the CC bonds are pure σ-
bonds. The distance between the fluorine atoms in C3F2(s) is
found to be 2.36 Å. The binding energy is found to be 3.79 eV,
which is 0.06 eV lower than that of C6F(s).
As a result, the fluorination of TH-carbon increases the system

mass, membrane thickness, chemical bond length, and changes
the nature of bonds, consequently resulting in change in the

Figure 3. Phonon band structures and corresponding atom-resolved PhDOS of (a) pristine TH-carbon, (b) C6F(s), (c) C3F(s), and (d) C3F2(d).
Here, the band structures are plotted along the high-symmetric q-point paths: Γ(0, 0), X(1/2, 0), M(1/2, 1/2), Y(0, 1/2), Γ(0, 0). The shaded blue
regions indicated the phononic gaps. Note that, all the phonon modes of TH-carbon and its fluorinated derivatives are totally positive, indicating their
dynamic stability.
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vibrational modes, thermal, mechanical, and electronic proper-
ties of the 2D sheets.
Dynamic Stability and Phonon Properties.We turn now

to study the dynamical stability of pristine TH-carbon and its
fluorinated derivatives by performing the ab initio lattice
dynamics. The calculated phonon frequencies of all modes as
a function of the k-points in the BZ are presented in Figure 3.
The absence of imaginary modes in the phonon calculation
shows that the pristine TH-carbon and its fluorinated derivatives
are dynamically stable.
The phonon spectra of the pristine TH-carbon, C6F(s),

C3F(s), and C3F2(d) have three distinct acoustic phonon
branches. The transverse in-plane (TA) and longitudinal in-
plane (LA) exhibit linear dispersion near the Γ-point, whereas
the out-of-plane (ZA) mode shows a quadratic dispersion when
q approaches zero. We observed that fluorination leads to the
dense phonon modes located in the frequency above acoustic
modes since the formation of the CF bond introduces new
phonon modes. The low frequency of CF phonon modes can
be explained by the atomicmass of fluorine atoms. Fluorine has a
high atomic mass, and the vibration frequency is inversely
proportional to the effective mass of the system.
More interestingly, one can see from Figure 3 that there exists

a complete phononic gap vibration range of 40−50 THz in the
phonon spectra of pristine and partially fluorinated TH-carbon
sheets. After a careful analysis, the corresponding atom resolved
phonon density-of-the states (PhDOS), high frequency modes
around 50 THz come mainly from sp2-hybridized carbon atoms
(C1). In Figure 3 (see sky blue region), the phonon branches at
around 40−50 THz are gradually annihilated by increasing
fluorination. We noted that the surface modification by
fluorination breaks the double bonds between C1 atoms,
which result in the disappearance of the high-frequency
modes. As a result, the phononic gap of the TH-carbon can be
tuned by fluorination, which could be useful for thermoelectric
devices since the existence of the phononic gap can limit the
contribution of phonon in thermal properties.
Thermal Stability and Properties. To further examine the

thermal stability of TH-carbon and its fluorinated derivatives, we
performed the AIMD simulations using canonical ensemble at
900 K for t = 2.5 ps with a time step dt = 1 fs. We simulated a 4×
3 supercell to reduce the periodic constraints and explore
possible structure reconstruction. The fluctuations of the total
potential energies and atomic configurations at the end of the
AIMD simulations for pristine TH-carbon, C6F(s), C3F(s), and
C3F2(d) are presented in Figure 4. The fluctuations are caused
by the thermal oscillations of the atoms around their equilibrium

positions. The average values of potential energy for the
considered systems remain nearly constant during the AIMD
simulations. The AIMD simulation approves thermal stability
due to the occurrence of no structural changes at 900 K for 2.5
ps. Even if the present simulation time is very short due to the
computational limit in the AIMD calculations, this result at least
indicates that the structure is stable with respect to the thermal
shock.
The fluorination of TH-carbon increases the system mass and

membrane thickness and the chemical bond length and
consequently changes the vibrational modes of the 2D system.
To examine the functionalization of TH-carbon on the thermal
properties, we investigated the constant-volume specific heat
(CV) and the vibrational entropy (S) of TH-carbon and its
fluorinated derivatives within harmonic approximation. Using
the PhDOS, the CV and S are calculated using the following
equations
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where q is the wave vector,ωq
i is the phonon frequency at q with

phonon mode i, T is the temperature, kB is the Boltzmann
constant, and ℏ is the reduced Planck constant. The variation of
CV and the S with temperature for pristine TH-carbon, C6F(s),
C3F(s), and C3F2(d) are presented in Figure 5. It is easy to
observe from the graph as shown in Figure 5a that the CV for the
pristine TH-carbon as well as fluorinated TH-carbon reaches a
constant value, approaching Dulong−Petit limit. We note that
TH-carbon has a high specific capacity and hence can be used for
storing and transferring energy. The CV of pristine TH-carbon
and its fluorinated derivatives are almost the same up to 300 K
while they become different at higher temperatures. Hence, the
influence of functionalization on the CV of TH-carbon was
detected at high temperatures. The results showed that the
fluorination reduces the CV of TH-carbon since the fluorinated
TH-carbon systems have higher effective mass than that of
pristine TH-carbon high molar mass of fluorine. The S of the
fluorinated TH-carbon is close to that for pristine TH-carbon
(Figure 5b).

Mechanical Stability and Properties. We examined the
mechanical stability of pristine TH-carbon and its fluorinated
derivatives by the following elastic stability criteria of 2D

Figure 4. Fluctuations of total potential energy of (a) pristine TH-carbon, (b) C6F(s), (c) C3F(s), and (d) C3F2(d) during the AIMD simulations at T
= 900 K. The insets are snapshots of the atomic structures at the end of simulations.
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crystals:47 C11C22 − C12
2 > 0 and C66 > 0. Here, C11, C22, C12, and

C66 are elastic stiffness coefficients, which are derived from the
second derivative of total energy with respect to the in-plane
strain (uniaxial, biaxial, and shear strain conditions) at
equilibrium area (Figure 6a−d, left panels).
Here, we applied a series of lateral compressive/tensile strain

ranging from −2.5% to 2.5% along the corresponding x- and y-
directions to equilibrated TH-carbon and its fluorinated
derivatives and calculated the total energies for each strain
case. Results from applied strain versus strain energy relation-
ships are presented in Figure 6a−d, left panels. As a benchmark,
our calculated Cij values for the pristine TH-carbon are found to
be C11 = 287.03 N/m and C22 = 280.82 N/m, agreeing well with
the previous result.15 The calculated elastic stiffness coefficients
of TH-carbon and its fluorinated derivatives are listed in Table 2.
Clearly, the obtained elastic stiffness coefficients (Cij) satisfy the
elastic stability criteria, suggesting that the pristine TH-carbon
and its fluorinated derivatives are mechanically stable.
The obtained elastic stiffness coefficients were then used to

calculate the mechanical response of the TH-carbons such as
Young’s modulus (Y), shear modulus (G), and Poisson’s ratio
(P). Young’s moduli of pristine TH-carbon along the a and b
lattice directions are calculated as Ya = 286.12 N/m and Yb =
279.88 N/m, respectively. It is important to compare the
mechanical properties of the pristine TH-carbon with those of
PG since PG possesses robust mechanical stability and
outstanding mechanical properties, and TH-carbon was
constructed from PG by applying Stone−Wales transforma-
tions. It is noted that the Young’s modulus of TH-carbon is
found to be higher than that of PG (263.8 N/m),14 and
fluorination slightly reduces the Young’s modulus. Young’s
modulus for the C6F(s), C3F(s), and C3F2(d) is 277.86, 282.50,
and 270.55 N/m, respectively, which are still comparable to that
of pristine TH-carbon (286.12 N/m) and higher than that of
fluorinated PG (239.12 N/m).48 The slight reduction of
Young’s modulus can be attributed to the difference of the
bond order and bond type between the pristine TH-carbon and
the fluorinated TH-carbon. Likewise, we found that the shear
modulus of TH-carbon is reduced by fluorination. The Poisson’s
ratio of pristine and fluorinated TH-carbon is found to be
positive (see Figure 6a−d, middle panels).
Next, we calculated the ultimate strength for pristine TH-

carbon and its fluorinated derivatives. The results are presented
in Figure 6a−d, right panels). As shown in the stress versus strain
curve for the considered systems, the in-plane stress monotoni-

cally increases to reach the maximum stress with increasing
applied tensile strain. The calculated strain at the maximum
strength is 20% for pristine TH-carbon, which is almost same
with that of PG (21%).14 The ultimate strength value of the
C6F(s), C3F(s), and C3F2(d) is about 15.2, 20.5, and 22.1%,
respectively. As a result, the ultimate strength reduces with
partial fluorination (C6F(s)), whereas it increases with the case
of full fluorination on the single- and double-sided TH-carbon
(C3F(s) and C3F2(d)).

Electronic Properties. To examine the electronic proper-
ties of pristine TH-carbon and its fluorinated derivatives, we
calculated their electronic band structure, the atom/orbital-
projected density of states (PDOS), the charge distribution at
the highest energy of valence bands (VBM), and the lowest
energy of conduction bands (CBM), and the electron
localization function (ELF). The results of electronic band
structure calculations are depicted in Figure 7 and Figure 8. The
charge densities and the PDOS are presented in Figure S5 and
Figure S6 of Supporting Information, respectively. A summary
of the results for the electronic properties of these systems is also
presented in Table 1.
The pristine TH-carbon is a direct band gap semiconductor as

its the VBM and CBM are both located at Γ-point in the
rectangular Brillouin zone as shown in Figure 8a. The calculated
band gap is about 1.62 eV at the PBE level. Because of the band
gap underestimation of the PBE functional, we used the hybrid
HSE06 functional to get more accurate results. The band gap
changes to 2.63 eV. The isosurfaces of band decomposed charge
density for the VBM and CBM at the Γ-point of the band
structure are plotted to visualize the electron localization. The
results showed that the electrons are predominantly localized on
sp2-hybridized carbon atoms (C1), which were further
confirmed by the PDOS results. The electronic states near the
Fermi level are derived mainly from the pz orbital of C1 atoms,
which are presented in Figure S6a of Supporting Information.
All these results for pristine TH-carbon are in good agreement
with the previous calculation.15

We then studied how fluorine atoms affect the electronic
properties of the TH-carbon. For the single F atom adsorbed on
TH-carbon (F/TH-carbon), the results of Bader charge analysis,
the electronic band structure, the PDOS, and the ELF plot of F/
TH-carbon are presented in Figure 7. The calculated Bader
charge values on F and C1

F atoms indicated that upon fluorine
adsorption the charge transfer occurs from C1

F to the F atom at
about 0.54 e due to high electronegativity of the F atom (Figure
7a). According to the electronic band structure, we observed
that the VBM of the spin-up band structure passes through the
Fermi level (EF), indicating that F/TH-carbon is metallic
(Figure 7b). However, the spin-down electronic band structure
exhibits a semiconductor behavior. Analysis of the spin
projected density of states revealed that the spin-up and spin-
down states are slightly aligned near the Fermi level, which
induces the system to the spin polarization with a magnetic
moment of 1.0 μB. To understand the main contribution of this
inducing effect, we analyze the PDOS of F/TH-carbon (Figure
7c). The pz orbital of the C1

F almost disappeared when
compared with that of another carbon atom (C1*). We note that
the main contribution comes from the pz orbital of the C1

F. As a
result, the electrons that were previously in the unhybridized p
orbital of the C1 atom in pristine TH-carbon are now localized
(Figure 7d). The adsorption of the F atom on TH-carbon can be
considered as a local defect since it locally removes the pz
orbitals from the bonded sp2-hybridized carbon, resulting in an

Figure 5. (a) Variation of specific heat at CV with respect to T for
pristine TH-carbon (in black), C6F(s) (in red), C3F(s) (in sky blue),
and C3F2(d) (in orange). The inset is the CV at low temperature (below
80 K). (b) Variation of S with respect to T.
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asymmetric bonding environment and a distortion of the
unhybridized p orbitals, and giving a metallic behavior. The
C6F(s), C3F(s), and C3F2(d) systems maintained the semi-
conductor characteristic with the absence of the asymmetric
bonds.
Referring to Figure 8, the electronic band structure of TH-

carbon and its fluorinated derivatives shows their semiconductor

behavior and indicates that the electronic bands of the TH-
carbon are modified by fluorination. This can be attributed to
the redistribution of charge density (Figure S5 of Supporting
Information). The charge density distributions of the band edge
states for the TH-carbon and its fluorinated derivatives were
analyzed as well and presented in Figure 8, lower panel. The
analysis of the PDOS at the Fermi level reveals that the VBMs

Figure 6. Strain-energy (left andmiddle) and strain−stress (right) relationship of (a) pristine TH-carbon, (b) C6F(s), (c) C3F(s), and (d) C3F2(d). In
the right panels, the ultimate strength value for each considered system is depicted by the dashed arrows.
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and CBM are mainly contributed by the pz orbitals of C1 atoms
(see Figure S6), which are also confirmed by calculating the
band-decomposed charge density distributions. Thus, the sp2

hybridized carbon atoms (C1) play an important role to modify
the electronic band structure. Now we will analyze the physical

origin of the direct−indirect−direct transition of the band gaps.
For the single-sided fluorination case, the electronic band
structures of the C6F(s) and C3F(s) indicated that the systems
become an indirect gap material due to the VBM transition (the
VBM state is located at M-point in the reciprocal space while the

Table 2. Calculated Elastic Stiffness Constants Cij in N/m, Young’s Modulus (Y) in N/m, and Poisson’s Ratios (P) along a and b
Lattice Directions of TH-Carbon and Its Fluorinated Derivatives

C11 C22 C12 C66 (G) Ya Yb Pa Pb

TH-carbon 287.03 280.82 16.21 123.99 286.12 279.88 0.06 0.06
C6F(s) 278.89 252.75 16.90 107.29 277.86 251.62 0.06 0.07
C3F(s) 287.49 222.67 37.87 103.54 282.50 216.23 0.13 0.17
C3F2(d) 279.50 176.02 50.02 79.81 270.55 161.81 0.18 0.28

Figure 7. (a) Charge density difference plot of F/TH-carbon. Yellow and cyan isosurface represent electron accumulation and electron depletion
region, respectively. (b) Calculated spin-polarized band structures compound for spin-up (in sky blue) and spin-down (in light pink) electrons. (c)
The PDOS and (d) ELP plot of F/TH-carbon.

Figure 8. Electronic band structure and charge distribution at the highest energy of valence bands (VBM) and the lowest energy of conduction bands
(CBM) of (a) pristine TH-carbon, (b) C6F(s), (c) C3F(s), and (d) C3F2(d). The Fermi level is shifted to 0 eV and is shown by the dashed orange line.
The isovalue is 0.01 eÅ3.
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CBM is still located at Γ-point). However, the existence of the
sub-VBM atΓ-point is very close to true VBM in energy (around
0.07 eV), and the C6F(s) and C3F(s) can also be considered as a
quasi-direct bandgap semiconductor. The band gap value of the
C6F(s) and C3F(s) is about 3.02 and 3.39 eV, respectively. This
indicates that increasing the F concentration (resulting in
increasing the ratio of sp3-hybridized carbon atoms) on TH-
carbon leads to an increased band gap.
For a full fluorination case (C3F2(d)), all the carbon atoms are

sp3 as shown in Figure 1d, and electron bonds are saturated with
fluorine atoms, demonstrating the insulator characteristics. The
C3F2(d) exhibits a wide direct bandgap semiconductor with 3.85
eV due to the rigid upshift of the CBM. The VBM turns to Γ-
point, causing the indirect−direct transition. The full fluorinated
system possesses more symmetric and localized electron
distribution with pure σ-bonds. The band gap significantly
opened when compared to that of the pristine TH-carbon (2.63
eV). The band gap value is lower than that of fluorinated
graphene (4.74−5.10 eV)48,49 and fluorinated PG (4.78)48

using HSE06 hybrid functional. All these results indicated that
the ratio of sp2- and sp3-hybridized carbon atoms govern the
electronic structure of TH-carbon. In the final discussion, we
summarized the relation between the electronic bandgap and
fluorination concentration. Figure 9 shows that the relation is
linear. The band gap of TH-carbon can be tuned by fluorination.

■ CONCLUSION
The most significant results of the present study show that the
physical and chemical properties of TH-carbon can be
manipulated by fluorination, which effectively designs the
hybridization states of the carbon atoms. The results of phonon
spectrum, AIMD simulations, and elastic constants results
revealed that the pristine TH-carbon and its fluorinated
derivatives are dynamically, thermally, and mechanically stable.
Depending on the fluorine coverage, we examined the tunability
of the phononic gap and electronic band gap. Moreover, the
direct−indirect−direct band gap transitions were observed. We
found that the phononic gap can be controlled by fluorination. A
decrease in the specific heat capacity was observed with
increasing fluorine coverage, which is useful for nanoscale
engineering of heat management. The fluorination is found to
reduce the in-plane stiffness and Young’s modulus, but it

increases the ultimate strength. These results suggest fluorina-
tion would enable the ability to tailor TH-carbon material for
several interesting technological applications. Since these
materials are expected to be stable, it should be possible to
prepare them, for example, by controlled fluorination of TH-
carbon, by exfoliation of the corresponding pristine materials, or
exchange reactions starting from fluorinated TH-carbon as
proposed for graphene.5,49−52
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