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a b s t r a c t

Recently, Tetrahexcarbon (TH-carbon), a new two-dimensional(2D) carbon allotrope, has been identified
with an intrinsic direct bandgap, which makes it promising for practical applications in optoelectronic
devices. Using first-principles calculations, we examined the possibility of manipulating the physical and
chemical properties of TH-carbon sheet by controlled hydrogenation. We systematically studied pristine
TH-carbon and its hydrogenated derivatives with various configurations such as single- and double-sided
hydrogenation. Our study revealed their stability in energetic, dynamic, thermal, and mechanical aspects.
Depending on the hydrogen coverage and configurations, we observed the tunability of the phononic and
electronic bandgap, and the direct-indirect-direct bandgap transitions. These results suggest the plau-
sibility of modulating its electronic properties by hydrogenation. The heat transport in TH-carbon is
anisotropic. A significant decrease in thermal conductivity was observed in the fully hydrogenated TH-
carbon. The thermal conductivity in TH-carbon can be controlled by the sp3 CeH low conduction do-
mains. A notable increase in specific heat capacity was observed in hydrogenated derivatives of TH-
carbon, which would make them useful in nanoscale engineering of thermal transport. The hydroge-
nation was found to reduce the in-plane stiffness and Young’s modulus, but increase the ultimate
strength. These findings would provide important guidelines for practical applications of TH-carbon.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The growing list of available two dimensional (2D) crystals
consists of graphene [1] and the graphene derivatives (graphane
[2,3] and graphene fluoride [4]), graphyne [5], silicene [6], hexag-
onal boron nitride [7], MoS2, and many more [8e12]. Graphene, as
the most stable 2D form of carbon, has received a great deal of
attention from experimentalists and theoreticians due to its supe-
rior properties such as the robustness, stability, flexibility, zero-gap,
Dirac cone electronic structure, and high electron mobility
[1,13e15]. Motivated by the discovery of graphene, great efforts
have been made on the discovery of new carbon allotrope beyond
graphene. Carbon possesses different hybridization states such as
sp, sp2, and sp3 ones, leads to the formation of new carbon allotrope
with quite different chemical and physical properties. For instance,
sp2-hybridized graphene is a soft and zero band gap semiconductor
whereas sp3-hybridized diamond has excellent hardness and
rlee@kist.re.kr (K.-R. Lee).
insulating property [1,16].
By combining the different hybridization states, numerous 2D

carbon allotropes such as graphyne family (sp� sp2) [17e21],
penta-graphene (PG) (sp2 � sp3) [22], and Tetrahexcarbon (TH-
carbon) (sp2 � sp3) [23] have been predicted. Their novel properties
such as Dirac cone [24], good thermal conductivity, and extreme
hardness have been extensively examined. For instance, graphyne
and its family have graphene-like electronic properties (Dirac
cone), and 6,6,12-graphyne has more amazing electronic and
transport properties than that of graphene [25]. Grazynes, based on
graphene stripes linked to each other by acetylenic connections, are
reported to be stiffer than graphene [26]. PG exclusively composed
of carbon pentagons [22], exhibits an unusual negative Poisson’s
ratio and ultrahigh ideal strength [27], which would make PG
useful for many practical applications. In 2018, by applying Stone-
Wales transformation in PG, TH-carbon has been predicted to be
energetically favorable than PG [23]. TH-carbon exhibits remark-
able properties such as a wide direct band gap, highly anisotropic
electronic properties, and high electron mobility, which make it
promising for nanoelectronics and optoelectronic devices [23,28].

Designing the hybridization states of the carbon allotropewould
be useful to control its physical and chemical properties. Chemical
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functionalization (including H, F, O, OH, etc.) is an effective way to
transform the hybridization state of carbons. For instance, sp3-hy-
bridized graphene (namely graphane [2,3]) is obtained by
completely hydrogenated configurations of sp2-hybridized gra-
phene. The surface functionalization by hydrogen for 2D carbon
allotropes has received much attention to enhance their intrinsic
properties [3,29e37]. Hydrogenation of graphene turns the semi-
metallic feature into a wide band gap semiconductor, induces
magnetic moments, and dramatically changes its transport prop-
erties [2,38e42]. Furthermore, hydrogenated PG indicates a notable
enhancement in thermal conductivity [43]. Therefore, hydrogena-
tion is an effective way to tune the electronic, magnetic, and ther-
mal properties of 2D carbon allotropes. So far, the role of hydrogen
atoms by surface modification of the TH-carbon has yet to be
reported.

Herein, we systematically studied the pristine TH-carbon and its
hydrogenated derivatives with various configurations such as sin-
gle- and double-sided hydrogenation within the framework of
density functional theory (DFT). Firstly, we tested the stability of
the hydrogenated TH-carbon structures. We verified their stabil-
ities from energetic, dynamic, thermal, and mechanical aspects by
the computation results of binding energy, phonon band structure,
thermal stability, and elastic constants. After confirming their sta-
bilities, we examined their structural, mechanical, thermal, elec-
tronic, and optical properties. Our results showed that depending
on the hydrogen coverage and configurations, its phononic and
electronic band gap can be tuned and the direct-indirect-direct
band gap transitions can be obtained. The thermal transport in
TH-carbon was found to be anisotropic. A significant decrease in
thermal conductivity was observed by hydrogenation. The heat
transport in TH-carbon can be controlled by the sp3 CeH low
conduction domains. Moreover, a notable increase in specific heat
capacity was observed in hydrogenated derivatives of TH-carbon.
Furthermore, the hydrogenation is found to reduce the in-plane
stiffness and Young’s modulus but increase the ultimate strength.
The anisotropic optical behavior in TH-carbon due to the inherent
structural anisotropy turn to isotropic by hydrogenation.

2. Methodology

First-principles calculations and ab-initio molecular dynamics
(AIMD) calculations were performed within framework of density
functional theory (DFT) formalism as implemented in the VASP

software package [44]. The well-established projector augmented
wave method (PAW) [45,46] was applied with an energy cutoff of
520 eV for the plane wave basis. Gaussian smearing with a width of
s ¼ 0.01 eV was used in the calculations. For the exchange corre-
lation energy functional, the generalized gradient approximation
(GGA) was employed in the Perdew� Burke� Ernzerhof (PBE)
scheme [47]. The first Brillouin zone (BZ) integration was per-
formed using Monkhorst-Pack scheme [48]. We utilized 24� 24�
1 and 12� 12� 1 k-point mesh for the 1�1� 1 and 2� 2� 1 TH-
carbon systems respectively, which were accurate enough based on
our test calculations. To ensure isolation and reduce the artificial
interactions between periodic images in the perpendicular direc-
tion, a vacuum region of 20 Å was included in the cubic large
simulation cell. In the energy minimization using the conjugate
gradient method, we allowed all atoms in the sheet to fully relax
without any constraint. In all these calculations, the convergence
criteria for total energy in self-consistent field iterationwas set to 1
� 10�5 eV. The structures were optimized by keeping the volume of
the unit cell constant until the Hellmann� Feynman force
component on each atom was less than 0.001 eV Å�1. After the full
structural optimization with the PBE functional, we evaluated the
accurate band gap energy from the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional, constructed by mixing 25% of nonlocal Fock ex-
change with 75% of PBE exchange and 100% of PBE correlation
energy [49,50].

To calculate the binding energy (Eb) of the hydrogen atom(s) on
TH-carbon as a function of x, where xwas the concentration of H in
CHx, it was used the following expression:

Eb ¼
�
ETH�carbon þnEH � ExTH�carbon=nH

�.
n ; (1)

where ETH�carbon, EH, and ExTH�carbon=nH are the total energies of
pristine TH-carbon, an isolated hydrogen atom(s), and the hydro-
genated TH-carbon with a x concentration of H and n was the
number of attached H atoms per unit cell for given x. Eb > 0 implies
the adsorption was energetically favorable.

In AIMD simulations, the convergence criterion of total energy
was set as 1�10�4 eV. The calculationswere performed in 4� 4�1
supercell, with the temperature starting from 300 K and then
gradually being increased up to 900 K. Temperature control was
achieved using Nose-Hover thermostat [51e53]. The time step used
for the integration of equations of motionwas set to t ¼ 1 fs, and the
total time for the simulation was 2.5 ps.

To reveal the dynamics stability of the system, the phonon
spectrum was calculated using finite displacement method imple-
mented in Phonopy code [54]. The second-order interatomic force
constants (IFC) can be attained by using a 4� 4�1 supercell with 3
� 3�1 k�mesh, and very high accuracy (the convergence criterion
of total energy was set as 1 � 10�8 eV) for the phonon dispersion
calculations of TH-carbon systems. The third-order IFCs can
attained by 2 � 2 � 1 supercell with 2 � 2 � 1 k� mesh by Pho-
no3py package [55].

To examine the diffusion barrier of the single hydrogen atom on
TH-carbon, the climbing-image NEB method [56] was used to find
minimum energy paths (MEP) and transition states (TS) from given
the initial state (IS) and final state (FS). The IS and FS were taken the
same cell shape and volume. An interpolated chain of configura-
tions (images) between IS and FS positions were connected by
springs and relaxed simultaneously. The seven linearly interpolated
images between two energetic sites (IS and FS) for single H atom
diffusion were taken. All the images were relaxed until the
maximum force acting on atomwas less than 0.01 eV Å�1. All saddle
points were 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 tool [57] is calculated using the Kohn-
Sham DFT orbitals.
3. Results and discussion

3.1. Pristine tetrahexcarbon

The unitcell of the pristine TH-carbon as shown in Fig. 1 (a) was
used as a basic model to investigate the properties of hydrogenated
systems. Before investigating the hydrogenated systems, we first
performed the structural optimization of pristine TH-carbonwhere
carbon atoms are arranged in three atomic planes: the lower and
the upper planes are formed by sp2-hybridized carbon atoms
(denoted as C1), and the middle plane contains sp3-hybridized
carbon atoms (denoted as C2). Contrary to graphene (all the carbon
atoms are equivalent to sp2-hybridization), TH-carbon thus consists
of two chemically inequivalent carbon atoms (C1 and C2). After
structural optimization, the fully relaxed lattice constants of the
TH-carbon within the rectangular unit cell are found to be a ¼
4.53 Å and b ¼ 6.11 Å. The calculated bond lengths between two C1
atoms and between C1 and C2 atoms are d11 ¼ 1.34 Å and d12 ¼



Fig. 1. (a) Structure of pristine TH-carbon, containing eight sp2- and four sp3-hybridized carbon atoms (labeled as C1 and C2, respectively) in unit cell (framed by the red line). The C1

atoms are forming two external layers z ¼ ± h while the C2 atoms lie on the middle layer with z ¼ 0. Here, the top view from the z direction (upper panel left), side view from the x
direction (upper panel right), and the side view from the y direction (lower panel) of TH-carbon are separately shown. Lattice constants (a and b), the buckling height (h), bond
lengths (d11 and d12) are depicted. All the blue spheres in the lattice refer to the carbon atoms. (b) Phonon dispersion curve along with the high symmetric k points given by the 2D-
rectangular Brillouin zone (inset) and atom projected phonon density of state (PDOS). (c) Electronic band structure obtained from HSE06 method. Note that the Fermi level energy
(EF) is set to zero (depicted by the orange dashed line). (d) Charge density of conduction band minimum (CBM) and valence band maximum (VBM) is given in upper and lower
panels, respectively. Here, iso-surface of the charge density (yellow color lobes) is 0.0015 e/Å3. (A colour version of this figure can be viewed online.)

M.E. Kilic, K.-R. Lee / Carbon 161 (2020) 71e82 73
1.54 Å, respectively. The pristine TH-carbon has a buckled structure
with buckling height of h ¼ 0.58 Å, and the angle between carbon
atoms (C1eC2eC1 bond angle) is found to be q ¼ 135.51+. These
structural parameters are in good agreement with the report of
Ram et al. [23]. The calculated phonon band structure, electronic
band structure, and charge density of TH-carbon are respectively
given in Fig. 1 (b), (c), and (d) which will be discussed in the
following sections.

3.2. Hydrogenated tetrahexcarbon

We examined the hydrogenated derivatives of TH-carbon by
considering the single- and double-sided adsorption of hydrogen.
We tested their stability in energetic, dynamic, thermal, and me-
chanical aspects. After that, their structural, mechanical, thermal,
electronic, and optical properties were investigated. The results of
the structural properties of TH-carbon and its hydrogenated de-
rivatives are summarized in Table 1.

3.2.1. Atomic structure and structural characteristics
We first studied the interaction of a single hydrogen atom with

the TH-carbon (denoted as H/TH-carbon) using spin-polarized DFT
calculations. To determine the most energetically favorable binding
site for H/TH-carbon, we considered nine different possible
adsorption sites in the 2 � 2 supercell as presented in Fig. 2 (a). Our
results indicate that the single hydrogen atom can be chemically
bonded to the top of C1 atom (denoted as T1 site) with the binding
energy of 2.45 eV. The C1 atom just underneath the hydrogen atom
moves 0.31 Å upward towards to basal plane of the carbon where
the CeH bond distance dH is about 1.10 Å, slightly smaller than that
Table 1
Calculated structure parameters of TH-carbon and its hydrogenated derivatives in 2 � 2 s
between two C1 atoms d11, and between C1 and C2 atoms d12, between H and C1 atom dH i
Eb with PBE and van derWaals corrections using Grimme’s DFT-D2 [58] and DFT-D3 [59] m
Eg in eV are presented for all the considered structures.

Structure a b h d11 d12 dH

TH-carbon 4.533 6.107 0.58 1.34 1.54 e

H/TH-carbon 4.528 6.105 0.63 1.48 1.60 1.10
d-CH0:17 4.500 6.075 0.81 1.48 1.58 1.10
s-CH0:17 4.506 6.092 0.70 1.54 1.59 1.10
s-CH0:33 4.483 6.069 0.69 1.52 1.57 1.10
d-CH0:67 4.412 6.084 0.80 1.54 1.56 1.10
of graphene (1.12 Å) [60]. The atomic distortions are not negligible
for the second and third neighbors of the hydrogen-bonded carbon
atom (see Fig. S1 (b) of the Supplementary Material). Hence, the
adsorbed hydrogen atom induces local lattice distortion. In previ-
ous studies [31,32,61], a single hydrogen atom prefers to bind to
sp-hybridized carbon atoms in sp-sp2 carbon network, and to
sp2-hybridized carbon atoms in sp2-sp3 carbon network. Likewise,
for the H/TH-carbon, the hydrogen atom energetically favors
adsorbing on sp2-hybridized carbon atoms rather than sp3-hy-
bridized carbon atoms. Hybridization of the hydrogen-bonded
carbon atom (C1) changes from sp2 into sp3, breaking relevant p
bonds. This is denoted as “sp3-hydrogenation”. The electronic and
magnetic properties of H/TH-carbon (given in Fig. 2 (b) and (c) and
Fig. S2 of the Supplementary Material) will be discussed in the
following sections.

Considering the possible experimental realization of the pro-
posed TH-carbon, we analyzed its formation energy. We calculated
the formation energy Ef per C atom using the following equation
Ef ¼ E2D � E3D where E2D and E3D are per C atom energies of 2D and
the reference bulk materials, respectively. The low formation en-
ergy suggests the ease fabrication of 2D materials from their bulk
counterparts. More specifically, the Ef ¡ 200 meV/C implies that the
2D materials can be synthesized as free standing such as graphene,
BN, and MoS2 [1,62e64]. For the other 2D materials (graphdiyne
[18], silicene [65], and ZnO [66]) which have been synthesized
experimentally on the substrate, the Ef value is higher than
200 meV/C [67]. For instance, the Ef of 823 meV/C graphdyine
experimentally synthesized on the copper surface [18]. For TH-
carbon, the Ef is found to be 920 meV/C, and hence it would be
required a suitable substrate. On the other hand, hydrogenated TH-
upercell. Here, the unitcell lattice constants a and b, buckling height h, bond lengths
n Å, and the bond angle between carbon atoms (C1eC2eC1) q in +, the binding energy
ethods in eV=H, the total magnetic momentM in mB, the electronic band gap energy

q EPBEb EDFT�D2
b EDFT�D3

b
M Eg Type

135.5 e e e 0 2.63 direct
115.8 2.45 2.52 2.50 1.0 e metallic
116.0 2.40 2.47 2.45 1.34 e metallic
116.7 3.28 3.35 3.33 0 2.72 indirect
116.9 3.24 3.33 3.30 0 3.45 indirect
122.1 3.13 3.22 3.19 0 3.87 direct



Fig. 2. (a) Atomic structure of the single hydrogen atom adsorbed on 2� 2 TH-carbon supercell (denoted as H/TH-carbon). Top view from the z direction, side view from the x
direction, and side view from the y direction are shown in the left upper panel, right upper panel, and lower panel, respectively. Here, all the considered adsorption positions (T1, T2,
T3, B11, B12, B23, B33, H, and R sites) are depicted. Carbon (C1 and C2) atoms and H atom are shown in blue colors and pink color, respectively. (b) Projected density-of-states (pDOS) of
carbon (C1 and C2) and hydrogen (H) atoms in H/TH-carbon. (c) Electronic band structure with spin-up and spin-down states shown in pink and blue, respectively. Note that the
Fermi level (EF) is set to zero (depicted by the orange dashed line). (A colour version of this figure can be viewed online.)
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carbon (d-CH0:67) is more energetically favorable (16.8 eV lower
energy than TH-carbon per unitcell). The possible experimental
realization of the proposed hydrogenated TH-carbons, their fabri-
cations from pristine TH-carbon would require the additional re-
action of hydrogen atoms to the sp2-hybridized carbon atoms. To
estimate the initial step of this reaction, we first considered the
single hydrogen atom diffusion pathway to form the energetically
favorable hydrogenated configuration. For the sake of this, we
investigated migration pathways and diffusion energy barriers for
the H/TH-carbon by using NEB calculations. Three typical diffusion
pathways (namely Path I, Path II, and Path III) were set by consid-
ering the favorable sites for the H atom on TH-carbon. The atomic
arrangements of the IS, TS, FS, and the converged MEP for the H
atom along the considered paths are indicated in Fig. 3 (a). Our NEB
calculation results show that the energy barriers for the single H
atom to diffuse on TH-carbon along the Path I, Path II, and Path III
are 1.68, 3.30, and 3.32 eV, respectively, (Fig. 3 (b)). These results of
high energy barriers indicate the low possibility of hydrogen
migration from one energetic site (T1) to another. From the ener-
getic point of view (considering the binding energy and the diffu-
sion energy barriers), therefore, it is evident that the single
hydrogen atom strongly binds to an sp2-hybridized carbon atom
(C1) on TH-carbon. We further considered a typical dissociative
adsorption reaction pathway of the first H2 molecule to form the
energetically favorable paired hydrogenated configuration. The
equilibrium atomic configurations of IS, TS, FS, and the converged
MEP for the H2 molecule are presented in Fig. 3(c). From the energy
profile as indicated Fig. 3(d), we found that the dissociative addition
of hydrogen needs to overcome energy barrier of 2.33 eV. The
negative reaction energy (�0.08 eV) denotes an exothermic addi-
tion of the H2 molecule on TH-carbon. Such high energy barriers
imply that the dissociative adsorption of molecular hydrogen on
TH-carbon is unexpected to occur. Therefore, we would suggest to
use hydrogen plasma where atomic hydrogen of either radical or
ionic form can be maintained. The chemically active hydrogen
would result in sp3-hydrogenation with any sp2-hybridized carbon
atoms of TH-carbon, similar to the graphane formation [3], or a
catalytic pathway would be required as in the case of hydrogenated
graphene [68].

Subsequent to having established the most stable configuration
for the H/TH-carbon, we then studied two hydrogen atoms
adsorption on TH-carbon unitcell where the concentration of
hydrogen atoms,Q is 17%. To identify the most favorable position of
two hydrogen atoms on TH-carbon, all possible combinations of
hydrogen positions were considered. For the double-sided hydro-
genation case (Q ¼ 17%) (Fig. 4 (a)), two hydrogen atoms favor
adsorbing two adjacent sp2-hybridized carbon atoms on opposite
sides of TH-carbon layers (denoted as d-CH0:17). In this case, the
binding energy of hydrogen is 2.40 eV=H, which is 0.05 eV=H
smaller than that of H/TH-carbon. We note that when two adjacent
sp2-hybridized carbon atoms are hydrogenated on the opposite
sides of TH-carbon layer, the induced local strain on C2 carbon atom
compensates each other (see Fig. S1 (c) of the Supplementary
Material), reducing the total energy. Another possible configuration
for two hydrogen atoms adsorption on the opposite side of TH-
carbon unitcell becomes dynamically unstable, as the phonon
dispersion exhibits negative frequency mode (Fig. S3 of the Sup-
plementary Material).

For the single-sided hydrogenation case (Q ¼ 17%, Fig. 4 (b)), s-
CH0:17, two hydrogen atoms prefer to bound to two adjacent
sp2-hybridized carbon atoms with strong binding energy of 3.28
eV=H. The distance between hydrogen atoms for the s-CH0:17 is
found to be 2.25 Å which is similar to “ortho-dimer” hydrogen
configuration on graphene [69]. The hydrogen adsorbed carbon
atoms move simultaneously in the same direction. The atomic
distortions are negligible for the second and third neighbors of the
hydrogen-bonded carbon atoms (Fig. S1 (d) of the Supplementary
Material). The length of C1eC1 bond becomes close to the standard
value of sp3 CeC bonds (1.54 Å) (see Table 1). We should note that
extra stability is gained through pairing. Similarly, the ortho-dimer
configurations on graphene lattice exhibit strong stability as
compared to other configurations of two hydrogen atoms [70].

We next studied the highest hydrogen coverage level on the
single-sided TH-carbon (Q ¼ 33%). In practice, this would be the
case where TH-carbon on a substrate is fully hydrogenated. This
configuration is referred to as s-CH0:33 at which all the sp2-hy-
bridized carbon atoms on the single-sided of TH-carbon are hy-
drogenated (Fig. 4 (c)). The calculated binding energy is found to be
3.24 eV/H, which is 0.04 eV lower than that of s-CH0:17. For the
double-sided hydrogenation of TH-carbon with Q ¼ 33%, two
possible hydrogenated derivatives, d1-CH0:33 and d2-CH0:33, were
considered (Fig. S4 of the Supplementary Material). The binding
energy for d1-CH0:33 and d2-CH0:33 are found to be 3.20 and 3.24 Å,
respectively.

Last, we examined the highest hydrogen coverage level (Q ¼
67%) where all the sp2-hybridized carbon atoms are hydrogenated



Fig. 3. (a) Energy pathways for a single H atom on TH-carbon along the different reaction pathways: namely Path I, Path II, and Path III. The equilibrium atomic configurations of the
initial state (IS), transition state (TS), and final state (FS) for the each path are presented. Note that the IS and FS are energetically favorable adsorption sites for the single H atom
adsorption on TH-carbon. (b) Diffusion energy barrier and minimum energy path (MEP) for the H atom along the Path I, Path II, and Path III. Here, the energy of the IS is set to 0 eV.
(c) and (d) the equilibrium configurations for IS, TS, and FS and energy barrier of the dissociation of one H2 molecule adsorbed on TH-carbon, respectively. (A colour version of this
figure can be viewed online.)

Fig. 4. Stable atomic configurations for single-sided and double-sided hydrogenation of TH-carbon (in 2 � 2 supercell) with different coverage levels. (a) d-CH0.17, (b) s-CH0.17, (c) s-
CH0.33, and (f) d-CH0.67. Here, “s” and “d” denote the single- and double-sided hydrogenation, respectively, e.g., s-CH0:33 represents the single-sided hydrogenation with Q ¼ 33%
coverage level. The blue and pink balls represent C and H atoms, respectively. (A colour version of this figure can be viewed online.)
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on both sides of the TH-carbon sheet (Fig. 4 (d)). This configuration
is referred to as d-CH0:67. Upon full hydrogenation in TH-carbon,
the structure becomes more symmetric in terms of the carbon-
carbon bond lengths and bond angles as presented in Fig. S1 (e)
of the Supplementary Material). For instance, the distance between
sp2-hybridized carbon atoms (d11) increases from 1.34 to 1.54 Å
with hydrogenation resulting in equal bond lengths, which is
almost the same as that of diamond [71] or graphane (1.54 Å) [2].
Furthermore, the calculated binding energy is about 3.13 eV= H,
which is relatively lower than that of s-CH0:33 by 0.11 eV/H. As
mentioned above, for the case of double-sided hydrogenation, the
induced local strain compensates each other, reducing the total
energy. Regarding the maximum hydrogen capacity, the highest
hydrogen concentration for hydrogenated TH-carbon is the same as
that of fully hydrogenated-PG (C3H2) [72], but lower than graphane
(CH) [3].

From the structural point of view, the transformation of the
sp2-hybridized carbon (C1) in pristine TH-carbon to the sp3
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hybridization in hydrogenated TH-carbon results in a change in the
buckling height h, and bond length (d11) (see Table 1). As the
hydrogen coverage increases, the h value gradually increases
leading to considerable decrease in the lattice constants (a and b).
Although the d11 slightly increases with the sp3-hybridization, the
relaxed lattice constants a and b decrease by about 2.7% and 1.0%
respectively in comparison with those of pristine TH-carbon. We
further studied the effect of the external strain on the lattice and
adsorption properties since the materials are sensitive to the
external conditions in various engineering applications [73]. A
range of both compressive and tensile uniaxial strain along the
lattice parameter a and b (referred to as uniaxial-x and uniaxial-y,
respectively) and equi-biaxial strain from �2% to þ10% with in-
tervals of 2% were applied to the pristine TH-carbon, s-CH0:33, and
d-CH0:67 systems. The variations of the h, d11, and d12 with respect
to the corresponding strain are presented in Fig. S5 of the Supple-
mentary Material. Similar to PG [74], in the presence of the uni-
axial-x, uniaxial-y, and equi-biaxial tensile strain, the h value
decreases while the d11 and d12 values monotonically increase as
the tensile strain increases. The results show the opposite behavior
when subject to compressive strain. We note that the variations in
the lattice parameters for the pristine TH-carbon and its hydroge-
nated derivatives are similar trends in the presence of the strain.
Besides, we investigated the influence of mechanical deformation
on the adsorption characteristics of a single H on TH-carbon. The
preferred binding position of the single H on TH-carbonmaintained
in the corresponding strain ranges. As the pristine TH-carbon and
its hydrogenated derivatives undergo compressive and tensile
strains, it is observed that the binding energy gradually decreases,
indicating less stable adsorption (see Fig. S6 of the Supplementary
Material).

We should note that the hydrogen binding energy for hydro-
genated TH-carbons was also calculated with the van der Waals
(vdW) DFT-D2 and DFT-D3 correction methods of Grimme [58,59],
which is important to test and modify the adsorption energy [75].
The calculated adsorption energies of hydrogenated TH-carbon
with and without vdW corrections are summarized in Table 1,
suggesting that the effect of vdW corrections on the adsorption
energies of hydrogenated TH-carbon is subtle and negligible.
3.2.2. Dynamic stability and phonon properties
To examine the dynamic stability of TH-carbon and its hydro-

genated derivatives, phonon frequencies of all modes are calculated
as a function of the k-points in the BZ. The structure is identified to
be stable if all the phonon modes are positive frequencies. The
results from ab-initio lattice dynamics calculations are presented in
Figs. 1 (b) and Fig. 5. We note that TH-carbon and its hydrogenated
derivatives show positive frequencies for all modes in their BZ, and
Fig. 5. Calculated phonon dispersion curves (left) and the atom-resolved phonon density o
CH0:17, (c) s-CH0:33, and (d) d-CH0:67. Here, the phononic gaps are marked with the shaded
their dynamics stability. (A colour version of this figure can be viewed online.)
thus, they are dynamically stable.
Similar to graphene, three acoustic phonon branches such as

transverse in-plane (TA), longitudinal (LA), and out-of-plane (ZA)
for each considered systems were observed. The TA and LA
branches exhibit linear features whereas the feature of ZA branch
exhibits quadratic dispersion near G-point. We should note that the
hydrogenated TH-carbon structures also have dispersionless CeH
stretching modes at around 88 THz (see Fig. S4 (b) and (e)) [76].
Therefore, the hydrogenated TH-carbon has large bond-stretching
phonon frequencies.

More interestingly, a remarkable phonon gap in the phonon
spectra of pristine and partially hydrogenated TH-carbon sheets is
observed (see the sky blue region in Fig. 5). The existence of the
phononic gap can limit the contribution of phonon in thermal
properties, which could be useful for thermoelectric devices. In
order to interpret this gap in the phonon spectra, the atom-
projected phonon density of states (PDOS) calculations were per-
formed using the first-principles calculations. The phonon PDOS for
pristine TH-carbon and its hydrogenated derivatives indicates that
the phonon modes of sp2-hybridized carbon atoms (C1) are pre-
dominant in the high-frequency region (around 50 THz). Similar
behavior was observed in the phonon modes of sp2-sp3 carbon
networks such as in PG [22]. It is noted that the phonon branches at
around 50 THz are gradually annihilated by increasing hydroge-
nation due to the sp3-hydrogenation. Fig. 5 (d), the phonon spectra
of fully hydrogenated TH-carbon (denoted as d-CH0:67) composed
of only sp3 bonds, obviously shows the disappearance of corre-
sponding phonon branches at high frequencies as well as the
phonon gap. This result suggests that the phononic band gap of TH-
carbon can be tuned by controlled hydrogenation.
3.2.3. Thermal stability and properties
We first focused on the thermal stability of TH-carbon and its

hydrogenated derivatives. The thermal stability for the considered
systems was investigated by ab-initio molecular dynamics (AIMD)
simulations. To reduce the constraint of periodic boundary condi-
tion and explore possible structure reconstruction, we considered a
4 � 3 supercell and performed AIMD simulation with increasing
temperature from 300 K to 900 K.

After energy minimization at 0 K, the systems were heated to
300 K to ensure thermal equilibrium for 1 ps. Thereafter, the TH-
carbon systems (which are equilibrated at 300 K) were gradually
heated to 900 K for 2.5 ps. Upon reaching a temperature of 900 K,
the TH-carbon systems were thermally equilibrated for 2.5 ps. To
ensure thermal equilibrium at 900 K, we monitored their potential
energy with respect to time. The snapshots of atomic configura-
tions for pristine TH-carbon and its hydrogenated derivatives at
900 K are shown in Fig. S7 of the Supplementary Material. It is
f states (PDOS) (right) of hydrogenated derivatives of TH-carbon for (a) d-CH0:17, (b) s-
blue regions. Note that, the structures have totally positive phonon modes, indicating
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evident that the pristine TH-carbon and its hydrogenated de-
rivatives preserve their planar configurations without any signifi-
cant distortion even at 900 K. Even if the present simulation time is
very short due to the computational limit in the AIMD calculations,
this result at least shows that the structure is stable with respect to
the thermal shock.

Next, we studied their thermal properties from the phonon
calculations. 2D materials possess unusual phonon spectra due to
the presence of out-of-plane modes, which makes them ideal
candidates for thermal management applications [77]. Recent
studies have examined the influence of hydrogenation on the
thermal properties of carbon-based materials. For instance, hy-
drogenation of graphene leads to a dramatic decrease in thermal
conductivity [78] while hydrogenation of PG leads to a large
improvement in thermal conductivity [43]. With this motivation,
we studied the thermal properties of pristine TH-carbon and its
hydrogenated derivatives which are not reported yet. There are two
main contributions to the thermal properties of the nanomaterials:
the lattice vibrations (phonons) and electrons. The electron
contribution is proportional to DOS at the Fermi level. Since most of
the TH-carbon systems considered in the present work have a wide
band gap (see in Fig. 8), their thermal properties would be domi-
nated by the phonon contribution. We thus examined the thermal
properties of pristine TH-carbon and its hydrogenated derivatives
due to the lattice vibrations, which are responsible for the char-
acteristic properties of the considered systems such as lattice
thermal conductivity and specific heat.

By solving linearized phonon Boltzmann equation within the
single-mode relaxation time approximation (RTA) [55], we calcu-
lated the lattice thermal conductivity (kL), which can be obtained
from Eq. (2):

k¼ 1
NV0

X
l

Clnl5nltl (2)

where N, V0, l are the total number of q points sampling in the BZ,
the volume of a unitcell, and phonon mode, respectively, and Cl, nl,
and tl are the specific heat, phonon group velocity, and phonon
lifetime, respectively. The Cl is the mode dependent heat capacity,
which can be obtained from Eq. (3):
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where kB and Z are the Boltzmann constant and reduced Planck
constant, respectively.

Based on the second and third-order interatomic force constants
obtained from the supercell method, we calculated the
temperature-dependent lattice thermal conductivity of pristine
and hydrogenated TH-carbon. Fig. 6 (a) shows that the kL decreases
as the temperature increases due to the intrinsic enhancement of
phonon-phonon scattering with temperature increasing. We found
that the thermal transport in TH-carbon is anisotropic due to its
inherent structural anisotropy. At room temperature, the calculated
kL of pristine TH-carbon is about 419.15 and 342.30 W m�1 K�1

along with the a and b lattice directions, respectively, where the
thickness of TH-carbon is taken as the interlayer equilibrium
spacing of the sheet (2.75 Å [23]).

With increasing hydrogen coverage on TH-carbon, the structure
has two domains, one with low conduction (sp3 CeH bonds) and
other with high thermal conduction (CeC bonds). For the single-
sided full hydrogenation coverage (Q ¼ 33%), the kL of s-CH0.33 is
found to be 320.63 and 284.70 W m�1 K�1 along with the a and b
lattice directions, respectively. The decreasing in thermal conduc-
tivity is attributed to the introduction of sp3 CeH bonds in the
structure. More specifically, a strong sp2 C1eC1 bond (composed of
s and p bonds) gradually diminishes and deteriorates by hydro-
genation, and becomes a weaker single s bond (see Fig. 8, lower
panels). Upon full hydrogen coverage (Q ¼ 67%), d-CH0.67, the kL
value significantly decreases to about 33.56 and 36.63 W m�1 K�1

along with the a and b lattice directions, respectively. This is
attributed to the decreased phonon lifetime (Fig. S8 of the Sup-
plementary Material). For graphene, the thermal conductivity de-
creases with increasing hydrogen coverage from 0% to 30%, and
then insensitive to further H-coverage [78,79]. As a result, the heat
transport in TH-carbon can be controlled by the sp3 CeH low
conduction domains.

We next showed the results on the lattice specific heat capacity
at constant volume (Cv) for pristine TH-carbon and its hydroge-
nated derivatives in Fig. 6 (b). The specific heat capacity of pristine
TH-carbon and its hydrogenated derivatives are almost identical at
low temperature (below 300 K). However, the values become
different at the higher temperature. The heat capacity of hydroge-
nated TH-carbon for d-CH0.67 is found to be 29.4% larger than that
for pristine TH-carbon at 1000 K. The reason for the higher specific
heat capacity in hydrogenated TH-carbon is the existence of the
high frequency CeHmodes to gain extra vibrational energy. Similar
behavior has been reported for graphane [80] and hydrogenated PG
[72]. It is widely known that the sp3-hydrogenation enhances the
specific heat capacity. For instance, the heat capacity for graphane
was reported to be 14.8% larger than that for graphene at 1000 K
[81]. Furthermore, the phonon frequencies of sp2-hybridized car-
bon atoms (C1) at high frequency completely soften with hydro-
genation, which increases the DOS at lower frequencies (see Figs. 1
(b) and Fig. 5). Therefore, the softening of acoustic and optical
branches in the transverse direction results in the larger specific
heat capacity by hydrogenation [80,82]. The large improvement in
specific heat capacity would make hydrogenated TH-carbon suit-
able for storing and transferring energy.
3.2.4. Mechanical stability and properties
The mechanical stability of pristine TH-carbon and its hydro-

genated derivatives was first tested by the following stability con-
ditions (Born-Huang criteria [83]) of the elastic constants:
C11 C22 � C2

12 >0 and C66 >0. Here, C11, C22, C12, and C66 are com-
ponents of elastic modulus tensor.We calculated the corresponding
elastic constants (C11, C22, C12, and C66) under the in-plane uniaxial,
biaxial and shear strain conditions (see Fig. S9 of the Supplemen-
tary Material). The corresponding elastic constants can be derived
from the second derivative of total energy with respect to the in-
plane strain at equilibrium area by Eq. (4) and Eq. (5):

UðεÞ¼1
2
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2
xx þ

1
2
C22ε

2
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Cij ¼
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1
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v2U
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!
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where U, Cij, εij, and S0 are the elastic strain energy per unit area, in-
plane stiffness, the infinitesimal strain tensors, and the equilibrium
area, respectively. Here, the uniaxial strains along the a and b lattice
directions (namely, uniaxial-x and uniaxial-y, respectively) are
defined as εx ¼ (a-a0)/a0 and εy ¼ (b-b0)/b0, respectively, where a, b,
and a0, b0 are the lattice constants of the strained and unstrained
structures. We used the Voigt notation: i.e, 1/xx, 2/yy, and
6/xy.



Fig. 6. (a) Lattice thermal conductivity (kL) and (b) specific heat capacity (CV ) at constant volume (V) for pristine TH-carbon, s-CH0.33, and d-CH0.67 as a function of T presented in
black, blue, and orange, respectively. Here, the kL along with the a and b lattice directions are depicted by line and dashed lines, respectively. (A colour version of this figure can be
viewed online.)
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By changing the lattice constants of TH-carbon and its hydro-
genated derivatives, a series of lateral strain in the range
from �0.025 to 0.025 along the corresponding directions with an
increment of 0.005 were applied to the TH-carbon sheets. At each
point, the atomic positions were relaxed to calculate the total en-
ergies and the stress for each strain case. From strain-energy rela-
tionship (as presented in Fig. S9 of the SupplementaryMaterial), we
calculated the Cij values as summarized in Table 2. Our calculated
C11 and C22 values for pristine TH-carbon (287.03 N/m and
280.70 N/m, respectively) agree well with the report of Ram et al.
[23]. We further reported C12 and C66 values for pristine TH-carbon,
which are not reported yet. The calculated non-zero elastic con-
stants in Table 2 meet the Born-Huang criteria of the mechanical
stability (C11 > jC12j and C66 > 0) for all the considered TH-carbon
sheets. Therefore, the TH-carbon and its hydrogenated derivatives
are mechanically stable.

We next focus on their mechanical properties, in-plane Young’s
modulus Y, and Poisson’s ratio P, which are calculated via the
following equations:

Y ¼C2
11 � C2

12
C11

; P ¼ C12
C11

(6)

For the pristine TH-carbon, Young’s moduli along the a and b
lattice directions were calculated to be Ya ¼ 286.12 N/m and Yb ¼
279.88 N/m, respectively, which are higher than that of PG (re-
ported to be 263.8 N/m) [22]. As shown in Table 2, hydrogenation of
TH-carbon reduces the Young’s modulus. This reduction in Young’s
Modulus for the d-CH0.67 is calculated to be 13% and 29% along the a
Table 2
Calculated elastic 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 hydrogenated
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
d-CH0:17 270.97 239.91 18.87 101.64 269.65 238.42 0.07 0.08
s-CH0:17 279.24 258.34 18.74 112.44 277.98 256.98 0.07 0.07
s-CH0:33 275.39 236.72 26.99 106.68 272.74 233.64 0.10 0.11
d-CH0:67 252.92 204.31 32.03 82.222 248.87 199.29 0.13 0.16
and b directions with respect to the pristine TH-carbon, respec-
tively. For hydrogenated PG and graphane, the reduction in Young’s
Modulus is also reported as 26% [84] and 30% [85] with respect to
their pristine structures (PG and graphene), respectively. Likewise,
shear modulus G also decreases with increasing hydrogen con-
centration. To understand the reduction of Young’s modulus by
hydrogenation, we turn to the nature of bonds and binding energy
of the systems. It must be noted that the buckling height (h) in-
creases with increasing hydrogen concentration, resulting in
increased C1eC1 bond length (d11), and the binding energy (Eb)
slightly decreases with hydrogenation. The bond elongation and
decreased Eb would result in the reduction of Young’s modulus.
Unlike PG, TH-carbon and its hydrogenated derivatives exhibit
positive Poisson’s ratio (P). The Pa and Pb tend to increase as the
concentration of hydrogen in the TH-carbon system increases.

We also calculated the ultimate strength of the pristine TH-
carbon and its hydrogenated derivatives. To examine the ultimate
strength, we plot the stress-strain curve for TH-carbon and its hy-
drogenated derivatives in Fig. 7. The stress-strain curve for PG is
also presented as a benchmark for comparison. Our results show
that the in-plane stress monotonically increases to reaches the
maximum stress with increasing applied tensile strain. The calcu-
lated strain at the maximum strength for PG is 21% as in the pre-
vious report [22]. Those for pristine TH-carbon, s-CH0.33, and d-
CH0.67 are 20, 21, and 25%, respectively.
3.2.5. Electronic properties
We will now report the electronic properties by analyzing the

electronic band structure, the density of state (DOS), the charge
distribution at valence bandmaximum (VBM) and conduction band
minimum (CBM), and the electron localization function (ELF).

We start with the discussion of the electronic properties of the
pristine TH-carbon (see Fig. 1 (c)). Based on the GGA scheme, its
VBM and CBM are located at Gamma point, and its energy gap is
about 1.62 eV when using PBE. Due to the underestimation of the
band gap value with the PBE, we performed hybrid functional
calculations for more accurate electronic band gaps using the
HSE06. Its electronic band-gap energy is found to be 2.633 eV. The
charge density of VBM and CBM is predominantly localized on
sp2-hybridized carbon atoms (C1) atoms (Fig. 1 (d)). According to



Fig. 7. Stress-strain relationship under applying equi-biaxial tensile strain for the PG,
pristine TH-carbon, s-CH0.33, and d-CH0.67, represented in black, red, light blue and
orange, respectively. Here, the maximal tensile stress points for each considered sys-
tems are depicted by dashed line. (A colour version of this figure can be viewed online.)
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the atom/orbital projected density of states (pDOS) results (pre-
sented in Fig. S10 of the Supplementary Material), the electronic
states near the Fermi energy level are mainly of pz orbital of the C1.
All these results for pristine TH-carbon are in good agreement with
the report of Ram et al. [23].

Next, we explain how hydrogen atoms affect the electronic and
magnetic properties of the TH-carbon. According to the spin-
polarized calculations, the spin projected density of states (DOS)
indicates that the spins (up and down) are aligned near the Fermi
energy level by means of exchange interactions. The obtained re-
sults show that the DOS of occupied state (below Fermi level) has
the majority of spin-up electrons, which induces the spin polari-
zation with the magnetic moment of about 1.0 mB (Fig. 2 (b)). The
magnetic moment induced by the H atom adsorption is widely
known for the other carbon allotropes (graphite [86], graphene
Fig. 8. Electronic band structure (upper panel) and electron localization function (ELF) plot
(c) s-CH0:33, and (d) d-CH0:67. Here, direct and indirect bandwidths between valence band m
arrows. The Fermi level is shifted to 0 eV, and shown by the dashed orange line. The ELF profi
1. ELF ¼ 1 means highly localized and bounded electrons, while ELF ¼ 0 means the lack of
[69,87], graphyne [88], and PG [72]). According to the pDOS of H/
TH-carbon (Fig. S2 (b) of the Supplementary Material), the main
contribution near the Fermi level originated from the pz orbital of
the nearest neighbor carbon (C1) of the hydrogen-bonded carbon
atom. This indicates that the adsorption of the H atom locally
removes the pz orbitals from the bonded sp2-hybridized carbon
atom (C1), resulting in the electron localization and the change of
the charge distribution (Fig. S2 (c) of the Supplementary Material).
The electronic band structure for H/TH-carbon are presented in
Fig. 2 (c). We observed that the adsorption of H atom leads to the
disappearance of the band gap near the Fermi level for H/TH-
carbon. Bader analysis of electron distribution [89] indicates that
charge transfer occurs from H to C atoms upon hydrogen
adsorption.

The electronic band structures of other hydrogenated TH-carbon
sheets are presented in Fig. 8. The d-CH0:17 is basically the same as
the H/TH-carbon, where the broken bonds produce unpaired
electrons with strong magnetic coupling between their spins. The
hydrogen atoms in the d-CH0:17 locally remove the corresponding p
orbitals of the hydrogen-adsorbed carbon atoms in upper and
lower planes as shown by the ELF profiles (Fig. 8 (a) lower panel).
The electrons that were previously in the unhybridized p orbitals of
the C1 atoms in pristine TH-carbon are now localized at the CeH s
bond (the big red region in Fig. 8 (a) lower panel). We noted that the
electron localization occurs around the center of all bonds, indi-
cating the dominance of covalent bonding between pairs of atoms.
It can be seen that the displacement of the hydrogen-bonded car-
bon atoms leads to an asymmetric bonding environment, which
results in the distortion of the unhybridized p orbitals. According to
the spin-polarized DOS, the spins (up and down) are aligned near
the Fermi energy level by means of exchange interactions (see
Fig. S10 (b) of the Supplementary Material). The total magnetic
moment of the d-CH0:17 is found to be 1.34 mB. Hydrogen induced
magnetism in TH-carbon would be of great interest to spintronic
device applications. The presence of electronic states at EF indicates
its metallic feature.

For the ortho-dimer hydrogen configurations, we studied the
electronic properties of s-CH0:17 and s-CH0:33. The electronic band
structure of the s-CH0:17 exhibits an indirect gap with a magnitude
(lower panel) for the hydrogenated derivatives of TH-carbon. (a) d-CH0:17, (b) s-CH0:17,
aximum (VBM) and conduction band minimum (CBM) are depicted with dashed black
les are depicted on the [100] plane. The ELF is dimensionless, and has a range from 0 to
electron. (A colour version of this figure can be viewed online.)
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of 2.723 eV (at which its VBM located to M point as presented in
Fig. 8 (b)). The ELF profile is presented in Fig. 8 (b) (lower panel).We
obtained that the nature of bonds (p and s) between hydrogen-
bonded carbon atoms (C1eC1) changed to pure s bonding by hy-
drogenations, leading to the localized electron distribution. From
the pDOS of the s-CH0:17, the electronic states near the Fermi level
disappear, which is expected as the contribution around the Fermi
level comes mainly from the pz orbitals of sp2-hybridized C atoms.
With increasing hydrogen coverage, the s-CH0:33 exhibits the larger
indirect band gap of 3.448 eV. This indicates that increasing the
ratio of sp3-hybridized carbon atoms leads to an increased band
gap. It is worth noting that not only the ratio of sp2- and sp3-hy-
bridized carbon atoms but also their spatial arrangements govern
the electronic structure of TH-carbon (see Fig. S4 (c) and (f) of the
Supplementary Material). The total magnetic moment for the
ortho� dimer configuration is found to be zero. Upon pre-adsorbed
H atom adsorption on TH-carbon, the second hydrogen atom van-
ishes the magnetization of the system. Similar behavior was re-
ported in graphene that the ortho-dimer configurations to be
nonmagnetic, while pre-adsorbed H atom to be magnetic [69,90].

For the highest coverage level (Q ¼ 67%), the electronic band
structure of d-CH0:67 turns to the wider direct band gap of 3.873 eV
due to the rigid up-shift of the conduction band (Fig. 8 (d)). The
wider direct band gap of the d-CH0:67 would make it a good
candidate for blue light-emitting diode (LED) applications. The
band gap energy value of d-CH0:67 is bigger than that for pristine
TH-carbon but is smaller than that of purely sp3-hybridized
graphane (4.66 eV from DFT-GGA [41], 5.4 eV from accurate GW
calculations [91]). In the d-CH0:67 (fully hydrogenated TH-carbon),
all the carbon atoms are sp3-hybridized and electron bonds are
saturated with hydrogen atoms, which result in insulating char-
acteristics. The ELF profile of the d-CH0:67 clearly showed that hy-
drogenation converts the orbitals of the sp2-hybridized carbon
atoms into sp3, resulting in pure s-bonding, and leading more
symmetric and localized electron distribution (Fig. 8 (d) lower
Fig. 9. The xx and yy component of real (ε1(u)) and imaginary (ε2(u)) parts of the dielectric
this figure can be viewed online.)
panel). We noted that the nature of bonds between sp2 carbon
atoms changes by hydrogenations. These results show that, upon
changing the hydrogen coverage and configurations, the band gap
of TH-carbon can be tuned in wide ranges (semiconductor and
insulator), and also demonstrate the band gap transitions (direct to
indirect semiconductor, metallic, and insulator).

To examine the optical properties of TH-carbon sheets would be
beneficial to practical applications of the TH-carbon structures in
optoelectronics since pristine TH-carbon and d-CH0:67 exhibit the
direct electronic band gap which plays an important role in the
enhancement of the optical response of these materials. For the
sake of this, we studied the optical properties of pristine TH-carbon,
s-CH0:33, and d-CH0:67 such as the real(ε1(u)) and imaginary(ε2(u))
parts of dielectric function by applying the independent particle
approximation as implemented in VASP [92]. The ε1(u) and ε2(u) as
a function of photon energy for the TH-carbon systems depicted in
Fig. 9. For the pristine TH-carbon, we observed the anisotropic
optical behavior due to the inherent structural anisotropy in the
sheet (i.e. all the sp2-hybridized carbon atoms lie on the b lattice
direction). This anisotropic feature could be utilized to determine
the sample orientation experimentally by monitoring the absorp-
tion signal. As the hydrogenation structurally change the aniso-
tropic of the TH-carbon to nearly isotropic, the anisotropic optical
response virtually disappeared (see Fig. 9). Moreover, the absorp-
tion edge in the ε2(u) shifted to the higher energies by hydroge-
nation, whichmight improve the optical transparency. According to
the a analysis of PDOS, the first absorption peaks of ε2(u) aremainly
due to electron transition from 2p of C1(valence band) to 2p of
C1(conduction band) (see Fig. S10 of the Supplementary Material).

We further studied the band gap variations as a function of
strain and presented in Fig. S11 of the Supplementary Material. We
observed that the pristine TH-carbon and its hydrogenated de-
rivatives are sensitive to the external strain. However, the overall
electronic structures aremarginally affected by the strain, with only
some changes in the bands energetic dispersion (see Fig. S12,
function for (a) the pristine TH-carbon, (b) s-CH0:33, and d-CH0:67. (A colour version of
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Fig. S13, and Fig. S14 of the Supplementary Material). The band gap
energy for the pristine TH-carbon decreases with increase in the
uniaxial-x tensile strain, while it increases when compressive
strains were applied. By contrast, in the presence of the uniaxial-y
strain, the gap energy increases with increase tensile strain till 6.0%
and then reduces with further strain, while it decreases under
compressive strain. We note that all the sp2-hybridized C1� C1
bonds lie on the b lattice directions, resulting in the different band
gap behavior under strain. Therefore, due to the inherent structural
anisotropy in the sheet, the band gap of TH-carbon systems exhibit
anisotropic behavior.

4. Conclusions

The most significant result of the present work is to demon-
strate the possibility of manipulating the physical and chemical
properties of TH-carbon by hydrogenation, which affects the hy-
bridization of the chemical bonds between carbon atoms. Our
studies revealed their stabilities in the energetic, dynamic, thermal,
and mechanical aspects. Depending on the hydrogen coverage and
configurations, we observed the tunability of the phononic and
electronic band gap, and the direct-indirect-direct band gap tran-
sitions, suggesting the plausibility of modulating the electronic
properties of this novel carbon allotrope. The thermal transport in
TH-carbon was found to be anisotropic. A significant decrease in
thermal conductivity was observed by hydrogenation. The heat
transport in TH-carbon can be controlled by the sp3 CeH low
conduction domains. Moreover, a notable increase in specific heat
capacity was observed in hydrogenated derivatives of TH-carbon,
which would make them useful in nanoscale engineering of ther-
mal transport and heat management. Furthermore, the hydroge-
nation is found to reduce the in-plane stiffness and Young’s
modulus, but it increases the ultimate strength. The anisotropic
optical behavior in TH-carbon due to the inherent structural
anisotropy turns to nearly isotropic by hydrogenation. These find-
ings provide important guidelines for the practical applications of
TH-carbon and its hydrogenated derivatives in nanodevices and
nanoelectronics.
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