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a b s t r a c t

Motivated by the successful synthesis of 2D C2F diamanes [Bakharev, P.V. et al., Nat. Nanotechnol. 15, 59
e66 (2020)], we have systematically investigated the structural stability, in-plane mechanical, opto-
electronic, photocatalytic, piezoelectric, and thermoelectric properties of non-Janus and Janus diamanes
monolayers named as C2H, C2F, C2Cl, C4HF, C4HCl and C4FCl. The structural stability is confirmed by
cohesive energy, phonon dispersion spectra, and mechanical properties. The electronic properties has
been calculated by HSE06 functional and the band gap are found to be 3.85, 5.64, 2.32, 4.16, 0.73 and
1.91 eV for C2H, C2F, C2Cl, C4HF, C4HCl and C4FCl, respectively. The hydrogen-containing non-Janus and
Janus diamanes monolayers have a higher negative Poisson's ratio (NPR) and therefore are good auxetic
materials. From the Poisson's ratio and Young's modulus of each configuration of non-Janus and Janus
diamanes monolayer, anisotropic behavior was displayed. From the optical properties calculations, the
refractive index values are around 1.5, which means that it will be a transparent monolayered materials.
Also, C2Cl, C4HCl and C4FCl monolayers displayed high absorption spectra with an order of 105 cm�1 in
the visible region, which shows great applications in optoelectronic devices. Additionally, the valence
and conduction band-edge positions of 2D Janus and non-Janus diamanes of C2H, C2F, and C2Cl and C4HF
monolayers have to straddle the redox potentials of water. It means that the photogenerated electrons
and holes are sufficient to drive the overall water splitting. Whereas non-Janus diamanes C4HCl, and
C4FCl monolayers displayed only water oxidation. The investigated in-plane piezoelectric coefficient has
larger in non-Janus diamanes C4HF, C4HCl, and C4FCl monolayers. Therefore, it is very useful in the field
of piezoelectric applications. From the thermoelectric properties, the non-Janus and Janus diamanes
monolayers have great thermoelectric efficiency and were found to be 10.52 and 10.63% for C2H and C2F,
respectively. Our results demonstrate the new class of 2D carbon-based monolayers has good auxetic
materials as well as a wide range of applications in optoelectronics, piezoelectric, and thermoelectric
fields.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Currently, two-dimensional (2D) based materials represent one
of themore exciting and dynamic categories of materials, which are
constantly growing rapidly through computational screening and/
or experimental predictions as well as the design of new structures.
The first excitement surrounding 2D materials was boosted
following the outstanding and successful isolation of single-layer
graphene in 2004 [1,2]. In the wake of the landmark achieve-
ments of graphene monolayer, the 2D carbon-based frameworks
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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with planar and non-planar structures have become the focus of
considerable scrutiny. Out of diverse graphene homologues, hex-
agonal graphene-like structure like boron nitride (h-BN) [3], Boron
phosphide (h-BP) [4,5], Boron Arsenide (h-BAs) [6] and Germa-
graphene (g-GeC) [7], 2D Janus monolayers and bilayers of group IV
transition-metal mono/bi/tri-chalcogenides and so on [8e20], and
MXenes [21,22] have been thoroughly probed over the recent de-
cades. The key strength of these mentioned 2D materials over the
pristine graphene monolayer consists of their underlying semi-
conducting electronic character, while the Dirac cone and zero
electronic band gap nature of the pristine graphene restrict its
applicability towards a variety of electronic devices. It is note-
worthy that exhibiting a semiconducting electronic characteristic
with a suitable band gap value is a key requirement for awide range
of applications, including nano-electronics, optoelectronics, sen-
sors, and photocatalysis [14,23e26].

However, over the past few years, a considerable effort has been
made to develop and explore new 2D carbon-based materials with
semiconducting behavior. In this context, 2D frameworks based on
covalently bonded C- and N-atoms have generated significant in-
terest as part of a new family of 2D carbon-based materials
featuring semiconducting characteristics that are appropriate for a
variety of multi-functional devices. First, 2D g-C3N4 monolayer
have been successfully synthesized over an extended time by
various processes and have demonstrated a narrow electronic
bandgap with outstanding chemical and physical properties to be
used for energy-based technologies including batteries, photo-
catalysis, sensors, and so on [27e32]. Based on the outstanding
performance achieved by 2D g-C3N4 monolayer, a variety of other
2D carbon-nitride based materials (e.g., C2N, C3N, C3N3 and C3N5
monolayers) [33e37] have been successfully conceptualized and
synthesized experimentally over the past few years. All these
breakthroughs underline the outstanding perspectives in the pre-
diction and development of new carbon-based 2D materials with a
semiconducting nature.

Many experimental and theoretical efforts have been made to-
wards opening the band gap of graphene to achieve semi-
conducting characteristics [38e44], namely hydrogenation/
fluorination of pristine graphene [45,46], cutting graphene mono-
layer into nanoribbons [47,48], induced by patterned hydrogen
adsorption [49] and graphene substrate interaction [40,50,51].
Nevertheless, all of such techniques significantly decrease the car-
rier mobility or open only a finite electronic bandgap because of the
distortion of the hexagonal lattice and strict conditions on the
surface quality of the material. More recently, a new strategy which
is based on the transformation of multilayer graphene into diamane
nanomembranes referred to as “diamane”, has been reported
theoretically and successfully synthesized [52e55]. Therefore, to
realize this transformation successfully and hold the geometrical,
energetic, thermodynamic, andmechanical stability of the diamane
monolayer in the operating environment, the external surfaces of
the pristine graphene monolayer need to be functionalized by
fluorine (-F), hydrogen (-H) or hydroxyl group (-OH). The hybridi-
zation occurring at the sp3 and dz2 orbitals is thought to be the
principal motivating interaction behind the transformation of
multilayer graphene to diamane monolayers [56e58]. In particular,
a lot of experimental efforts have beenmade to properly synthesize
this new class of 2D materials. First, fluorographene and hydro-
graphene have been successfully synthesized experimentally
[59,60]. Also, the recent progress made in the growth of graphene
through Chemical-Vapor-Deposition (CVD) has provided directions
for converting multilayer graphene to “diamane” sheets [61e63].

Driven by the aforementioned theoretical and experimental
achievements in these new 2D materials, we investigate the
structural, energetic, mechanical, and thermodynamic stability of
2

2D Janus and non-Janus diamanes made of fluorinated, hydroge-
nated, and chlorinated graphene monolayers. Then, the in-plane
mechanical, electronic, and optical properties and other multi-
functional properties of these materials are studied through the
first principle-based density functional theory and the Boltzmann
transport-based equation. Our research offers an in-depth under-
standing of the physical behavior of these 2D Janus and non-Janus
diamanes materials towards task-specific applications, including
optoelectronics, photocatalysis, piezoelectric, and thermoelectric
devices, and also provides suitable directions for the development
and processing of these new 2D carbon-based materials.

2. Computational details

In this work, structural, optoelectronic, and photocatalytic
properties were explored based on Density Functional Theory (DFT)
as part of the Vienna Ab Initio Simulation Package (VASP) [64] code.
The standard Generalized-Gradient-Approximation in the form of
Perdew Burke Ernzerhof (GGA-PBE) functional [65] is implemented
self consistently within the framework of the Projector Augmented
Wave using the plane-wave basis ensemble with a kinetic-energy
cutoff of about 600 eV and the convergence criteria during the
geometry optimizations were set to 10�6 eV and 10�4 eV/Å for
energy and force, respectively. Furthermore, for a better under-
standing of electronic trend and derived an accurate band gap value
of our materials, the Heyd Scuseria Ernzerhof (HSE06) exchange-
correlation hybrid functional were employed with a mixing
parameter of about 25% [66]. During the geometry optimization of
all structures, the vacuum layer was set to 20 Å in the c-direction in
order to avoid the interaction between stacked layers and periodic
pictures. The Monkhorst Pack K-point of 24�24�1 grid is used in
the reciprocal space during the geometrical optimizations [67]. The
charge transfer between atoms is evaluated on the basis of the
Bader charge algorithm [68]. For the purpose of re-checking the
thermodynamic stability of the free-standing structures obtained
after full optimization, the force constants are obtained by using the
finite displacement approach as implemented in Phonopy package
[69e71]. Moreover, to check the thermal stability, we perform the
ab initio molecular dynamics (AIMD) simulations in the NVT
ensemble with a time step of 2 fs for 10 ps at 1000 K [72,73]. The
lattice part of thermal conductivity has been calculated by using
ShengBTE code [74] and the thermoelectric properties have been
investigated by BoltzTraP code [75].

3. Results and discussion

3.1. Geometry and structural stability

The full optimized structures of the non-Janus and Janus
monolayers are presented in Fig. 1. Fig. 1aec are the non-Janus
structures functionalized with H, F, and Cl atoms on both sides of
the C atoms. Table 1 displays the lattice parameters and bond
length between the CeC, CeH, CeCl, and CeF in non-Janus and
Janus monolayers, which is in excellent agreement with previous
work [76].

Furthermore, we have investigated the phonon dispersion
spectra to check the dynamical stability of these Janus and non-
Janus diamanes monolayers. The phonon dispersion spectra are
presented in Fig. 2. Due to the presence of all positive frequency
modes in the entire Brillouin zone, the Janus and non-Janus dia-
manes monolayers displayed dynamical stability. Fig. S1 (see Sup-
plementary Material (SM)) shows the contribution of partial
phonon density of states. The vibration states of the lower atomic
mass of atoms shifted to a lower phonon frequency side, and lighter
atomic mass appeared on the higher phonon frequency side.



Fig. 1. Top and side view of freestanding Janus and non-Janus diamanes of (a) C2H, (b) C2F, (c) C2Cl, (d) C4HF, (e) C4HCl and (d) C4FCl monolayers with the unit cell indicated by a
black hexagonal.

Table 1
Calculated lattice parameters (Å), bond lengths (Å) between CeC, CeH, CeCl and
CeF and cohesive energy (eV) in non-Janus and Janus monolayers.

System a(¼b)(Å) CeC(Å) CeH/CeF/CeCl(Å) Ecoh (eV)

C2H 2.52 1.53-1.56 1.11 7.24
C2F 2.55 1.55 1.37 7.18
C2Cl 2.73 1.66 1.75 5.98
C4HF 2.53 1.55 1.11, 1.38 7.21
C4HCl 2.64 1.60 1.11, 1.76 6.55
C4FCl 2.65 1.61 1.37, 1.75 6.54
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Additionally, to check the thermal stability, we have calculated the
AIMD calculations at 1000 K for 10 ps. Fig. S2 and Fig. S3 (see in SM)
represent the variation of the total energy of the systemvs. time for
non-Janus and Janus diamanes monolayers, respectively. There is
less energy fluctuation and no breaking of bonds, which shows a
high degree of stability. It means that non-Janus and Janus dia-
manes monolayers displayed thermal stability.

Also to check the energetically stable, we have calculated the
cohesive energy of the on-Janus and Janus diamanes monolayer
using following relation,

Ecoh ¼ n1EC þ n2EX þ n3EY � EC4XY

n1 þ n2 þ n3
(1)

where EC, EX, EY and EC4XY are the total energy of single C atom,
3

single X atom, single Y atom and C2XY compound, respectively. And
n1, n2 and n3 represent the number of C, X and Yatom present in the
unit cell. The calculated non-Janus and Janus diamanes monolayers
are presented in Table 1. The range of cohesive energy of the
considered monolayer are found to be 5.98e7.24 eV/atom which is
very near to the pristine graphene monolayer (9.16 eV/atom) and
other carbon-related materials such as BC4N (8.93 eV/atom), and
BCN (8.61 eV/atom) [77,78]. Such types of larger cohesive energy
materials suggest that these monolayers have high energetic sta-
bility and mechanical strength [79].
3.2. Mechanical properties

In the present section, we discuss the mechanical properties to
check the stability of Janus diamanes and Non-Janus diamanes
systems. Also, we have calculated the in-plane Young's modulus
and Poisson ratio along with different q directions relative to the
positive x-direction as follows [80].

EðqÞ ¼ C11C22 � C2
12

C11Sin4qþ C22Cos4q
�
C11C22�C2

12
C44

� 2C12
�
Cos2qSin2q

(2)



Fig. 2. Phonon band structures of Janus and non-Janus diamanes of (a) C2H, (b) C2F, (c) C2Cl, (d) C4HF, (e) C4HCl and (d) C4FCl monolayers.
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nðqÞ ¼
�
C11 þ C22 � C11C22�C2

12
C44

�
Cos2qSin2q� C12ðCos4qþ Sin4qÞ

C11Sin4qþ C22Cos4qþ
�
C11C22�C2

12
C44

� 2C12
�
Cos2qSin2q

(3)

The calculated elastic stiffness constants values of C11, C12, C22,
C66 are presented in Table S1 (see in SM), satisfy the necessary
mechanical equilibrium conditions [81] of Born-Huang elastic

criteria for mechanical stability: C11C22-C
2
12 >0 and C11, C22, C66 > 0.

From Table S1 (see in SM), these considered systems satisfied the
mechanical stability conditions. It means that the Janus diamanes
and Non-Janus diamanes systems are mechanically stable. Further
to the understanding of mechanical properties, we have calculated
the orientation-dependent Young's modulus E(q), Poisson's ratio
n(q) and shear modulus G(q) as shown in Fig. S4 (see in SM), Fig. 3
and Fig. S5 (see in SM). The orientation-dependent profile displays
that the Young's modulus of Janus and Non-Janus diamanes
monolayers is highly anisotropic behavior (see Fig. S4 in SM). The
maximum values of Young's modulus along x-directions are
264 GPa, 276 GPa, 224 GPa, 262 GPa, 240 GPa and 249 GPa for C2H,
C2F, C2Cl, C4HF, C4HCl and C4FCl monolayers, respectively. Whereas,
its values along the y-directions are found to be 470 GPa, 500 GPa,
400 GPa, 466 GPa, 430 GPa, and 450 GPa for C2H, C2F, C2Cl, C4HF,
C4HCl and C4FCl monolayers, respectively. It was seen that the
minimal and maximal Young's modulus of the Janus and Non-Janus
diamanes monolayers are almost very close to each other. It is clear
that the Young's modulus values of the considered Janus and Non-
Janus diamanes monolayers are smaller than graphene (1000 GPa)
[82] while larger than phosphorene (166 GPa) [83], BN (250 GPa)
[84] and MoS2 (330 GPa) [85].

As shown in Fig. 3 displayed spatially varying the Poisson's ratio
for C2H, C2F, C2Cl, C4HF, C4HCl and C4FCl monolayers. In particular,
all the Janus and non-Janus diamanes monolayers displayed a
negative Poisson's ratio along the 45� and 135� whereas the values
of Poisson's ratio along the x- and y-directions are positive and
relatively higher than negative values (see Fig. 3. The maximal
negative values of Poisson's ratios are found to
4

be �0.071, �0.042, �0.0065, �0.058, �0.064 and �0.030 for C2H,
C2F, C2Cl, C4HF, C4HCl and C4FCl monolayers, respectively. It was
seen that the negative Poisson ratio is relatively higher than some
of the reported 2D auxetic materials, such as penta-graphene
(�0.07) [86], single-layer black phosphorus (�0.03) [87], bor-
ophene (�0.04) [88] and Penta-B2N4 (�0.02) [89]. Apart from this,
the maximal Poisson ratios are 0.13, 0.168, 0.22, 0.146, 0.13 and
0.183 along the y-direction, while in the x-direction, its values are
relatively lower and found to be 0.07, 0.092, 0.12, 0.08, 0.075 and
0.105 for C2H, C2F, C2Cl, C4HF, C4HCl and C4FCl monolayers,
respectively. It was noticed that the maximal negative/positive
Poisson ratios are found in the case of C2H and C2Cl monolayers,
respectively. Such types of auxetic materials (i.e. negative Poisson
ratio materials) are very useful in various fields such as tougher
composites, defense, medicine, and fasteners.

Additionally, we have investigated the Shear modulus of Janus
and non-Janus diamanes monolayers in the xy-plane as shown in
Fig. S5 (see in SM). It can be noticed that the Shear modulus is
highly isotropic along x- and y-directions. The maximal Shear
modulus values are 225, 230, 171, 220,188 and 192 GPa for C2H, C2F,
C2Cl, C4HF, C4HCl and C4FCl monolayers, respectively. The finding
values of Shear modulus are larger than previously reported some
of the 2D monolayered materials [80,90,91]. It means that the
considered 2D monolayered materials are rigid.
3.3. Electronic properties

In the present section, we have calculated the electronic prop-
erties to understand the behaviors of 2Dmonolayer materials. Fig. 4
shows the orbital contributed electronic band structures of Janus
and non-Janus diamanes monolayers. The 2D Janus and non-Janus
diamanes monolayers show a direct band gap at G-point (see Fig. 4)
which is well consistent with previously reported work [76]. The
calculated band gap using PBE functional shows the band gap of
3.57, 3.92, 1.04, 0.25 and 0.71 eV for C2H, C2F, C2Cl, C2HF, C2HCl and
C2FCl monolayers, respectively. Moreover, to find a more accurate
electronic band gap, we have used hybrid functional HSE06 and the
corresponding electronic band gaps of respective monolayer



Fig. 3. Poisson's ratio of Janus and non-Janus diamanes of (a) C2H, (b) C2F, (c) C2Cl, (d) C4HF, (e) C4HCl and (d) C4FCl monolayers along xy-plane. The blue and red color represents
the positive and negative Poisson's ratio, respectively.

Fig. 4. Decomposed electronic band structures of freestanding Janus and non-Janus diamanes of (a) C2H, (b) C2F, (c) C2Cl, (d) C4HF, (e) C4HCl and (f) C4FCl monolayers.
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materials are 3.85, 5.64, 2.32, 4.16, 0.73 and 1.91 eV for C2H, C2F,
C2Cl, C2HF, C2HCl and C2FCl monolayers, respectively. It is clearly
seen that the non-Janus monolayer displayed a higher band gap as
compared to Janus monolayer except C2HF because F containing
5

non-Janus monolayer have a very high band gap. In addition, the
C2H and C2F non-Janus monolayers have relatively higher band
gaps. When H and F are combined together, the band gap is
reduced, but it's higher than C2H monolayer. The Cl containing



Table 2
Calculated electronic band gap (eV) using GGA-PBE and HSE06 functionals and
effective mass of electron ðm*

eÞ and hole ðm*
hÞ along G-K direction and charge

transfer from carbon atoms towards the H, F and Cl atoms using Bader charge
analysis for non-Janus and Janus monolayers.

System Eg(GGA � PBE) Eg(HSE06) m*
e m*

h
DQ1 DQ2

C2H 3.57 3.85 0.321 0.237 �0.10(H) �0.10(H)
C2F 3.92 5.64 0.179 0.357 �0.23(F) �0.23(F)
C2Cl 1.04 2.32 0.328 0.412 �0.04(Cl) �0.04(Cl)
C4HF 2.53 3.26 0.33 0.34 �0.10(H) �0.55(F)
C4HCl 0.25 0.73 0.32 0.426 �0.17(H) �0.03(Cl)
C4FCl 0.71 1.91 0.248 0.43 �0.48(F) �0.041(Cl)
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Janus monolayer significantly suppressed the band gap because the
Cl containing non-Janus monolayer has relatively less band gap as
compared to others. Table 2 represents the effective mass of charge
carriers for electrons and holes. The calculated effective masses of
the holes ðm*

h =m0Þ and electrons ðm*
e =m0Þ for the VBM and CBM of

the Janus monolayers are as follows [92],

m* ¼ Z2

"
v2EðkÞ
vk2

#�1

; (4)

where Z is the Plank constant, k is the wave vector and E(k)
represent the respective energy dispersion in VBM and CBM. The
effective mass of electrons is relatively smaller than that of holes,
except for C2H. Due to the presence of a small charge carrier
effective mass Janus and non-Janus diamanes monolayers are very
useful in the fields of optoelectronics and high-performance
nanoelectronics devices.

Further, to understand the contribution of electronic states in
the valence band maximum (VBM) and conduction band minimum
(CBM), we have calculated the projected density of states (PDOS).
Fig. 5 shows the PDOS of the Janus and non-Janus diamanes
Fig. 5. The calculated projected density of states of freestanding Janus and non-Janus d

6

monolayers. In the case of C2H, the C-p states are contributed in
both VBM and CBM near to the Fermi level and very little contri-
bution comes from H-s states (see Fig. 5a). The H-s states it appears
below �2 eV in the VBM. It means that the electronic band gap is
mainly originated by the C atom in the C2H monolayer, which is
reflected in the orbital contributed electronic band structure
(Fig. 4a). Fig. 5b shows the PDOS of C2F monolayer, the C-p states,
and F-p states are contributed in the VBM near to the Fermi level
while CBM is mainly made by C-p states. It is clear from Fig. 5b, the
C-p states are more dominant as compared to F-p states. It means
that C-p states are strongly hybridized with F-p states. While in the
case of C2Cl monolayer, the top of the VBM is made by Cl-p states,
and the bottom of the CBM is mainly made by C-p states. It means
that the electronic band gap is mainly originated by Cl-p states and
C-p states. Further, when a single H atom is replaced by an F atom
i.e. Janus C4HF monolayer, then p-states of C and F atoms are more
dominant near the Fermi level. It means that the electronic states of
both C and F atoms are strongly hybridized. Also, the bottom of the
CBM ismade by C-p states, and a small contribution comes from F-p
states. In the case of C4HCl and C4FCl, the top of the VBM is
dominated by Cl-p states while the bottom of the CBM is formed by
C-p states, and a small contribution comes from other atoms which
are clearly reflected in the decomposed electronic band structures
(see Fig. 4).
3.4. Optical properties

The potential and efficiency of sunlight harvesting represent
another exciting aspect for characterizing and evaluating the per-
formance of photo-catalytic devices. In this regard, the optical
properties of Janus and non-Janus diamanes C2H, C2F, C2Cl, C4HF,
C4HCl and C4FCl monolayers are explored by means of the complex
dielectric function ε(u), which is given through the following
relation:
iamanes of (a) C2H, (b) C2F, (c) C2Cl, (d) C4HF, (e) C4HCl and (d) C4FCl monolayers.
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εðuÞ ¼ ε1ðuÞ þ iε2ðuÞ (5)

where ε1(u) and ε2(u) represents the real/imaginary part of ε(u),
respectively. The real/imaginary part of the complex dielectric
function for Janus and non-Janus diamanes materials are illustrated
in Fig. 6a,b. First, it can be clearly noticed from the real part of the
dielectric function that the static dielectric constants of C2H, C2F,
C2Cl, C4HF, C4HCl and C4FCl monolayers are respectively 2.17, 3.33,
2.16, 4.82, and 2.95 with a positive trend over the whole considered
energy-level ranging between 0 and 5 eV, confirming the semi-
conducting behavior of the 2D Janus and non-Janus diamanes
monolayers. Moreover, once the peak values are reached, the ε1(u)
of the investigated Janus and non-Janus monolayers decrease with
some slight fluctuations. Furthermore, it can be clearly noticed
from the imaginary part of ε(u) of the six considered materials the
presence of at least one peak with a great value in the case of C2F at
0.3 eV, resulting from the transitions between the occupied VB to
unoccupied CB.

On the other hand, with regard to the optical features of the
concerned materials, it is worth mentioning that they can be more
Fig. 6. Optical properties as a function of photon energy of freestanding Janus and non-J
dielectric function, (c) refractive index, (d) extinction coefficient, (e) absorption coefficient
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precisely characterized by the complex refractive index given by
the following formula:

~nðuÞ ¼ nðuÞ þ ikðuÞ (6)

With the n(u)/k(u) refers to the real/imaginary terms in the
complex refractive index ~nðuÞ. From the Fig. 6c,d, it can be observed
that the complex refractive index slightly vary across the entire
considered energy range of 0e6 eV with a static refractive index
(~nð0Þ) equal approximately to 1.45 in the case of C2H, C4HF, C4HCl
and about 1.73, 1.86, 2.46 in the case of C2FCl, C2Cl, and C2F,
respectively. Additionally, the extinction coefficient shows a great
peak in the visible zone for the 2D non-Janus C4HF, C4HCl, and C4FCl
monolayers, while for the 2D Janus C2H, C2F, and C2Cl the peak
appears in the ultraviolet zone, suggesting that the photons-
absorption are higher around these energies-levels.

In addition, the optical absorption coefficient spectrum, which
defines the decay of light migrating over the distance-unit in an
absorbing material with the electron energy-loss function, was
calculated within HSE06 functional according to the following
equations and plotted in Fig. 6e,f:
anus diamanes monolayers, (a) real part of dielectric function, (b) imaginary part of
(x105) and (d) electron energy loss function.



Fig. 7. Computed valence and conduction band-edge position of 2D Janus diamanes of
C2H, C2F, and C2Cl and 2D non-Janus diamanes C4HF, C4HCl, and C4FCl monolayers.
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aðuÞ ¼
ffiffiffi
2

p
u

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1ðuÞ2 þ ε2ðuÞ2

q
þ ε2ðuÞ

�1=2
(7)

LðuÞ ¼ ε2ðuÞ2
ε1ðuÞ2 þ ε2ðuÞ2

(8)

It can be obviously noticed that the absorption coefficient
spectrum a(u) presents various peaks within the considered en-
ergy level of 0e5 eV. The computed absorption coefficient is equal
to zero when the photon-energy is lower than approximately
2.9 eV for C2H, C2F, and C4HF, monolayers, while is about 0.9 and
0.5 eV for C2Cl and C4FCl monolayers, respectively. It can be further
remarked that H-, F- and HF-diamane monolayers, present no ab-
sorption coefficient spectrum in the visible-light zone, but a good
absorption coefficient spectrum with the highest peaks obtained
relatively around 105 cm-1 in the ultra-violet zone (4.13e6.20 eV),
which is in good agreement with their wide electronic band gaps
(>3.85 eV) compared to Cl-based diamane monolayers. It can also
be noticed that Cl-based diamane systems exhibit a peak in the
energy range of the visible-light region (2e3.2 eV) in the case of
C2Cl monolayer and a small peak in the mid-infrared light region
for the C4HCl and C4FCl monolayers. These findings show that Cl-
based diamane monolayers may be interesting candidates for
visible-light optoelectronic applications and many other areas,
from environmental gas monitoring to the detection of
pharmaceuticals.

3.5. Photocatalytic activity of Janus and non-Janus diamanes
monolayers

Based on the optical absorption coefficient, it is anticipated that
2D Janus and non-Janus diamanes monolayer photocatalysts pro-
vide outstanding photocatalytic activity performance. For this
purpose, detailed and accurate comprehension of the valence and
conduction band edge positions at pH ¼ 0 as a function of the
standard hydrogen electrode (SHE) of the six considered mono-
layers is crucial. Within the scope of this study, given that the PBE-
GGA exchange-correlation functional commonly underestimates
the electronic band gap ofmaterials, thereby adversely affecting the
main finding of the valence/conduction band-edge positions. The
HSE06 exchange-correlation functional is exclusively taken into
account during the valence and conduction band-edge positions of
2D Janus and non-Janus diamanes monolayers within the following
equations:

EVBM ¼ ðc� Ee þ EHSE�06
g Þ

.
2 (9)

ECBM ¼ EVBM � EHSE�06
g (10)

The c represents the electronegativity of the 2D Janus and non-
Janus diamanes monolayers, and the Ee represents the energy of a
free electron, which really is nearly 4.5 eV. Fig. 7 illustrate the
schematic diagram of the conduction and valence band-edge po-
sitions calculated by means of the HSE06 exchange-correlation for
the considered monolayers functional simultaneously with the
reduction (Hþ/H2) and oxidation (O2/H2O) potential for the water
splitting. It can be clearly seen that a favorable valence and con-
duction band-edge position for the 2D Janus and non-Janus dia-
manes monolayers are obtained, excluding both 2D non-Janus
(C4HC and C4FCl) monolayers showing an EVBM inferior to the
reduction-potential (Hþ/H2) marked by the black dashed line.
However, the locations of the VB- and CB-edge for the 2D Janus
(C2H, C2F, and C2Cl) as well as the non-Janus (C4HF) monolayers
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straddling the HER and OER redox-levels strongly indicate the fact
that they yield suitable and thermodynamically appropriate con-
ditions for the water-splitting mechanisms [93].

Furthermore, the Janus monolayers displayed non-
centrosymmetric structure therefore it has a very high electro-
static potential difference of 1.88, 1.70 and 1.94 eV for C4HF, C4HCl
and C4FCl, respectively between X (X ¼ H/F) and Y (Y]F,Cl) sites
which generates an internal electric field in the Janus monolayers.
Due to the presence of different values of electrostatic potential on
X (X ¼ H/F) and Y (Y]F/Cl) sites, Janus monolayers shows spon-
taneous internal electron transfer from H to F side in C4HF, Cl to H
side in C4HCl and Cl to F side in C4FCl (see Table 2). As a results,
these differences in electrostatic potential shows redistribution of
charge in the Janus monolayers as compared to the symmetric 2D
monolayers. The charge transfer always occurs from lower poten-
tial to higher potential [94]. The significant amount of electron
transfer as well as an internal electric field generated from one side
to other side may explain the large value of the piezoelectric co-
efficient of Janus monolayers which is discussed in below section.
Also, it will effectively enhance the generations of photogenerated
electrons (e�) and holes (hþ) pairs therefore it will be beneficial for
photocatalytic activity.
3.6. Piezoelectric properties

Moreover, we have systematically investigated the piezoelectric
properties of 2D non-Janus diamanes monolayers. For piezoelectric
properties, we initially calculated the elastic stiffness coefficient.
Here, the relaxed-ion elastic stiffness coefficient (i.e. the atomic
positions are fully relaxed under each strain) is adopted. The range
of applied strain varies from �0.005 to 0.005 with an interval of
0.001. Table S1 in SM displays the in-plane elastic stiffness coeffi-
cient values for 2D non-Janus diamanes monolayers. The elastic
stiffness coefficient C11 is frond to be 515, 452.91 and 484.44 N/m
whereas C11 are relatively lower at 49.64, 48.97 and 58.99 N/m, for
C4HF, C4HCl and C4FCl, respectively. The elastic stiffness coefficients
are significantly higher than the previously reported literature's for
2Dmonolayer materials such as MoS2 (C11¼138.5 and C12¼ 31.7 N/
m) [95], PtS2 (C11 ¼ 107.5 and C12 ¼ 31.5 N/m) [96], GaS (C11 ¼ 108
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and C12 ¼ 32 N/m) [97], and Janus structures MoSSe (C11 ¼ 126.8
and C12 ¼ 27.4 N/m) [98], PtSSe (C11 ¼ 101.6 and C12 ¼ 30.3 N/m)
[96], etc., exhibit that 2D non-Janus diamanes monolayers have a
less flexibility. Such type of high values of C11 in 2D non-Janus
diamanes monolayers may be ascribed due to the inherent strong
ionic bond between the C and X (X ¼ F, Cl) atoms [99].

Now, we will discuss the piezoelectric properties. The presence
of symmetry structures of 2D Janus diamanes of C2H, C2F mono-
layers, doesn't show piezoelectricity. Whereas the presence of
asymmetry structures in non-Janus diamanes monolayers has a
piezoelectric effect. It is well known that piezoelectricity is the
result of electromechanical interaction, which is generally defined
by piezoelectric coefficients, and detailed equations are presented
in Ref. [99]. It was seen that the in-plane and out-of-plane piezo-
electric coefficient e11 and e31 have non-zero terms. Initially, we
have investigated the non-zero term e11 and e31 using density
functional perturbation theory (DFPT) after that d11 and d31 has
been calculated by following relations;

e11 ¼ d11ðC11 �C12Þ; (11)

e31 ¼ d31ðC11 þC12Þ (12)

The calculated relaxed-ion piezoelectric coefficients of 2D non-
Janus diamanes C4HF, C4HCl, and C4FCl monolayers
(e11 ¼ 12.39 � 10�10 C/m, d11 ¼ 2.20 pm/V, e11 ¼ 9.46 � 10�10 C/m,
d11 ¼ 1.86 pm/V and e11 ¼ 12.35 � 10�10 C/m, d11 ¼ 2.27 pm/V),
respectively. The investigated values of piezoelectric coefficients
are of the same order as the previously reported materials [100],
such as BN monolayer (e11 ¼ 1.38 � 10�10 C/m, d11 ¼ 0.60 pm/V)
[95], GaS monolayer e11 ¼1.34 � 10�10 C/m, d11 ¼ 2.06 pm/V) [97],
GaSe monolayer e11 ¼1.47 � 10�10 C/m, d11 ¼ 2.30 pm/V) [97], InSe
monolayer e11¼0.57� 10�10 C/m, d11¼1.46 pm/V) [97] but slightly
lower that the MoS2 monolayer (e11 ¼ 3.64 � 10�10 C/m, d11 ¼ 3.73
pm/V) [95]. The out-of-plane piezoelectric coefficient e31 and d31
are found to be in the range of 0.004e0.68 � 10�10 C/m and
0.001e0.17 pm/V, respectively which is very lower than in-plane. It
means that, the in-plane piezoelectric coefficient are dominant in
2D non-Janus diamanes monolayer similar to other 2D monolayer
materials. The above finding results of piezoelectric coefficient in
the 2D non-Janus diamanes monolayers could be very useful in the
fields of piezoelectric applications.

3.7. Thermoelectric properties

At last, we have systematically investigated the thermoelectric
parameters such as Seebeck coefficient (S), electrical conductivity
(s), electronic thermal conductivity (ke) using BoltzTraP code and
Fig. 8. Thermoelectric figure of merit (ZT) as a function of temperature of 2D Janus diamane
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lattice thermal conductivity (kl) by ShengBTE code. After that, with
the combinations of these thermoelectric parameters, we have
calculated the thermoelectric figure of merit (ZT) and thermo-
electric conversion efficiency (h). The detailed descriptions of the
Seebeck coefficient, electrical conductivity, electronic thermal
conductivity, and lattice thermal conductivity with p-type and n-
type (see Fig. S6 and Fig. S7) have been discussed in Supporting
Information.

Here, we will discuss the thermoelectric figure of merit (ZT) of
2D Janus diamanes of C2H, C2F, and C2Cl and 2D non-Janus dia-
manes C4HF, C4HCl, and C4FCl monolayers. The thermoelectric ZT
values for the p-type and n-type are presented in Fig. 8a,b,
respectively. For efficient thermoelectric materials i.e. higher ZT
values, the values of S and s should be higher and k should be lower
values. It was seen that the p-type monolayer C2H displayed higher
ZT values at 300 K overall in the studied temperature region as
compared to n-type due to the relatively higher electrical con-
ductivity. Also, C2F monolayer has higher ZT values at 300 K as
compared to other Janus diamanes and non-Janus diamanes
monolayers. Moreover, the ZT values of Janus diamanes and non-
Janus diamanes monolayers are obviously higher than those of
previously reported work such as 0.08 for a single layer of graphene
[101], and 0.12 for b-, 0.03 for a-, 0.05 for (6,6,12)-, and 0.17 for g-
graphyne [102,103], z0.38 in CP [104], z0.75 in arsenene [105],
z0.78 in antimonene [105]. The maximum ZT values are found to
be 0.93 at 300 K and 0.1 at 1000 K and the average values of ZT is
0.515 in C2H monolayer for p-type whereas 0.8 at 300 K and 0.24 at
1000 K in C2Fmonolayer for n-type inwhich the average ZT value is
0.52.

Further, we have calculated the thermoelectric performance of
thermoelectric materials in which the thermoelectric conversion
efficiency is the main parameter for the performance of devices.
Therefore, we have investigated the thermoelectric conversion ef-
ficiency hmax based on average ZT values and it is calculated by the
following relation:

hmax ¼
Th � Tc

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðZTÞavg

q
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðZTÞavg
q

þ Tc
Th

(13)

Here, Tc and Th are the considered temperatures of the cold side
and hot side, respectively. In this work, we have taken the tem-
peratures of 300 K and 1000 K for the cold side and hot side to
calculate the thermoelectric conversion efficiency. The calculated
conversion efficiency are 10.52% and 10.63% for C2H and C2F
monolayer, respectively, which is higher than the previously
investigated thermoelectric devices such as Bi2Te3 devices
(hmax ¼ ~6.6, DT ¼ 275 K) [106] and MgAgSb (hmax ¼ ~10,
s of C2H, C2F, and C2Cl and 2D non-Janus diamanes C4HF, C4HCl, and C4FCl monolayers.
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DT ¼ 275 K) [107]. Based on the above observations, the 2D Janus
diamanes, and non-Janus diamanes monolayers are very useful in
potential applications in various fields.

4. Conclusions

We have systematically investigated the structural, mechanical,
electronic, optical, photocatalytic, piezoelectric, and thermoelectric
properties of non-Janus and Janus diamanes monolayers using
first-principles calculations based on density functional theory.
From the cohesive energy, phonon band structures, andmechanical
properties investigations, it has been confirmed that the non-Janus
and Janus diamanes monolayers displayed structural stability. From
the electronic properties, these considered non-Janus and Janus
diamanes monolayers have semiconducting behaviors with a direct
band gap at the G point. The calculated band gaps are 3.85, 5.64,
2.32, 4.16, 0.73 and 1.91 eV for C2H, C2F, C2Cl, C2HF, C2HCl and C2FCl
monolayers, respectively. The mechanical properties result, such as
Poisson's ratio, have negative values, which means that such types
of materials show good auxetic properties. In our case, the negative
Poisson's ratio is found higher in hydrogen-containing diamanes
monolayers than in most of the 2D monolayered materials. Also,
the mechanical properties such as Poisson's ratio and Young's
modulus displayed anisotropic behaviors. The investigated optical
properties displayed refractive index values near to 1.5 therefore,
C2H, C2F, C2Cl, C2HF monolayers will be fully transparent materials.
Additionally, the high absorption spectra in the visible and ultra-
violet regions displayed better candidates for optoelectronic de-
vices and photocatalytic applications. Apart from this, its VBM and
CBM exhibit straddle the water redox potentials, so it will be very
beneficial for overall water splitting. Moreover, the higher values of
the in-plane piezoelectric coefficient show that the non-Janus and
Janus diamanes monolayers will be good candidates for piezo-
electric applications. From the thermoelectric properties, the rela-
tively higher values of the thermoelectric figure of merit as
compared to pristine graphene displayed high-performance ther-
moelectric materials. The non-Janus diamanes monolayers C2H and
C2F have great thermoelectric efficiency, 10.52 and 10.63%,
respectively. The discussed results show the non-Janus and Janus
diamanes monolayers will be very useful in various applications for
energy harvesting devices.
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