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Two-dimensional tetrahexagonal CX, (X = P, As, Sb) semiconductors for photocatalytic

water splitting under visible light
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In this paper, we introduce a family of two-dimensional group-V carbides with an ordered sequence of
tetragons and hexagons (th-CX,, where X = P, As, and Sb). We demonstrate that th-CX, monolayers exhibit
robust energetic, dynamical, thermal, and mechanical stability. Our calculations show that the intrinsic structural
anisotropy of the th-CX, family induces strongly anisotropic mechanical, electronic, and optical behavior. These
monolayers offer ultrahigh ultimate tensile strength, comparable with that of graphene, making them suitable
for strain engineering of electronic and optical properties. They are semiconductors in nature, where th-CP,,
th-CAs,, and th-CSb, possess quasidirect, direct, and indirect band gaps, respectively. The band gaps of th-CP,
and th-CAs, are wide enough to provide the photogenerated energy required for the splitting of water. Besides,
the positions of band edges are in alignment with the water oxidation and reduction potentials. For th-CSb,,
however, the suitable width of the band gap and the appropriate band edge positions for photocatalytic water
splitting are achieved by strain engineering. Both indirect-to-direct and direct-to-indirect band gap transitions
can be induced in th-CX, compounds through strain engineering. The #4-CX, monolayers offer anisotropic high
charge carrier mobility, which prolongs the average lifetime of charge carrier drift. They have good optical
absorption (~10° cm™!) in the visible and ultraviolet regions of the light spectrum. GW,+BSE (Bethe-Salpeter
equation) calculations reveal that they exhibit strong excitonic effects where the first bright excitonic binding
energy is calculated as 0.27, 0.52, and 0.22 eV for th-CP,, th-CAs,, and th-CSb,, respectively. Having all
these features in one package, the th-CX, monolayers are among the best candidates for high-performance

photocatalytic water splitting.
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I. INTRODUCTION

Over the past two decades, two-dimensional (2D) materials
have been at the center of attention. In this family of materials,
the out of plane quantum confinement results in distinct elec-
tronic, mechanical, and optical properties, not present in their
bulk counterparts [1,2]. Among these unique features, the
extremely high surface to volume ratio combined with shorter
charge carrier migration distance has made some of the 2D
crystals promising for performance enhancement in hydrogen
generation from photocatalytic water splitting [3-5]. Several
studies have indicated that 2D materials can outperform their
bulk parents in photocatalysis. For instance, it was shown
that the photocurrent density produced in 2D SnS, [6] and
ZnSe [7] crystals are 70 and 200 times greater than their
bulk form, respectively. Similar efficiency enhancements were
also observed in 2D WS, [8] and CdS [9], relative to their
bulk forms. Although these results are promising, there is
a long road ahead of 2D materials to achieve the desirable
photocatalytic efficiency, and superior candidates should be
proposed through experimental and theoretical studies.
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The advent of graphene [10-13], in 2004, can be consid-
ered as the genesis of the era of 2D materials. In graphene,
the presence of two inequivalent Dirac cones at the K and
K’ corners of the Brillouin zone (BZ) induces defectless
ballistic charge transport, making graphene more conduc-
tive than copper [14,15]. However, the gapless nature of
graphene is an obstacle to its functionality in semiconducting
and optical absorption applications [16]. Carbon-based 2D
compounds, on the other hand, can simultaneously offer out-
standing electrical and mechanical properties, inherited from
their graphene parent, and an energy band gap in the semicon-
ducting region. Thus, in the quest for superior 2D materials,
carbon-based compounds received significant attention. Since
carbon offers different hybridization states, including sp, spz,
and sp*, not only formation of different carbon allotropes
are possible but also this feature can be utilized in the de-
sign of new carbon-based compounds with different chemical
and physical properties [17]. Penta-graphene (p-C) [18] and
tetrahex-carbon (th-C) [19], are two recently designed carbon
allotropes with sp?-sp® orbital hybridization, which exhibit
outstanding electronic, mechanical, and optical properties. p-
C is the counterpart of graphene with pentagons as its building
blocks, offering negative Poisson’s ratio and ultrahigh tensile
strength. Upon the Stone-Wales transformation, p-C makes a
structural transition into a more energetically favorable th-C
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FIG. 1. (a) Ball and stick model of p-CX, monolayers. Formation
of th-CX, (X =P, As, and Sb) monolayers from p-CX, through
Stone-Wales transformation is illustrated. (b) Top and side views of
th-CX, monolayers. The unit cells of p-CX, and th-CX, are shown by
red lines. Green and gray balls represent X and C atoms, respectively.

phase [see Fig. 1(a)]. The th-C shows a direct band gap, high
charge carrier mobility, and anisotropic electronic properties,
promising for a nanoelectronic device [20,21]. Although these
allotropes of carbon offer some desirable properties in pris-
tine condition, extra functional features can be induced in
them through compounding. Very recently, penta-carbides (p-
XC,, X = Si, Ge, Sn) have been proposed to be promising
candidates for photocatalytic water splitting [22] while their
tetrahex counterparts, th-X C,, exhibit narrow direct band gaps
with tunable charge carrier mobility, making them suitable for
nanolectronic applications [21]. Furthermore, Kilic et al. [23]
studied the compounds of th-C with other group-IV elements,
known as th-CX (where X = Si, Ge, and alloys). They showed
that these compounds are highly stable, satisfying all the
requirements needed for synthesis. These compounds offer
highly anisotropic mechanical, electronic, and optical proper-
ties, and significant potential for photocatalytic water splitting
applications. The p-CX, (where X = P, As, and Sb) family
having negative Poisson’s ratio, high charge mobility, and
strain-tunable properties have also been reported as promising
candidates for photocatalytic water splitting [24].

In this paper, using state of the art first-principles methods,
we study th-CX, (where X = P, As, and Sb), a family of 2D
materials, that can be formed by the structural transition from
p-CX, compounds [Fig. 1(a) and Fig. S1 of the Supplemental
Material [25]). We first discuss the structural properties of
th-CX, compounds; then we investigate their energetic, vi-
brational, thermal, and mechanical stability. Later, the most
important mechanical properties for strain engineering of
these materials are investigated, including Young’s modulus,
Poisson’s ratio, and ultimate tensile strength. Next, electronic
band structure and orbital projected density of states are
discussed. Finally, we inspect if these materials have the pre-
requisites for an efficient photocatalytic water splitting. We
show that this family satisfies all the essential requirements for
this process, including proper band gap width and band align-
ment with the redox potential of water splitting, prolonged
charge carrier lifetime due to anisotropic carrier mobility,
and suitable solar light absorption coefficient. Moreover, we
demonstrate that via strain engineering other members of this

family can also gain improvement in their photocatalytic wa-
ter splitting efficiency.

II. METHODS

We performed first principles calculations based on the
density functional theory (DFT), using projector-augmented
wave potentials [26] and a plane-wave basis set with an
energy cutoff of 520 eV. All calculations were performed us-
ing the Vienna Ab-initio Simulation Package (VASP) [27,28].
The exchange-correlation potential is approximated by the
generalized gradient approximation (GGA) with the Perdew,
Burke, and Ernzerhof (PBE) functional [29]. For Brillouin
zone integration, a 18 x 18 x 1 I'-centered k-point grid mesh
was used. The equilibrium configuration of atoms and lattice
constants were determined by minimizing the total energy of
the system using the conjugate gradient method until force
components on each atom were decreased below 0.01 eV/ A.
To avoid interaction between periodic images in adjacent
cells along the z axis, a vacuum spacing of at least 20 A
was inserted, and periodic boundary conditions were applied
along the x and y axis. The energy band gap underestimation
in the PBE scheme was corrected by the Heyd-Scuseria-
Ernzerhof hybrid functional (HSE06), constructed by mixing
25% of nonlocal Fock exchange with 75% of PBE exchange
and 100% of PBE correlation energy [30,31]. To examine
the dynamical stability of the proposed monolayers, phonon
dispersion calculations were performed using the Phonopy
package [32]. The lattice dynamics calculations of th-CP,,
th-CAs,, and th-CSb, were carried out with 5 x 5 x 1, 4 x
4 x 1,and 4 x 4 x 1 supercell, respectively, where 2 x 2 x 1
k mesh was adopted to calculate the dynamical matrix, with
very high accuracy (the convergence criterion of the total
energy was set to 1078 eV). To check the thermal stability of
the examined monolayers with a large supercell of 4 x 3 x 1,
the ab initio molecular dynamics calculations (AIMD) were
performed under constant temperature (7') and volume (V),
where the temperature was controlled by a Nose thermo-
stat [33]. The total simulation time for the AIMD simulations
was taken 14 ps with a time step of 1 fs. For optical re-
sponse calculations, we employed GW, approximation and
the Beth-Salpeter equation (BSE) to include electron-hole
interactions [34-36], where k-point sampling was limited to
12 x 12 x 1 and the plane-wave cutoff energy was reduced
to 480 eV due to the computational limit. However, the total
number of bands was increased to 144 since a very large num-
ber of empty bands is necessary to converge the quasiparticle
energies in the GW, approximation.

III. RESULTS AND DISCUSSION
A. Atomic structures

The atomic structure of 2D tetrahexagonal group-V car-
bides with the formula of th-CX, (X =P, As, and Sb) is
presented in Fig. 1. The monolayers have an orthorhombic
unit cell with two unequal lattice constants of a and b, forming
a Cmme symmetry (space group no. 67). The structures are
made of two inequivalent atomic sites, with different coor-
dination numbers, where the fourfold coordinated positions
are occupied by carbon atoms and the threefold coordinated
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TABLE I. Structural, energetic, and electronic properties of th-CX, compounds and their penta counterparts (p-CX;), where a and b are the
lattice parameters, 4 is the thickness, d; is the bond length between fourfold coordinated and threefold coordinated atoms in units of A, d, is
the dimer bond length in units of A, 6;_y, are the interbond angles, E,q, is the cohesive energy in units of ¢V /atom, and E;"F and E}®* are the
band gap energies in units of eV obtained from the PBE and HSEO6 functional methods, respectively. Evgy and Ecgy are the energy levels of
the valence band maximum and conduction band minimum with respect to vacuum level in units of eV calculated through the HSE06 method.
The vacuum level is set to 0 eV. For the sake of comparison, the corresponding properties of th-X C, monolayers and their penta counterparts
(p-XC,) are also presented where X = Si, Ge, and Sn.

Structure a b h dl d2 91 92 03 64 Ecoh E;BE E;,-]SE EVBM ECBM Type

th-CP, 531 720 232 1.88 228 139 110 9 90 461 126 212 —6.01 —3.89 Quasidirect
th-CAs, 5,60 8.00 252 202 255 138 111 92 88 456 1.52 231 —-582 =351 Direct
th-CSb, 6.10 9.10 281 222 296 138 111 93 87 376 0.60 .15 =506 —391 Indirect

p-CP,?* 4.09 409 161 1.88 2.28 1.78 264 —6.09 345 Indirect
p-CAs,? 436  4.09 250 2.02 2.65 1.41 209 —-546 337 Indirect
p-CSb,* 479  4.09 281 221 2.97 0.80 135 —470 -3.34 Indirect
th-C* 453 6.1 116 1339 154 112 124 85 95 1.62 263 —493 =230 Direct
th-SiC,°© 552 720 134 1352 190 108 126 87 93 —-0.01 =261 —-2.62 Direct
th-GeC,* 593 734 142 1339 201 109 125 85 95 0.17 0.87 =295 -2.08 Direct
th-SnC,* 659 794 142 1331 223 107 126 85 95 0.15 —-2.17 —-2.03 Direct
p-C¢ 364 364 121 134 1.55 2.38 326 —508 —1.83 Indirect
p-SiCy¢ 441 441 133 136 1.91 1.49 239 584 344 Indirect
p-GeCy! 460 460 137 134 2.01 1.60 223 —-542 -3.19 Indirect
p-SnCy¢ 505 505 139 134 222 1.02 136 —435 —-2.99 Indirect

4Reference [24].
bReference [17].
‘Reference [21].
dReference [22].

locations are filled by the group-V elements, denoted by C and length (d; = 2.21 A) in p-CSb,. These structural properties
X, respectively. Accordingly, the structures are made of three show that carbon atoms exhibit an sp® orbital hybridization
atomic layers, where the layer made of C atoms is sandwiched and participate in four ¢ bonds with surrounding X atoms.
between two layers of X atoms, and the distance between the We further calculated the electron localization function (ELF),
top and bottom layers defines the thickness, denoted by . providing a good description of electron localization and
The bond lengths between C—X and X—X are represented by =~ chemical bonding character in materials. The ELF of th-CX;
d; and d,, respectively. The combination of the tetragonal and ~ monolayers is presented in Fig. S2 of the Supplemental Ma-
hexagonal building blocks in the #h-CX, monolayers results in terial [25]. We observed that the electrons in th-CX, are well
peculiar mechanical, electronic, and optical properties, which ~ localized around the X atoms and the C—X and X—X bonds,

can be exploited in various applications, such as in nanoelec- suggesting strong covalent bonding. Electronegativity differ-
tronics, optoelectronics, and especially photocatalytic water ~ ence between carbon and group-V elements also corroborates
splitting. the covalent nature. The electronegativity of carbon is higher

The structural parameters of th-CX, monolayers are sum- than that of X atom; consequently, the X—X bonds are slightly

marized in Table I and, for the sake of comparison, properties longer than their average value for a single bond.
of p-CX, (X =P, As, Sb) [24], th-C [17], th-XC, (X = Si,
Ge, Sn) [21], p-C, and p-XC, (X = Si, Ge, Sn) [22] are
also presented. As the atomic radius of the group-V elements ] o
increases, the lattice constants in both directions expand, in We evaluate the thermodynamic stability of th-CX, mono-
a way that the ratio between them remains almost constant. ~ 1ayers by calculating the cohesive energies (Econ) and the
For the same reason, the bond lengths show a similar in- formation energies (Ef) and comparing them to similar struc-
creasing trend. For th-CP,, the obtained lattice constants are ~ tUIes that have already been shown to be stable. Here, the Econ
a=531 A, b =120 A, and the layer thickness is found to and E; can be extracted from the following expressions;

B. Energetic stability

be h = 2.32 A. The C—P bond length (d, = 1.88 A) is exactly ncEc + nxEx — Ecx,

the same as its counterpart in p-CP, (1.88 A) [24,37]. The Econ = s (D
calculated P—P bond length of 2.28 A is almost the same as in fic TIx

black phosphorus (2.25-2.28 A) [38]. In the case of th-CAs,, and

Fhe elongation oin the structure expands the lattige .constants Ecx, — ncE(C) — nxE(X)

intoa =5.60 A, b=238.00 A, and h = 2.52 A. Similarly, the Er = ——— , (2)

bond length of C—As (d; = 2.02 A) is precisely equal to its
counterpart in p-CAs; [39]. The same rules apply to h-CSb, where Ecx, is the total energy of one unit cell of th-CX; sheet
witha=6.10 A, b=9.10 A, and h = 2.81 A, where C-Sb and Ec and Ex are the energies of isolated C and X atoms,
bond length (d; = 2.22 A) is compatible with C-Sb bond respectively; nc and nx are the numbers of C and X atoms per
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FIG. 2. (a) Phonon spectrum with atom-projected phonon density of states (PhDOS) of the th-CX, compounds. (b) Variation of the potential
energy during the AIMD simulations at 1000 K (1200 K for th-CP,) for a period of 14 ps (20 ps for th-CP,). The insets are snapshots of the
atomic structures at the end of the AIMD simulations. The blue, pink, orange, and gray balls represent P, As, Sb, and C atoms, respectively.
(c) Variation of strain energy with respect to zigzag, armchair, equibiaxial, and shear strains. The strain energy of the equilibrium structures is

setto 0 eV.

unit cell; the £(C) and E(X) are the total energies per atom
for graphene and molecular X5, respectively. It can be inferred
that high enough E., and low formation energy imply the rel-
ative energetic stability of the system. The cohesive energies
of th-CX, monolayers are listed in Table I. By comparing the
cohesive energies of th-CX, monolayers with that of graphene
(7.94 eV /atom) [10], th-C (7.12 eV /atom) [19], and p-C (7.09
eV /atom) [18], we can see that th-CX, monolayers have less
favorable cohesive energies. However, the cohesive energies
of th-CX, surpass that of already synthesized silicene (4.70
eV/atom) [40], germanene (4.15 eV/atom) [41], and phos-
phorene (3.48 eV/atom) [42]. The th-CX, cohesive energy
values lie in the range of synthesized structures, which is a
sign that th-CX; structures are strongly bonded. Moreover, the

calculated formation energies of th-CX, monolayers are 100,
140, and 190 meV per atom for X = P, As, and Sb, respec-
tively. These low formation energies for th-CX, monolayers
suggest their thermodynamic stability.

C. Dynamic stability

The dynamic stability of the th-CX, monolayers were
studied based on their phonon dispersions calculated via
abinitio lattice dynamics. The dispersions of phonon modes
with atom-projected density of states (PhDOS) are depicted
in Fig. 2(a). The 12 atoms are presented in a unit cell of
th-CX,, each having three vibrational degrees of freedom,
constituting a total of 36 phonon modes, of which three are
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acoustic branches with zero frequency at I' point. In all 2D
monolayers, the transverse acoustic (TA) and longitudinal
acoustic (LA) branches exhibit a linear dispersion around the
I' point, while the out-of-plane acoustic (ZA) branch has a
quadratic dispersion in the long wavelength limit. Based on
the harmonic approximation, imaginary frequencies are the
manifestation of a disassembling vibrational mode. Hence the
prerequisite of dynamic stability is that all phonon modes
must have real (positive) frequencies. We note that, as the
lattice dynamics calculations were performed using the super-
cell approach, we tested the size of supercell for the th-CP;
monolayer, of which phonon dispersion curves for 2 x 2,
3x 3,4 x4, and 5 x 5 supercells are presented in Fig. S3
of the Supplemental Material [25]. The phonon dispersion
curves of th-CP, with 2 x 2 and 3 x 3 supercells have imag-
inary frequencies, while that with a 4 x 4 supercell exhibits
very small imaginary frequency or seems to be flatness ZA
branch near the I' point. Normally, such imaginary or flatness
frequency of ZA branch in the phonon dispersion curves is
expected for 2D materials, and disappeared with the increase
of the supercell size. As we expect, th-CP, with the 5 x 5
supercell is free from imaginary frequencies. We ascertain
that 5 x 5, 4 x 4, and 4 x 4 supercells for th-CP,, th-CAs,,
and th-CSb, monolayers, respectively, are large enough to
obtain the converged lattice dynamics results (i.e., the interac-
tion between equivalent atoms and the force constants at the
supercell boundary are negligible). This analysis heralds the
dynamical stability of th-CX, structures. PhDOS analysis re-
veals that high phonon frequencies are mainly contributed by
the vibrations of C atoms, while the low phonon frequencies
are produced by the vibrations of X atoms, resulting from the
large difference in mass between C and X atoms. Moreover,
the high phonon frequency of the X atom decreases when
moving from P to Sb. As seen in Fig. 2(a), the width of the
phononic gap increases with the increase of mass difference
between C and X atoms in th-CX, monolayers.

D. Thermal stability

To verify the thermal stability of #-CX, monolayers,
abinitio molecular dynamics simulations (AIMD) were per-
formed at high temperature for a duration of 14 ps. To reduce
the periodic boundary condition constraints on the structure
and provide a suitable condition for any possible reconstruc-
tion, a 4 x 3 x 1 supercell was employed. Snapshots of the
final atomic configuration of the structures at the end of the
AIMD simulation and the diagrams of the potential energy
variation vs time are provided in Fig. 2(b). We found that
th-CP, lose their structural integrity at 7 = 1400 K and th-
CAs; and th-CSb, become fragmented at 7 = 1200 K. Thus,
in our simulation, we considered T = 1200 K for t4-CP, and
T = 1000 K for th-CAs, and th-CSb,. It can be seen that
the potential energies only fluctuate during the simulation
without any considerable deviation, which implies that no
reconstruction takes place. These fluctuations are the result of
the thermal oscillations of the atoms around their equilibrium
positions. From the snapshots of the ultimate arrangement
of the atoms, it can be inferred that none of the bonds are
broken at the elevated temperatures and the original skeleton
of the structures is preserved. It should be mentioned that

the computational considerations limit the AIMD simulations
to a few ps, which is a short interval in real conditions, but
it can provide an insight into the system’s thermal stability,
especially structural response to thermal shock.

E. Mechanical stability

According to the Born-Huang elastic stability criteria [43],
the prerequisites of the mechanical stability of the considered
systems are C11C22—C122 > 0 and Cg > 0, where Cy1, Caz, Ci2,
and Cgg are the elastic stiffness constants. These constants can
be calculated by fitting the strain energy (E;) per unit area into
a function of the in-plane strains using the following equation:

Ei(e) = 3Ciig; + 3Cne; + Cioerey + 2Cesty,,  (3)

where ¢, €,, and ¢,, are the infinitesimal uniaxial strains
along the zigzag (a) and armchair (b) directions, and shear
strain, respectively. To extract the elastic stiffness constants,
the corresponding strains were applied in a range of —2% to
2% with an increment of 0.5%. The variation in strain energy
vs strain is demonstrated in Fig. 2(c). In case of uniaxial
strain along a lattice vector (where &, = &,, = 0),

Ey(e) = 5Cuiey, “)
for uniaxial strain along b lattice vector (where &, = £,, = 0),
Ey(e) = 3Cne;, (5)
if we apply equibiaxial strain (where &, = ¢, and ¢, = 0),
Ey(e) = (3Ci1 + 1Cn + Ciy)e;, (6)
and finally in case of shear strain (where &, = &y, = 0),
Ey(e) = 2Ce6ts, @)

Therefore, from Eq. (4), C;; can be obtained by applying
strain along lattice vector a (where ¢, = “aﬂ and &, = 0).
Similarly, from Eq. (5), C»; can be calculated by applying
uniaxial strain along lattice vector b (where ¢, = b be and
&y = 0). Having C;; and Cp, to find Cj; from Eq (6)
equibiaxial strain can be employed (where ¢, = ¢,). We note
that ag (bo) and a (b) are the equilibrium and strained lattice
constants along the zigzag (armchair) direction. Finally, from
Eq. (7), Ces can be extracted by applying shear strain where
the uniaxial strain along a and b lattice vectors are zero
(ex = &y = 0) [see the inset of Fig. 2(c)]. We note that, in
case of uniaxial strains, a perpendicular stress component
will appear in the system due to the Poisson effect. This stress
was relieved by structural relaxation along that axis. We also
note that ¢,, = ¢, for the monolayers is confirmed by the
variation of strain energy with respect to uniaxial shear strains,
namely Shear-x and Shear-y (Fig. S4 of the Supplemental
Material [25]). The obtained elastic constants are listed in
Table II. The obtained elastic constants meet Born-Huang
elastic stability criteria for every member of the th-CX; family.

F. Mechanical properties

Having secured that all members of the th-CX, family
have energetic, dynamical, thermal, and mechanical sta-
bility, we investigated the most important strain-dependent
mechanical properties of these materials, including in-plane
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TABLE II. Mechanical properties of th-CX, monolayers and their penta counterparts, where C;; are the elastic stiffness constants in units
of N/m, Y, and Y, are the Young’s moduli along zigzag and armchair directions in units of N/m, v, and v, are the Poisson’s ratios along
zigzag and armchair directions, and UTS,, UTS,, and UTS,, are the ultimate tensile strain under zigzag, armchair, and equibiaxial strains in
%, respectively. For the sake of the comparison, the corresponding properties of th-X C, monolayers and their penta counterparts (p-XC,) are

also presented where X = Si, Ge, and Sn.

Mechanical Young’s Poisson’s Ultimate tensile
constants (N/m) modulus (N/m) ratio strain (%)
C]] sz C12 C()G Ya Yb Vay Vp UTSa UTSb UTSab
th-CP, 170.14 54.00 15.42 21.61 168.75 49.60 0.09 0.28 17 27 18
th-CAs, 121.80 38.70 17.30 14.63 119.34 30.96 0.14 0.45 18 27 17
th-CSb, 86.44 27.49 13.33 7.59 84.38 21.02 0.15 0.48 17 24 16
p-CPy? 84.11 84.11 44.72 79.18 60.33 60.33 0.53 0.53 24 24 18
p-CAs,* 63.77 63.77 41.07 61.46 37.32 37.32 0.64 0.64 27 27 18
p-CSb,? 40.78 40.78 36.20 44.94 8.65 8.65 0.89 0.89 30 30 18
th-C? 287.03 280.82 16.21 123.99 286.12 279.88 0.06 0.06 32 31 20
th-SiC,°¢ 99.85 104.47 45.03 55.94 79.55 85.06 0.45 0.43 27 26 20
th-GeC,°© 125.36 112.22 14.17 47.93 123.76 110.43 0.11 0.13 18 18 13
th-SnC,° 88.80 68.35 14.51 21.79 86.42 65.27 0.16 0.21 13 19 12
p-C¢ 267.54 267.54 —18.81 150.95 266.22 266.22 —0.070 —0.070 17 17 21
p-SiC,¢ 138.71 138.71 4.82 73.01 138.54 138.54 0.035 0.035 21 21 16
p-GeC,*¢ 122.24 122.24 8.48 63.60 121.65 121.65 0.069 0.069 16 16 12
p-SnC,¢ 83.83 83.83 14.76 44.49 81.23 81.23 0.176 0.176 9 9 7

4Reference [24].
bReference [17].
‘Reference [21].
dReference [22].

Young’s modulus (Y2p), Poisson’s ratio (v), and ultimate ten-
sile strength. As it is shown in the following sections, the
intrinsic anisotropy in the geometric structure of th-CX, gives
rise to direction-dependent mechanical properties.

1. Young’s modulus

Young’s modulus is the slope of the stress-strain curve
in the elastic region which defines the stiffness of the ma-
terial. A material with high stiffness deforms slightly under
stress. Since structural deformation can dramatically change
the electronic and optical properties, stiffness is of great im-
portance in the study of 2D materials. The intrinsic anisotropy
in the geometric structure of th-CX, gives rise to the direction-
dependent Young’s modulus. Here, through the following
expression, we represent the angle-dependent Young’s mod-
ulus of th-CX, compounds,

C1Cn — C3,
Cp 1A% + (Cncé;—clzz _ 2C12)A232

Yop(0) = (8)

where A and B stand for sin(f) and cos(@), respectively. In
Fig. 3(a), Y>p of th-CX, compounds vs in-plane angle (6) is
presented. Other than the intrinsic asymmetry of the structure,
the unequal strength of the dominant bonds in the armchair
and zigzag directions directly affects the stiffness anisotropy.
This difference stems from the variation in bond length and
hybridization of states. In the th-CX, structures, along the

J

zigzag direction (6 = 0° and due to reflection symmetry 6 =
180°), where C—X bonds are dominant, materials exhibit su-
perior stiffness compared to the armchair direction (6 = 90°
and due to reflection symmetry 6 = 270°), where X—X bonds
are dominant. The numerical value of Y,p of th-CX; along
6 = 0° (denoted as ¥,) and & = 90° (denoted as Y;) directions
are listed in Table II. For the sake of comparison, Young’s
moduli of similar structures are summarized in Table II. It
can be seen that the maximum Y,p of th-CP, (169 N/m),
th-CAs; (119 N/m), and th-CSb, (84 N/m) are almost 3,
3, and 10 times that of their penta counterparts (60, 37, and
9 N/m [24], respectively).

2. Poisson’s ratio

When materials are stretched in one direction they usually
get thinner in the perpendicular direction. Poisson’s ratio (PR)
is found by dividing the amount of this thinning to the stretch-
ing. Generally, materials possess positive PR, getting thinner
upon tensile and thicker under compressive stresses. Although
rare, there are some materials with negative PR (known as
auxetic) which can offer exotic mechanical properties [44,45].
Similar to other mechanical properties of the th-CX, com-
pounds, Poisson’s ratio also exhibits a direction-dependent
behavior due to the intrinsic anisotropy of the structure. Here,
the angle-dependent PR of h-CX, compounds was investi-
gated through the following equation:

V() =

Cia(A* + BY) — (Ciy + Cp — =) — 2, )A%B2 o
CnA* + CpB* + (—(C“Céb_c‘zz) —2C1y)A%B?
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FIG. 3. Orientation-dependent variation of (a) Young’s modulus and (b) Poisson’s ratio in #4-CX, monolayers and their penta counterparts

(p-CX;), where X = P, As, Sb.

where A and B stand for sin(f) and cos(8), respectively. The
resulted graph of v vs 6 is presented in Fig. 3(b), and the nu-
merical value of PR along 6§ = 0° (denoted as v,) and 6 = 90°
(denoted as vy) directions are listed in Table II. It can be seen
that th-CX, compounds have positive PR, whereas their penta
counterparts (p-CX,) exhibit auxetic behavior with negative
PR [see Fig. 3(b), left panel]. We found that the minimum
value of v takes place along the armchair direction (6 = 90°),
while the maximum value of v locates in the range of 0° <
6 < 45°. The PR variation of the system is also dependent
on the atomic species. As the atomic number increases, the
average value of PR shows an increasing trend, which is also
the case for the penta counterparts.

3. Ultimate tensile strength

Another mechanical feature of a 2D material, which is of
great importance, is ultimate tensile strength. During the strain
engineering of a 2D material, extreme strains can be imposed
into the system. If the material lacks the proper strength,
its structural integrity can be damaged, and the desired per-
formance cannot be achieved. To investigate the ultimate
tensile strength of th-CX,, we employed a2 x 2 x 1 supercell

and measured the stress imposed into the system upon var-
ious axial tensile strains (zigzag, armchair, and equibiaxial).
The stress-strain curve for th-CX, compounds is depicted
in Figs. 4(a)-4(c), where the ultimate tensile strength is the
maximum strength that the system tolerates right before the
failure. The percentage of strain at the maximum stress known
as ultimate tensile strain (UTS) is indicated by the vertical
dashed line and, for the sake of comparison, the obtained
UTS values of other tetrahex and their penta counterparts for
zigzag, armchair, and equibiaxial strains (denoted by UTS,,
UTSy, and UTS,y, respectively) are summarized in Table II.
From the stress-strain curves, it can be noted that th-CP»,
th-CAs,, and th-CSb, compounds undergo plastic deforma-
tion upon tensile strain along the armchair direction before
reaching the ultimate tensile strength point. We further probed
the atomic origin of this plastic behavior. By comparing the
bond lengths in the elastic and plastic regions of the curves
(see Fig. S5 of the Supplemental Material [25]), we found
that the main reason behind the plastic behavior of the th-
CX, compounds under armchair strain is the capability of
X-X bonds, oriented along the armchair direction, to tolerate
significant elongations without detaching. In the case of strain
along the zigzag direction, C—X bonds elongation mainly

(a) th-CP, (b) th-CAs, (©) th-CSb,

8 1 L LI} 6 T o1 o1 5 T T T
: g g
g g g
e ) 2
: : :
3 N N

0’ . Lk o ] i i

0 10 20 30 40 0 10 20 30 40
Strain (%) Strain (%) Strain (%)
1, W -
x -e- Zigzag -e- Armchair ui-biaxi

FIG. 4. Calculated stress-strain curves for th-CX, compounds subjected to zigzag, armchair, and equibiaxial tensile strains. The percentage
of strain at the maximum stress point known as ultimate tensile strain (UTS) is indicated by the vertical dashed line. UTS,, UTS,, and UTS,;
refer to the UTS for zigzag, armchair, and equibiaxial tensile strains, respectively.
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FIG. 5. Electronic band structures obtained from the HSE06 functional for (a) th-CP,, (b) th-CAs,, and (c) th-CSb, monolayers. The
band gap energies between valence band maximum (VBM) and conduction band minimum (CBM) are shown with the black arrows. The
fundamental bands gap between VBM and CBM are shaded in blue. The Fermi level (demonstrated by the dashed red line) is set to 0 eV.
Bands calculated including and excluding SOC are shown by dashed and solid lines, respectively. The orbital decomposed projected density
of states (pDOS) plots are depicted next to their corresponding band structure.

compensate the strain applied to the structure. These bonds
elongate linearly up to the ultimate tensile strength point and,
after this point, the slope of the curve decreases, showing the
bond-breaking mechanism at the maximum stress point. In the
case of armchair strain, the X—X bonds’ elongation is not linear
up to the UTS point and, between yield strength point and
UTS, their expansion accelerates, indicating a plastic behav-
ior. Finally, after the UTS point, the rate of elongation changes
which shows their detachment. In the case of equibiaxial
strain, we have a combination of the previous mechanisms,
where the change in the ratio of bond elongation clearly spec-
ifies the maximum stress point. The UTS,, of graphene, p-C,
th-C, and th-BN was reported to be 27% [46], 21% [18,22],
20% [23], and 27% [47], respectively. It can be seen that th-
CX, compounds exhibit ultrahigh ultimate strain, comparable
with that of graphene, and outweighing that of PG, satisfying
the prerequisite for strain engineering of electronic and optical
properties, which will be discussed in the following sections.

G. Electronic structures

Since the PBE approach underestimates the band gap ener-
gies, the electronic band structures of the th-CX, compounds
were calculated using the HSEO6 functional and the results are
presented in Fig. 5. The band gap energies for both PBE and
HSEO06 methods are listed in Table I for comparison. It can
be seen that all the band gaps lie within the semiconducting
range, promising potential for applications in solar cell and
photocatalysis. Although the band gap of #4-CP; is indirect
the energy difference between direct and indirect gaps are so
narrow (0.04 eV) that its band gap nature can be considered
as quasidirect. The band gap of th-CP, (2.12 eV) is 0.52 eV
lower than its penta counterparts (p-CP,). For th-CAs,, it
shows a direct band gap of 2.31 eV where the valence band
maximum (VBM) and the conduction band minimum (CBM)
are located at I", while its penta counterpart has an indirect
band gap of 2.09 eV. We note that the quasidirect band gap
of 2.12 eV and direct band gap of 2.31 eV for th-CP, and
th-CAs,, respectively, are comparable with the direct band
gap of th-C (2.63 eV) [23], making them a competitive al-
ternative of the th-C, as one of the best options for nano- and
optoelectronic applications. th-CSb, is found to be an indirect

band gap semiconductor with the band gap of 1.15 eV. The
band gap energy of th-CSb, is 0.2 eV lower than its penta
counterpart (p-CSb,). Although SOC lifts the degeneracy,
the band gap width and band edge alignments change only
marginally (in the order of meV). Based on the pDOS results,
it can be inferred that the orbital contributions to valence and
conduction bands in th-CP, and th-CAs, show similarities,
where the valence band is mostly made of both C and X atom
p. states, and the conduction band is a combination of s orbital
of C and p, of X. In the case of th-CSb,, the valence band is
mostly made of p, orbital states of Sb and the conduction band
mainly consists of s orbital of C and p, orbital of Sb.

H. Photocatalytic properties for water splitting

To have an efficient photocatalyst for water splitting, a
semiconductor needs to satisfy several prerequisites simulta-
neously [48]. First, the band gap energy should be less than
3 eV to have the optimum solar light absorption. Secondly,
to be able to provide enough energy to break covalent bonds
of water, the band gap energy must exceed 1.23 eV (the
free energy of water splitting) (see Fig. 6). The third crucial

0.0 - Vacuum
i 334eV
35k 3.51eV 345y -3.37eV —3.09¢
o | -389ev -3.91eV p-CSb
% 4.0 -
N H'/H,
all th-CSh =
Luf sol th-CP, th-CAs, : [p-Cp, P-CAs, _470ev
= -5.06.eV. 70 0
= 468V, api—oC?
-6.01- -5.82eV
-6.01eV -6.09 eV
-6.5L N y ) \ , }
h-CX, p-CX,

FIG. 6. Location of the band edges in th-CX, and their penta
counterparts (p-CX,) with respect to the vacuum level obtained from
HSEO06 functional. The vacuum level is set to 0 eV. The dashed
lines are aligned to the oxidation/reduction potentials of water split-
ting, where black and red dashed lines denote pH = 0 and pH = 7,
respectively.

035402-8



TWO-DIMENSIONAL TETRAHEXAGONAL CX; (X = ...

PHYSICAL REVIEW MATERIALS 6, 035402 (2022)

requirement is the suitable location of band edges with re-
spect to the oxidation/reduction potential of water splitting.
In other words, the valence band edge location in the energy
spectrum needs to be lower than the oxidation potential of
0,/H,0 (—5.67 eV + pH x 0.059 eV), and the conduction
band edge position must exceed the reduction potential of
H*/H, (—4.44 eV + pH x 0.059 eV) [49]. Photoinduced
electron/hole pair will drift for an average lifetime of 7 before
being annihilated by an exciton pair. To secure an efficient
photocatalysis process, the fourth essential feature is a pro-
longed average lifetime of the charge carriers. To achieve
this last requirement, the photogenerated electron/hole pairs
should get separated to prevent quick recombination of them,
and it is the difference in the relative drift velocities (v;) of
electron and hole that induces this separation. Mobility, which
itself is a function of effective mass, has a direct relation with
drift velocity (v; = wE, where E is the electric field). Accord-
ingly, semiconductors that have in-equivalent electron and
hole mobility offer a longer charge carrier lifetime. Moreover,
a system with direction-dependent mobility can also further
facilitate charge carrier separation.

Our first principles calculations reveal that th-CP, and
th-CAs, monolayers are two suitable candidates that ideally
satisfy all of the above mentioned requirements. In this re-
spect, the energy band gap of 2.12/2.16 eV (indirect/direct)
and 2.31 eV (direct) for th-CP, and th-CAs;, respectively, sits
ideally within the 1.23 < Eg,, < 3.00 eV range, fulfilling the
energy demand for splitting water molecules and offering the
optimum solar light absorption simultaneously. As it is sum-
marized in Table I and demonstrated in Fig. 6, the energy level
of VBM for th-CP, and th-CAs, is calculated as —6.01 eV
and —5.82 eV, respectively, which are below the oxidation
potential of water (for a whole range of pH = 0 to pH = 7).
Also, the CBM of both candidates are well above the reduc-
tion potential (for a whole range of pH = 0 to pH = 7). Hence
th-CP; and th-CAs, monolayers present suitable band edges
and offer adequate driving force for water splitting. According
to the band gap energy and band edge positions, we can
firmly claim that th-CP; and th-CAs, are excellent candidates
for photocatalytic water splitting applications. In the case of
th-CSb,, the energy level of CBM (—3.91 eV) is much more
positive than the reduction potential of water at pH = 0 and
pH = 7 by 0.53 eV and 0.12 eV, respectively. Unfortunately,
the energy level of VBM (—5.06 eV) exceeds the oxidation
potential of water splitting at pH = 0 and pH = 7 by 0.61 eV
and 0.20 eV, respectively. In other words, although the CBM
of th-CSb, has the necessary driving force for the reduction
reaction, the VBM cannot satisfy the oxidation potential of
0,/H;0 in the range from pH = 0 to pH = 10. Nevertheless,
there is an opportunity to tune the band edge positions of
th-CSb, by controlling the pH to match the redox potential
of water. At a basic condition (pH > 10), th-CSb, has the
minimum required driving force for the water-splitting oxi-
dation process. Another effective way to tune the band edge
alignment and the band gap energy for th-CSb, is strain engi-
neering. We discuss the variation of band edges with respect
to strain in the following subsection, but, in short, we achieve
a larger direct band gap than the minimum energy required
for the water splitting reaction and an acceptable band edge
alignment for water splitting under 4% biaxial strain. As a

consequence, not only th-CP;, and th-CAs,, but also th-CSb,
can be considered potential candidates for water splitting.

1. Strain engineering of the band gap and band edge positions
of th-CX, compounds

Numerous studies showed that the intrinsic properties of
2D materials can be remarkably improved by structure tailor-
ing. Recently, it was shown that the electronic properties of
tetrahexagonal monolayers are sensitive to chemical function-
alization, alloying, and mechanical strain [17,47,50,51]. Here,
we investigate the effect of strain on the th-CX, compounds.
Our results obtained using the HSEO6 functional are presented
in Fig. 7 for zigzag, armchair, and equibiaxial strains within
the —4% and 10% range with increments of 2%. A structural
relaxation was performed at each step of straining and the
electronic properties were calculated for the relaxed structure.
It can be seen that, within this strain range, although band
gap energies vary significantly, the semiconducting nature of
the compounds is preserved and no gap closure is observed.
Previously, we demonstrated that th-CP, and th-CAs, both
offer suitable features for photocatalytic water splitting in
pristine condition. These promising features of #h-CP, only
miss one property to become ideal, which is the lack of a
direct band gap. In pristine condition, the band gap of th-CP,
can be considered to be quasidirect; however, a quasidirect
to direct transition can be induced through strain engineering
to further boost its photocatalytic efficiency. This transition
occurs upon 2% zigzag and biaxial tensile strain. According to
Fig. 7(a), under intense biaxial tensile strain, the CBM align-
ment of th-CP;, with reduction potential of water deteriorates.
A similar trend can also be observed in the CBM alignment
of th-CAs,, if the armchair tensile strain exceeds 6% [see
Fig. 7(b)]. On the other hand, tensile strain along the zigzag
direction does not break the alignment of band edges with
water decomposition potentials in both of these compounds.
Therefore, alongside th-CAs, in pristine condition, we can
consider the strain-engineered versions of th-CP, as the opti-
mum candidates for photocatalytic water splitting. Finally, in
th-CSb,, where an efficient band alignment is not achievable
in pristine condition, small tensile strains can enhance the
position of the band edges with respect to redox potentials
of water, and increase the band gap energy to a near 1.23 eV
threshold to provide enough energy for water decomposition.
Besides, under tensile strains, an indirect to direct band gap
transition can also be induced. Thus a significant improvement
can be achieved in photocatalytic efficiency of th-CSb, for
water splitting purposes.

J. Effective mass and carrier mobility

To achieve a better insight into the charge carrier migration
properties, the effective mass (m*) and carrier mobility (1) of
the th-CX, compounds are investigated. The effective mass
of charge carriers was obtained through fitting a parabolic
function into the electronic band structure via the following
equation:

. d2E(k)\ "
m =h2< = ) , (10)
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FIG. 7. Strain engineering of the band gap and the band edge alignments (with respect to the redox potential of water splitting) of th-CX,
compounds, calculated via HSEO6 functional, for zigzag, armchair, and equiiaxial strains in the range of —4% to 10% (negative/positive
numbers refer to the compressive/tensile strain), with increments of 2%. The dark blue markers correspond to the band gap values. The
valence band maximum (VBM) and conduction band minimum (CBM) positions with respect to the redox potential of water splitting are
accentuated with pink and orange tints, respectively. The bright blue shadows indicate the presence of a direct band gap.

where 7 is the reduced Planck constant, k is the wave vec- free-electron mass (my) along the I'-X (denoted by m}) and
tor, and CE® s the second derivative of the energy with 'Y (denoted by my) are listed in Table IIl. Moreover, we
respect to the wave vector at the minimum of the conduction calculated the direction dependent effective mass of holes and
band for electrons or the maximum of the valence band for  electrons from I' to an arbitrary direction A. In Fig. 8, it can

holes. The electron and hole effective masses with respect to ~ be seen that the effective masses of electrons and holes are

TABLE III. Charge carrier properties, where m /mj is the carrier effective masses with respect to a static electron mass (i) along the i
transport direction. C; is the elastic constant in units of N/m, E;; is the deformation potential constant in units of eV, and MfD is the carrier
mobility in units of cm®>V~'s™! at T = 300 K.

Effective Elastic Mob. x 103 Mob. x 103

masses constants DP constants [Eq. (11)] [Eq. (13)]
Structure Carrier type m* /mg m /mg Cip Ch Ey. E;, w3 wP 2P 3P
h-CP Hole 9.22 1.37 170.15 54.00 4.64 0.46 0.01 1.13 0.01 0.08
2 Electron 0.89 0.69 170.15 54.00 1.32 6.41 3.02 0.05 0.33 0.18
h-CAs Hole 0.54 4.08 121.80 38.70 3.25 1.54 0.31 0.06 0.35 0.05
2 Electron 0.58 0.88 121.80 38.70 0.97 1.98 6.79 0.33 2.51 0.91
h-CSh Hole 0.19 0.71 86.44 27.49 6.60 2.81 0.59 0.28 0.69 0.21
2 Electron 0.25 1.12 86.44 27.49 0.45 1.64 68.12 0.37 11.59 1.18
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FIG. 8. Direction dependent effective masses in the unit of free electron mass for electrons (upper panel) and holes (lower panel) calculated

using energy dispersion from I' to a nearby point A.

inequivalent and direction dependent in all th-CX, com-
pounds. This anisotropy is also manifested in the unequal
curvature of band dispersion around the I' point of the high-
est valence band and lowest conduction band. We further
investigated the charge carrier mobility along the I'-X (sym-
bolized by 113°) and I'-Y (symbolized by 1;P) directions using
the modified Bardeen-Shockley’s formula for anisotropic 2D
semiconductors [52],

6713Ci
! ksTmimyE? .’

2D

Y

where i determines the transport direction (x and y stand for
zigzag and armchair, respectively), m; is the effective mass
along i direction, and my is the geometric mean of effective
masses along x and y direction (,/m}m?). Temperature (T')
is considered to be 300 K. E;; 1s the deformation poten-
tial constant of the carrier, obtainable from the following
equation:
AE

(%)
where AFE 1is the variation in the energy of the CBM and
VBM bands under small strains (0.5% in our calculations)
(see Fig. S(6-9) of the Supplemental Material [25]). The cal-
culated values for E; ; are summarized in Table III. The C; in
Eq. (11) is the in-plane stiffness constant listed in Table III.
In Eq. (11), it was assumed that mobility is only dependent
on the deformation potential constants, effective masses, and
in-plane stiffness constants along the migration direction. In
real 2D anisotropic materials, however, mobility is under the
influence of scattering events from all directions. This over-
simplification can lead to an overestimation of the anisotropic
behavior of 2D materials. An improved version of the mobility
formula was proposed by Lang et al. [53] as follows:

Eq; = (12)

e (<4529)

Wi = 13)

B 9E3 +7EqiEq;+4E3 N
kBT(mf )3/2(m}’f)1/2 (#)

20

For the sake of comparison, the results obtained from Eq. (13)
are also presented in Table III. Results obtained using Eq. (13)
have two main differences compared to the corresponding
values found from Eq. (11). First, the mobility values re-
sulting from Eq. (13) are relatively lower than the ones
obtained from Eq. (11). Secondly, the anisotropy of the mo-
bility obtained from Eq. (13) are lower than their counterparts
calculated based on Eq. (11). These deviations stem from
the consideration of the effect of electron-phonon scatter-
ing events in transpose direction, perpendicular to that of
mobility measurement, implemented in Lang er al.’s for-
mula [Eq. (13)]. Previous studies have shown that Eq. (11)
overestimates both the carrier mobility and anisotropic ratio.
Equation (13), however, underestimates the carrier mobility
while the anisotropy ratios obtained from this formula are
in good agreement with experimental results [52]. Thus we
estimate that the experimental carrier mobilities of the th-CX;
compounds settle between the two reported values and the
anisotropy is close to the values obtained by Lang et al.’s
method.

K. Optical properties

Optical absorption is another factor that plays a crucial role
in the photocatalytic capacity of a material. From an energetic
point of view, ultraviolet light can facilitate photocatalytic ac-
tivities better than visible light, since its high photonic energy
is enough to overcome large energy barriers in a catalysis
process. On the other hand, the ultraviolet part of the solar
spectrum is only limited to 4%. Thus a good photocatalyst also
needs to be able to absorb a significant fraction of the visible
light (which covers around 43% of the solar radiation, reach-
ing the earth’s surface). The light-harvesting performances of
th-CX, compounds were evaluated by the optical absorption
coefficient derived from the dielectric functions [54]:

a(@) = V20{,/e2(@) + (@) — &1 (@)},

where ¢](w) and &;(w) are the real and imaginary parts of the
dielectric functions, respectively. By employing GW,+RPA

(14)
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FIG. 9. Optical absorption coefficient of th-CX, compounds along zigzag (x) and armchair (y) directions, as a function of photon energy.
GW,y+RPA calculation results are depicted by dashed sky blue and pink colors, while GW,+BSE calculation results are shown by blue and red
line colors. The quasiparticle (QP) band gaps, calculated from GW, without e-h interactions, are illustrated by black dashed arrows.

and GWy+BSE approximations, we calculated the dielectric
functions and extracted the optical absorption coefficients.
Figure 9 shows the imaginary parts of the dielectric functions
and optical absorption spectra of th-CX, compounds where
the polarization vectors are considered parallel to the layer
plane (x is along the zigzag edge and y is along the armchair
edge). In all of the 2D th-CX, compounds the absorption
peaks spread all over the visible and ultraviolet spectrum
where the optical absorption coefficient can reach 107% cm™!,
which is comparable to that of perovskite solar cells [55].
Anisotropic optical response is clearly seen as a manifesta-
tion of the intrinsic anisotropy in the atomic structure. This
can be exploited in optoelectronic devices to manipulate the
polarization of the incident light. The anisotropic and high
optical absorption capacity, combined with the proper band
gap and band alignment of th-CX, monolayers, make them
promising candidates as photocatalysts in the water-splitting
process.

The difference between GWy+RPA and GW,+BSE op-
tical absorption spectrum is the evidence of the quantum
confinement effect in the 2D th-CX, compounds. GWy+RPA
method includes electron-electron (e-¢) interactions and ne-
glects electron-hole (e-h) interactions, while GWy+BSE goes
beyond RPA by including e-e¢ and e-h interactions. We
observed that the e-/ interactions dominate the optical absorp-
tion spectrum in th-CX, monolayers, resulting in the redshift
of the spectra with respect to those calculated without e- in-
teractions. More importantly, the prominent absorption peaks
below the quasiparticle (QP) band gap (presented in Fig. 9)
determine the main optical features and are only detected with
the inclusion of e-h interactions via the GWy+BSE approxi-
mation. The first optical absorption peak occurs at 2.40 eV,
2.22 eV, and 1.16 eV along the zigzag direction for th-CP;, th-
CAs;, and th-CSb,, respectively. These peaks are smaller than
the fundamental QP band gap obtained from GW, calculation

neglecting e-h interactions and hence are interpreted as the
first bright exciton peaks.

We extract the excitonic binding energy (Ey) of the first
bright exciton using the following equation:

E, = Eg(QP) — Eexcitons (15)

where E,(QP) is the GWp QP band gap energy and Eexciton
is the exciton energy obtained from the GWy+BSE spec-
trum. The calculated Ep, is 0.27, 0.52, and 0.22 eV for
th-CP,, th-CAs;, and th-CSb,, respectively. Interestingly,
th-CX, compounds have large excitonic binding energies,
comparable to those of monolayer WS, (0.32 eV) [56] and
many MXenes [57].

IV. CONCLUSION

Using first-principles calculations, we investigated a family
of 2D carbides, compounded with group-V dimers. Based
on their cohesive energy, phonon spectrum, AIMD simula-
tions, and elastic stability criteria, we revealed that th-CX,
monolayers are energetically, dynamically, thermally, and me-
chanically stable. The intrinsic structural anisotropy of these
monolayers creates unique direction-dependent mechanical,
electronic, and optical properties contrary to their penta
counterparts (p-CX3). th-XC, monolayers show anisotropic
Young’s modulus and Poisson’s ratio, and ultrahigh ultimate
tensile strength, making them suitable for strain engineering.
These monolayers are natural semiconductors with desirable
band gaps for nanoelectronics and optoelectronics. th-CP»,
th-CAs,, and th-CSb, show quasidirect, direct, and indirect
band gap natures, respectively. They have a band gap that lies
in the suitable region of the solar spectrum for optimum light
absorption, which is simultaneously wide enough to provide
sufficient photogenerated energy to overcome the potential
barrier of water splitting. They show tunable direct band gaps
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and indirect-to-direct (or direct-to-indirect) band gap transi-
tions via strain engineering. Their high anisotropic charge
carrier mobility provides the ability for exciton separation and
prolongs the average lifetime of electron-hole pairs. Among
these 2D carbides, in pristine condition, th-CP, and th-CAs;
have the proper band alignment with the oxidation/reduction
potential of water splitting. Moreover, this alignment can be
improved in th-CSb, through strain manipulation of the elec-
tronic properties. The calculated optical band gap is 2.40,
2.22, and 1.16 eV, and the binding energy of the first bright
exciton is 0.27, 0.52, and 0.22 eV for th-CP,, th-CAs,, and
th-CSb,, respectively. Thus th-CX, monolayers exhibit strong

excitonic effects. Accordingly, we claim that 2D #4-CX, com-
pounds are among the best candidates for high-performance
photoinduced catalysis of the water-splitting process.
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