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ABSTRACT

We report a series of novel two-dimensional (2D) group-IV carbides with perfectly ordered arrangement
of tetragons and hexagons. The 2D tetrahex carbides possess robust energetic, dynamical, thermal, and
mechanical stabilities. They have strong anisotropic mechanical, electronic, and optical properties. The
negative Poisson’s ratio (PR) in the 2D tetrahex carbides emerges by small tensile strain (2—5%). The
feature of sign-tunable PR enables them to be non-auxetic, auxetic, and partially-auxetic nanomaterials.
They exhibit ultrahigh ideal strength that can even outperform graphene. They are natural semi-
conductors with direct and indirect band gaps which can be tuned by strain engineering. Beyond the
binary carbides, the ternary alloying of group-IV elements further provides the ability to engineer their
structural, mechanical, optical, and electronic properties. Excitingly, the alloying offers a continuous band
gap energy, band edge modulation, and indirect-to-direct band gap transition. The 2D tetrahex-carbides
exhibit high and directionally anisotropic carrier mobility, favorable for the separation of photo-
generated carriers, and has very good optical absorption performance in the visible-light region. The
position of band edges in the 2D tetrahex carbides fits perfectly the water oxidation and reduction po-
tentials. Therefore, the 2D tetrahex carbides have potential applications not only in photocatalytic water-

splitting but also in designing 2D opto-electro-mechanical devices.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Two-dimensional (2D) materials exhibit distinctive electronic,
optical, and mechanical properties that are absent in their bulk
counterparts, making them highly desirable for versatile applica-
tions in energy storage and photocatalysis [1—4]. In recent years, 2D
photocatalysts for hydrogen generation from the direct splitting of
water have attracted a great deal of attention due to their unique
inherent advantages enhancing catalytic performance: (i) very high
surface to volume ratio providing much more adsorption sites for
OH™, H", and H,0 participating in the photocatalytic reaction, and
making the surface more reactive and (ii) the relatively short carrier
transport distance, improving photo-induced electrona€“hole
migration and separation, and reducing their recombination rate.
Several experimental studies have indicated that the advantages of
2D materials are helpful to improve the photocatalytic activity
compared to bulk materials [5—7]. For instance, the photocurrent
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density for 2D SnS, was reported to be over 70 times higher than
that of bulk SnS, [8] while for ZnSe nanosheet it was found to be
200 times higher than that of bulk ZnSe [9].

Group-IV mono-elemental materials as the most obvious alter-
natives for graphene have become a promising and versatile class of
2D materials. Silicene as the Si counterpart of graphene has been
predicted theoretically [10—13] and fabricated experimentally on
various kinds of substrates, including Ag [14], ZrB, [15], and Ir [16].
The Ge counterpart of silicene, namely germanene, was first pro-
posed in 2009 [13] and successfully synthesized on Au [17] and Pt
[18] in 2014. Stanene, the Sn-based analog of graphene, has been
synthesized on Bi,Tes surface [19]. The electronic band structures
of silicene, germanene, and stanene are quite similar to those of
graphene, in which the zero-gap semi-metallic behavior with Dirac
cones at Fermi energy appears [13,20]. Contrary to graphene, these
three graphene-like 2D materials prefer to construct sp3-like hy-
bridized orbitals rather than sp? ones due to their larger atomic
radius. They exhibit slightly buckled structures, leading to very
promising applications, such as an electrically tunable band gap,
topological phase transition, and a quantum-spin Hall effect
[21,22]. Beyond the group-IV mono-elemental 2D materials, their
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binary compounds such as SiC, GeC, and SnC have attracted
extensive research interest due to their unique properties [23,24].
The 2D binary carbides with honeycomb structures possess band
gaps, making them desirable for nano-electronic applications. For
instance, graphene-like silicon carbide (h — SiC) exhibits a large
direct band gap and an exciton binding energy of up to 2.0 eV [25],
which is desirable for optoelectronic device applications, such as
LEDs or solar cells. Significant experimental and theoretical efforts
have been devoted to the synthesis of h —SiC, stimulating an
intense quest for novel 2D compounds of Si and C atoms [26—31].

Of late, the most considerable attention has kept on the prep-
aration of graphene-like carbides, however, they are not the only
possible metastable 2D structures for the group-IV carbides [32]. In
the quest of new functional 2D materials with unprecedented
properties is among the most research attention. Very recently,
great theoretical efforts have been made to investigate the elec-
tronic and mechanical properties of tetra-hexagonal carbon
[33—38]. Herein, using the combinatorial lattice decoration in tetra-
hexagonal carbon, we computationally designed a series of novel
2D binary and ternary carbides, containing group-IV elements (Si,
Ge, Sn) which are chemically similar to carbon as they are in the
same group of the periodic table with different atomic size and
electro-negativity. From the first-principles calculations, the pre-
dicted 2D tetrahex carbides are composed perfectly ordered
arrangement of tetragons and hexagons configurations. We
revealed their energetic, dynamic, thermal, and mechanical sta-
bilities by evaluating the formation energy, phonon dispersion, ab-
initio molecular dynamics (AIMD) simulations, and elastic con-
stants, respectively, which thereby suggests that the existence of
the tetrahex carbides is likely. After confirming their stabilities, we
systematically studied their structural, mechanical, electronic, and
optical properties, and revealed their potential of utilizing for nano-
electronics, solar-energy harvesting and water splitting. The
ternary alloying of group-IV elements (C, Si, Ge, and Sn) and strain
engineering provide the ability to engineer the inherent properties
of the 2D carbides.

2. Methods

For calculations of the predicted 2D tetrahex carbides, we used
the state-of-the-art first principles calculations using projector
augmented wave potentials [39,40]. A plane-wave basis set,
implemented in the VASP program [41], with energy cutoff value of
520 eV was used. The exchange correlation potential was approx-
imated by the generalized gradient approximation using the
functional of Perdew, Burke, and Ernzerhof (PBE) [42]. The Brillouin
zone (BZ) integration was performed within Monkhorst-Pack
scheme [43] by using 18 x 18 x 1 k-points. A vacuum space of
20 A was inserted along the z-axis, and periodic boundary condi-
tions were applied along the x- and y-axis to study 2D systems. The
atomic positions and lattice constants of the 2D carbides were
optimized using a conjugate-gradient (CG) algorithm until force
components on each atom were decreased below 0.010 eV/A. The
energy band gap, which was underestimated in the PBE scheme,
was corrected by the Heyd-Scuseria-Ernzerhof hybrid functional
(HSEO06), constructed by mixing 25% of nonlocal Fock exchange
with 75% of PBE exchange and 100% of PBE correlation energy
[44,45]. To examine the dynamic stability of the proposed 2D car-
bides, the lattice dynamics calculations were performed using the
Phonopy package [46]. A4 x 4 x 1 supercell with 2 x 2 x 1 k-mesh
was adopted to calculate the atomic force and the dynamical ma-
trix, and very high accuracy (the convergence criterion of the total
energy was set as 1 x 108 eV) To check the thermal stability of the
2D carbides, the ab initio molecular dynamics calculations (AIMD)
were performed under constant temperature (T) and volume (V)
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where the temperature was controlled by using Nose-Hover ther-
mostat [47—49]. The total simulation time for the AIMD simulations
was taken 6 ps with a time step of 1 fs. For optical response cal-
culations, we employed GW, approximation and the Bethe-
Salpeter equation (BSE) to include electron-hole interactions
[50—52]. Due to computational limit, k-point sampling was limited
to 8 x 8 x 1 for the GW,, and the plane-wave cutoff energy was
reduced to 480 eV. The total number of bands was increased to 144
for the GWy calculations.

3. Results and discussion
3.1. Atomic structures

The atomic structure of the 2D tetrahex carbides is presented in
Fig. 1 (a). The tetrahex carbides are represented by the formula of
th—XC (X = Si,Ge, Sip33Geoe7, Sioe7Geo33, Sioe75N033,
Geg 7SNg.33) with Pccm symmetry (space group 49), possessing an
orthorhombic lattice with constants of a and b. The structure of th —
XC compounds is composed of four types of atoms, namely 3- and
4-fold coordinated carbon atoms (denoted as C3 and C? respec-
tively) and X atoms (denoted as X> and X?, respectively) with three
atomic layers. The middle layer is made of both X* and C* atoms,
which are sandwiched between top and bottom layers of C> and X3
atoms, respectively. Three types of atomic bond length d;, d,, and
d; are defined for X3 — C3, X3 — €%, and X* — C3, respectively. Due to
the structure inherent in the tetra-hexagonal lattice, we define two
layer thicknesses of h; and h,, which are the difference of vertical
coordinates between the C> atoms in the top and bottom layers and
the X3 atoms in the top and bottom layers, respectively. The unique
atomic structure endows the 2D carbides with exceptional me-
chanical, electronic, and optical properties.

For the sake of comparison, we first investigated 2D binary
carbides with hexagonal (h — XC) and tetragonal (t — XC, (X = Si,
Ge, Sn)) structures, where all the bonds are assigned to the X — C
bonds. The obtained lattice parameters of h — XC compounds agree
well with those obtained by Sahin et al. [24] (Figure S1 of Sup-
porting Information). Moreover, the results of the structure pa-
rameters, phonon dispersion, and electronic band structure of the
2D tetragonal silicon carbide (t — SiC) agree well with the report of
Fan et al. (Figure S2 (a)—(d) of Supporting Information) [53]. For 2D
tetragonal germanium carbide (t — GeC), to our best knowledge, we
first report the optimized lattice parameters, the phonon spectrum,
electronic band structure, and AIMD results. We found that ¢t — GeC
is stable even under thermal shock (Figure S2 (e)—(h) of Supporting
Information). It is noted that 2D tetragonal tin carbide (t — SnC) is
found to be (dynamically) unstable.

We then turned out our attention to investigate the structure-
property relationships and bond feature of th — XC compounds
and compare those with h — XC and t — XC structures. In our pre-
vious work, we examined the details of structure of th — C [37], so
we will not explain them further. For th — SiC, the obtained lattice
constants are a = 5.531 A and b = 7.632 A. The layer thickness h;
and h, are found to be 1.601 A and 1.251 A, respectively. The
calculated bond length of Si* — C3 (d; = 1.716 A) is comparable with
that of h — SiC (1.788 A). The bond length of si® - ¢? (dy = 1.882 A)
and Si* — €3 (d; = 1.883 A) is in the range of Si — C bond length in
t — SiC about (1.874—1.916 A). For th — GeC, the corresponding lat-
tice parameters were elongated. Such that we obtained a = 5.887 A,
b =8.074 A, h; =1.604 A, and h, = 1.489 A. The bond length of d;
(1.820 A) is a little smaller than that of h — GeC (1.884 A). The d; and
dz are found to be 2.018 A and 1.980 A, respectively, which are
comparable Ge — C bond length in t — GeC (2.051—2.064 A). Hence,
all these lattice parameters for th — GeC are higher than those of
th — SiC. Importantly, the lattice parameters of a and b for Si — Ge —
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Fig. 1. (a) Top view and side views of th — XC (X = Si,Ge,Sig 33Geg g7,Sip.67G€0.33,Sig.67SN0 33,G€o 67SN0 33 ). The unit cell is depicted in red line. Blue and gray balls represent X and
C atoms, respectively. X* /C3 and x* /C4 refer to as 3-fold and 4-fold coordinated atoms, respectively. (b) and (c) Total energy of hexagonal, tetragonal, and tetra-hexagonal
structured silicon carbides (denoted as h — SiC, t — SiC, and th — SiC, respectively) and germanium carbides (denoted as h — GeC, t — GeC, and th — GeC, respectively). (d) The
relative formation energy of th"TT5843c571""ADXC compounds with respect to their group-IV mono-elemental counterparts. (A colour version of this figure can be viewed online.)

C ternary alloys (th — Sig33Gegg7C and th — Sig g7Geg 33C) are in
between those of th — SiC and th — GeC. This indicates that ternary
alloying of the group-IV elements provides the ability to engineer
the lattice parameters of the 2D carbides. The lattice parameters,
bond lengths, and thickness of th — XC compounds follow the trend
which is the same as the order of atomic number (or atomic radii).
According to charge density distribution, the charges of th — XC
compounds are mainly localized at the carbon atoms (Figure S3 (a)
of Supporting Information). To elucidate the nature of chemical
bonds, we further analyzed the electron localization function (ELF)
for the corresponding bonds in th — XC compounds. According to
the ELF analysis, we clearly showed the existence of ¢ and distorted
7 bonds between X3 and C* atoms (Figure S3 (b) of Supporting
Information). The overlapping of p, orbitals of X> and C* atoms
results in conjugated m orbitals, and causes the asymmetric distri-
bution of wave functions around X> and C> atoms. For the X>— C*
and X* — C3 bonds, they are ionic or covalent, depending on the
electronegativity difference between X and C atoms in th — XC.

3.2. Energetic stability

The stability of the 2D tetrahex carbides was evaluated by
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investigating their relative energies. First, we compared the energy
of th — XC compounds with h — XC and t — XC. We found that the
total energy of th — SiC is 0.756 eV/(Si — C) higher than that of h —
SiC and 0.114 eV/(Si— C) lower than that of t — SiC (Fig. 1 (b)).
Likewise, the total energy of th — GeC is 0.688 eV/(Ge — C) higher
than that of h — GeC and 0.370 eV/(Ge — C) lower that of t — GeC
(Fig. 1 (c)). Thus, th — XC compounds are energetically in between
h — XCand t — XC. To further evaluate the energetic stability of th —
XC compounds, we calculated their relative formation energy. The
formation energy Ey for XnCm structure was calculated by using
Ef = (Ex,c,, —nEx —mEc)/(n-+m) where Ex c,, Ex, and Ec denote the
total energy of X,Cnp, a single X atom in silicene for X = Si, in
germanene for X = Ge, and in stanene for X = Sn, and a single C
atom in graphene, respectively. The low formation energy suggests
the relative stability of the 2D tetrahex carbides from their group-IV
mono-elemental counterparts. The formation energy of th — XC
compounds is presented in Fig. 1 (d) and summarized in Table 1. It is
noted that the formation energy of th — XC compounds is higher
than that of graphene, but energetically comparable that with other
group-IV carbides. Considering the experimentally synthesized
graphdyine having 0.82 eV/atom formation energy [54], the pre-
sented 2D carbides are energetically favorable than graphdiyne,
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Calculated lattice parameters a and b, thickness (or buckling height) h; and h,, bond lengths d; for X* — C3, d for X3 — C* and d; for X* — C3 in A, formation energy (Ef) in eV/
atom, electronic band gap energy with PBE functional (E5E) and HSEO6 (E'E0®) method in eV, and the electronic band gap feature (Type).

A B hy h, d; d, ds Ef EPBE EHSE0S Type
th—C? 4533 6.107 1.160 1.160 1.340 1.540 1.540 0.87 1.62 2.63 Direct
th — SiC 5.531 7,632 1.601 1.251 1.716 1.882 1.883 0.36 1.09 1.78 Indirect
th — GeC 5887 8.074 1.604 1.489 1.820 2,018 1.980 1.03 0.70 134 Indirect
th — Sip33Gep.g7C 5.712 7.964 1.487 1.509 1.826 1.995 1.888 0.76 0.75 145 Indirect
th — Sig 67Geg.33C 5698 7.754 1.696 1.245 1.715 1.907 1.974 0.64 0.90 1.53 Indirect
th — Sip,67Sn0 33C 5930 7.950 1.970 1211 1.713 1.946 2.146 0.80 0.76 1.40 Direct
th — Geg67Sng 33C 6.149 8252 1.965 1389 1.817 2.059 2.157 1.16 0.74 128 Indirect

3 Ref. [37].

and indicating the possible experimental realization of the pro-
posed 2D carbides.

3.3. Dynamic stability and phonon properties

To estimate the dynamic stability of the 2D tetrahex carbides,
we performed phonon dispersion calculations using ab-initio lattice
dynamics. Fig. 2 shows the dispersions of phonon modes for th — C
and th — XC compounds. The unit cell consists of 12 atoms,
resulting in 36 phonon modes of which 3 of them are zero-
frequency acoustic branches. The transverse and longitudinal in-
plane branches have a linear dispersion near the I' point,
whereas the out-of-plane branch has a quadratic dependence when
q approaches 0. Harmonic approximation for dynamical stability
implies a condition that all phonon modes must have real and
positive frequencies. Thus, the 2D tetrahex carbides are confirmed
to be dynamically stable as the phonon dispersions exhibit no
negative-frequency modes. It is noted that th — SnC is found to be
dynamically unstable with imaginary phonon modes.

2D nanomaterials are extremely sensitive to the environmental
conditions due to their inherent large surface to volume ratios.
Considering the experimental realization of 2D materials, the lat-
tice mismatch between them, substrate induced-strains, and
external load or bending are the external strains on the laboratory
scale. In this regard, it is necessary to further explore the dynamic
(or kinetic) stability of the 2D tetrahex carbides under strain con-
ditions. The predicted 2D tetrahex carbides were subjected to high
strain (8—10% equi-biaxial tensile strain), and the phonon disper-
sions of the strained structures were calculated. The results showed

(a) th-GeC

th-Si ,.Ge, .C

that all the phonon modes are still positive (real) (Figure S4 of
Supporting Information); and hence, the 2D tetrahex carbides
remain robust even under the strain condition. To interpret the
high frequency phonon modes, we plotted the atom-orbital pro-
jected phonon density of states (PhDOS) in Figure S5 of Supporting
Information. According to the PhDOS results, the high frequency
modes are mainly determined by the vibrations of the C> atoms.
The highest frequency of th — XC compounds is higher than that of
the corresponding structure of h — XC. For instance, the highest
frequency of th — SiC (~1100 cm™') is higher than that of h — SiC
(about ~1000 cm™ ') (Figure S1 of Supporting Information), t — SiC
(about ~800 cm™!) (Figure S2 of Supporting Information), silicene
(about ~580 cm™~1) [13], and MoS, monolayer (about ~473 cm™!)
[55], indicating the robustness of X> — C3 bonds in th — XC lattice.
Also, we note that as the atomic number of X element(s) in th — XC
compounds increases, the phonon bands become less dispersive.

3.4. Thermal stability

The thermal stability of the 2D tetrahex carbides was corrobo-
rated by ab-initio molecular dynamics simulations (AIMD) at high
temperatures for 6 ps. We adopted a relatively large supercell of 4 x
3 repeated units to reduce the periodic constraints and explore the
possible structure reformation. The variation of potential energy of
th"TT5843c571""ADC and th — XC compounds with time is nearly
constant with fluctuations during the simulation time (Figure S6 of
Supporting Information). The fluctuations in the potential energy
are due to the thermal oscillations of the atoms around their
equilibrium lattice positions. The snapshots of the atomic

th 'Sio.m

Ge,,.C th-Si, Sn ..C  th-Ge  Sn ..C
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~
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Fig. 2. (Upper panel) Optimized atomic structure of (a) th — C and (b) th — XC (X = Si, Ge, Siy 33Geg 67, Sig.67G€0.33, Sig 675033, Geg 67SNp.33). Unit cells are depicted in red line. The
gray, blue, pink, and orange balls represent C, Si, Ge, and Sn atoms, respectively. (Lower panel) phonon band structure of (a) th — C and (b) th — XC compounds along the high
symmetric k points in the Brillouin zone. (A colour version of this figure can be viewed online.)
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arrangements at the end of the simulation time are depicted in the
inset of the figure, where there is neither bond breakage nor
structure reconstruction. Therefore, even at high temperatures, the
basic skeleton of the 2D carbides remains the same. Although 6 ps is
a short time interval, it is long enough for the AIMD simulations.
These results at least confirm that the predicted 2D tetrahex car-
bides are thermally stable under thermal shock.

3.5. Mechanical stability

We finally tested the strain-induced mechanical stability of the
2D tetrahex carbides by the virtue of Born-Huang elastic stability
criteria [56], C11Gop — C%Z > 0 and Ces > 0 where Ci1, Co2, Gy, and
Ces are the elastic stiffness constants calculated by fitting the sec-
ond derivatives of strain energy per unit area as a function of the in-
plane strains (namely, uniaxial, biaxial, and shear) via the following
equations,

1 1
Es(e) =§C11€;2< + jczzé’ﬁ + Crzexey + 2Cegex, (1)
uniaxial"TT5843¢571""ADX — (e, ex, = 0), Es(e) = %c“e,%
(2)
iaxial 1. 5
uniaxial — y— (ex, exy = 0), Es(e) = iszsy (3)
o 1 1 ,
biaxial — (ex=e¢y), (exy =0), Es(e) = EC“ +§C22 +Cqa ) &
(4)
shear— (ex, ey = 0), Es(e) = 2Cggez, (5)

where Es is the strain energy per unit area, e and ¢, are the
infinitesimal uniaxial strains along the a and b lattice directions,
respectively. Using Equation (2), C;; was calculated for uniaxial-x
strain where the strain was only applied along the a lattice direction
and defined as & :ag—O“O by setting &, = 0. Likewise, C; was
calculated for uniaxial-y strain where the strain was only applied
along the b lattice direction and defined as ¢y = bg—fo by setting

ex = 0 (see Equation (3)) where a, b and ag, by are the lattice con-
stants with and without strain, respectively. To calculate C;,, the 2D
systems were subjected to the equi-biaxial strain by setting ey = ¢y
using Equation (4). We note that for the equi-biaxial strain, just
atomic positions are allowed to relax. Moreover, the Cgg was
calculated by Equation (5) under shear strain condition. The applied
strains are sufficiently low ranging from —2% to 2% with an incre-
ment of 0.5%. We note that, when the system is subjected to the

Table 2
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uniaxial-x or uniaxial-y strain, we simultaneously relax the other
stress components to zero by considering Poisson’s effect. The
variation in the strain energy with the applied strain is plotted in
Figure S7 of Supporting Information. The obtained elastic stiffness
constants were given in Table 2. From these results, the elastic
constants meet the mechanical stability criteria. Hence, the pro-
posed 2D carbides are mechanically stable.

3.6. Mechanical properties

Having ensured that the predicted 2D tetrahex carbides are
dynamically, thermally, and mechanically stable, we further
investigated their mechanical properties including in-plane
Young’s modulus (Y), Poisson’s ratio (v), and ultimate tensile
strength (UTS), which are the most important mechanical proper-
ties in relation to strain. The anisotropic geometric structure of the
2D tetrahex carbides evokes their anisotropic mechanical behavior,
which is attracting interest because of offering new possibilities to
achieve direction (or angle)-dependent properties. To explore this
behavior, we calculated the oriented-dependent Young’s modulus
and Poisson’s ratio of th — C and th — XC. Compounds, which can be
expressed as:

C11Cor — G4,

Y(0) = 6)
2
C1]S4 + C22C4 + (% — 2C12>52C2
4. A (CnGr-G) \ 2,2
Cra(s* +¢%) — | Ciq + Cpp — 2 |s%C
() = (7)

C]154 + C22C4 + (% - 2C]2)52C2
where s = sin(f) and ¢ = cos(f).

3.6.1. Young’s modulus

Young’s modulus as an indication of stiffness is of considerable
importance to study the mechanical properties of 2D materials. We
examine Young's modulus of th-th — C and th-th — XC compounds
along an arbitrary in-plane direction (#) and presented in Fig. 3
(upper panels). Obviously, the 2D carbides are highly direction-
dependent nanomaterials, which is due to the different strength
of bonding closely related to the bond lengths and hybridization of
states. The calculated Young's modulus of the 2D carbides along the
x(0%)and y (90°) directions (denoted as Yy and Yy, respectively) are
summarized in Table 2. In our previous study [37], we have re-
ported that the Young’s modulus of th — C (Yx = 286.12 N/m and
Yy = 279.88 N/m) is higher than that of penta-graphene
(Yx =Yy =263.8 N/m) [57]. Moreover, the Young’s modulus of th —

Calculated elastic constants C; in N/m, in-plane Young’s Modulus Yy and Yy in N/m, Poisson’s ratio »y and »yx, and threshold values of -PR, and -PR” (where the negative
Poisson’s ratio begins to emerge) in the x and y directions for th — C and th — XC compounds. Ultimate tensile strength (UTS) in % for uniaxial strain in the x and y directions and
equi-biaxial strain are referred to as UTS*, UTS, and UTSY, respectively. The calculated Cij, Yx, Yy, vxy, and vyx values were calculated at small strain region range from -2 to 2%
while the -PR, and -PR” were calculated at relatively large strain range from —2% to 10%.

Cn Cx Cia Ces Yy Y, Vay Vyx -PRx -PRy UTSx UTSy UTSY
th—C 287.03 280.82 16.21 123.99 286.12 279.88 0.06 0.06 8 4 32 31 20
th — SiC 143.59 107.36 274 41.66 14353 107.29 0.02 0.03 - 2 25 23 21
th — GeC 119.15 84.18 6.24 37.69 118.83 83.72 0.05 0.07 - 4 23 19 18
th — Sig 33Geg67C 126.97 97.24 5.96 36.22 126.69 96.87 0.05 0.06 - 3 24 20 18
th — Sig 67Geg.33C 135.12 94.46 5.10 4445 134.92 9418 0.04 0.05 - 4 22 23 18
th — Sig67Sn0.33C 115.86 75.95 1.88 39.53 115.83 75.91 0.02 0.02 - 2 32 21 22
th — Geg 6750 33C 99.21 66.34 1.68 34.66 99.18 66.30 0.02 0.03 - 2 27 18 22
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SiC (Yy = 143.59 N/m and Yy, = 107.36 N/m) is relatively lower than
that of h-SiC (162.7 N/m) [58]. Likewise, for th — GeC, the Yy and Y,
of th — GeC are found to be 118.83 N/m and 83.72 N/m, respectively,
which are lower than those in h — GeC (143.8 N/m) [59]. Impor-
tantly, the calculated Young’s modulus values of th — Sij33Geg g7C
and th — Siyg7Geg33C are in between those of th —SiC and
th — GeC, indicating the ability to engineer the Young’s modulus of
the 2D carbides by alloying. It is worthy noting that, the in-plane
Young’s modulus generally decreases with increasing the atomic
number of the constituent element (X) in th"TT5843c571""ADXC
compounds.

3.6.2. Poisson’s ratio

The majority of the common solid materials possess positive
Poisson’s ratio (PR), which means that these materials get thinner
when stretched and fatter when compressed. In contrast, a bunch
of materials exhibit a negative PR, i.e, they become fatter when
stretched. The list of negative PR materials, referred to as auxetic
[60], is fairly rare [61,62]. The auxetic materials, as a novel class of
materials, are of significant interest because of the possibility of the
enhancement of the mechanical properties [60,61,63] and thus
making them useful in applications, particularly in biomedical,
aerospace, and defense industries [64,65]. Although considerable
research efforts have been made to reveal auxetic materials, there
are only a few studies in 2D materials with negative PR [57,66,67].

The PR of the 2D tetrahex carbides was evaluated using equation
(7). We found that the PR of th — C and th — XC compounds is
positive around their equilibrium state. As shown in Fig. 3, the
maximum PR in th — C is located along the [110] direction (45°)
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with values of 0.09 whereas the minimum is located along the both
[100] direction (or 0°) and [010] direction (or 90°) with values of
0.06. The similar behavior is also observed for
th"TT5843c571""ADXC compounds. The feature of directionality in
the PR of the 2D tetrahex carbides indicates the anisotropy of their
mechanical properties.

Recently, Qiu et al. reported the emergence of negative PR in a
class of 2D honeycomb structures by large tensile strain (~18% for
graphene and h"TT5843c571""ADBN and ~33% for silicene) [68].
With this motivation, we systematically investigated the ability of
the emergence of the negative PR in the predicted 2D tetrahex
carbides by strain-engineering. The PR of th—-C and
th"TT5843c571""ADXC compounds was further calculated in the
strain range from —2% to 10% by means of finite difference method
[69,70] as considering the non-linear lattice response to the applied
axial strain might take place. The Poisson’s ratio vxy, defined as the
ratio of response (or transverse) strain in the y direction

(&trans—y = %) to axial strain applied in the x direction (e,xj3_, = ),
was obtained by;

+1 -1
%’ — %’ 8
Py =T (8)
X X
where j = 1, 2, ... and represents the strain increment number.

Likewise, we calculated vyx, which is the ratio of response strain in
the x direction to the applied axial strain in the y direction (uni-
axial-y). The variation of transverse strain and PR of th — C and
th"TT5843c571""ADXC compounds with respect to given
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Fig. 4. Variation of transverse strain and Poisson’s ratio of th"TT5843c571""ADC and th"TT5843c571""ADXC compounds with respect to given longitudinal tensile strain (uniaxial-x

and uniaxial-y). The positive Poisson’s ratio (+PR) shaded pink and the negative Poisson’s rati

longitudinal tensile strain (uniaxial-x and uniaxial-y) is presented
in Fig. 4. For th—C, the response strains éegrans—x and é&trans—y
monotonically decrease with the uniaxial-y and uniaxial-x strains
up to the threshold values of 8% and 4%, respectively, where the
response strains begin to increase (Fig. 4 (b)). Remarkably, the
negative PR in th — C along the x and y directions simultaneously
emerges when the applied strain is larger than the corresponding
threshold values. Moreover, the auxetic behavior is enhanced with
further strain applications. For th"TT5843c571""ADXC compounds,
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io (-PR) shaded blue are depicted. (A colour version of this figure can be viewed online.)

the response strain egans—y almost linearly decreases with the
uniaxial-x strain. However, the eqansT5843¢571"ADx Monotonically
decreases with the uniaxial-y strain up to some threshold strain
values ranging from 2% to 5%, and then simultaneously increases
with further strains. For instance, the negative PR in th — SiC and
th — GeC simultaneously emerges at 2% and 4% uniaxial-y strains,
respectively (Fig. 4 (c) and (d)). It is worthy noting that the
threshold values, given in Table 2, for the emergence of the negative
PR in th"TT5843c571""ADXC compounds are much more smaller
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than the value of graphene, h"TT5843c571""ADBN, and h — SiC
(which are close to each other about ~18%) [68], making the 2D
tetrahex carbides exceptional nanomaterials in nanomechanical
applications. Thus, th"TT5843c571""ADXC compounds exhibit
non-auxetic behavior when subjected to the uniaxial-x strain
whereas they show auxetic behavior in the presence of the uni-
axial-y strain for the certain tensile strain values. This is called as
“partially auxetic”.

To understand how the negative PR emerges in the 2D tetrahex
carbides, we investigated the variation of the lattice constants with
respect to the applied axial strain. Within the range of the positive
PR, the lattice constant a/b decreases with increasing of the applied
uniaxial-y/uniaxial-x tensile strain. Further, the simultaneous in-
crease in the a/b is expected with increasing the uniaxial-y/uni-
axial-x strains for the range of negative PR. First, we investigated
the underlying mechanism of the simultaneous increase in the
lattice constant b with the uniaxial-x strain. The b is two times the
projection of the bond length d; and the projection of the bond
lengths d, and ds in the xy-plane. Such that, the b is governed by
the dy, d,, ds3, a (the angle between two C* — X3 bonds), 8 (the angle
between two C3 — X* bonds), ®,5; (the angle of C* - X3 - %)
(where X is C for th — C), and dihedral angles of ®1534 and ®sg7g,
which are depicted in Fig. 4 (a). For th — C, the dy and d, = d3 in-
crease with uniaxial-x tensile strain, leading to an increase in the b
lattice constant. The a, 8, @267, ®1234, and the buckling thickness of
h; and h, decreases whereas ®sg75 increases with increasing the
stain, giving further insight into the projection of the bond length in
the xy-plane. The increasing of the bond lengths, the decreasing of
the buckling thickness, and especially the variation of dihedral
angle of ®1,34 combined together act as the primary factors for the
first decrease and then increase of the b lattice constant (Figure S8
(a) of Supporting Information). We further studied to reveal how
the simultaneous increase in the lattice constant a of th—C
emerges with the uniaxial-y strain. The variation of the lattice
constant a is positively correlated the variation of the d, and its
projection angles in the xy-plane. With the uniaxial-y strain, the d,
and all the corresponding angles increase except for the dihedral
angle of @134 which first increases and then decreases (Figure S8
(b) of Supporting Information). The variation of the lattice con-
stant a is dominated by the variation of ®1,34, resulting in the
emerged negative PR. Likewise, for th — XC compounds, the
increasing of the bond lengths, the decreasing of the buckling
thickness, and especially the variation of dihedral angle of ®;534
combined together act as the primary factors for the emergence of
the negative PR (Figure S9—S12 of Supporting Information). To
clearly show the variation of the lattice constant a, we examine the
variation of the moving direction of the atoms with respect to the
uniaxial-y strain. For th — SiC, the moving direction of 3-fold coor-
dinated carbon atoms simultaneously changed after the corre-
sponding threshold strain value (Figure S9 of Supporting
Information). Thus, the 2D carbides exhibit a sign-tunable in-plane
Poisson’s ratio depending on the imposed strain rate and direction.
Although the unstrained 2D carbides are non-auxetic (positive PR),
there exist auxetic (negative PR) effect under strain conditions. We
clearly showed that the 2D carbides can be obtained as non-auxetic,
auxetic, and partially auxetic (positive PR for some direction and
negative PR for other ones). All these exceptional mechanical
properties make the 2D tetrahex carbides useful for their potential
as auxetic low-dimensional materials.

3.6.3. Ultimate tensile strength

In addition to in-plane stiffness, ideal strength [71] as an
inherent mechanical property of materials is of great interest in
material science. We investigated the ideal strength of the 2D
carbides by analyzing the variation of stress with axial tensile
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strains using 2 x 2 supercell. The stress-strain curve of th — C and
th"TT5843c571""ADXC compounds is presented in Fig. 5 where the
upper limit of the stress is regarded as ultimate tensile strength
(UTS) or ideal strength. The obtained UTS for uniaxial-x and uni-
axial-y, and equi-biaxial strains (denoted as UTS*, UTSY, and UTSY,
respectively) is summarized in Table 2. For th — C, the UTS¥, UTS’,
and UTSY are found to be 32%, 31%, and 20%, respectively, sug-
gesting an excellent stretchability. Worthy to remind that the UTS
of graphene, pentagraphene, and hexagonal boron nitride was re-
ported as ~27% [72], 21% [57], and 30% [ 73], respectively, which are
relatively lower than the UTS of most of the presented 2D carbides.
Therefore, the 2D carbides exhibit ultrahigh ideal strength and
good ductility playing an important role for the mechanical prop-
erties of 2D materials.

3.7. Electronic structures and photocatalytic properties for water
splitting

To probe the electronic properties of the 2D tetrahex carbides,
we investigated the electronic band structure, the charge distri-
bution at conduction band minimum (CBM) and valence band
maximum (VBM), and the corresponding partial density of states
(PDOS). The electronic structures of th — C and th — XC compounds
along the high symmetry directions of the BZ were calculated by
the HSEO6 functional and shown in Fig. 6 (upper panel). According
to the band gap energies, summarized in Table 1, the 2D carbides
are obviously natural semiconductors with desirable band gaps.
The th — C possesses a direct band gap of 2.63 eV at the HSE06
functional where the CBM and VBM are located at the I" high-
symmetry point in the BZ. For th — XC compounds, the HSEO6
predicted band gaps are in the range of 1.28—1.78 eV, which is an
excellent range for potential use in applications such as nano-
electronics and solar cell devices. The charge density of the CBM
and VBM for th — XC compounds is primarily localized on 3-fold
coordinated atoms (X3 and C3) (Fig. 6, lower panel). The result of
PDOS is further verified that the strong contribution to the elec-
tronic states is due to the p, orbitals of X3 and C3 atoms with the
small contributions of the X* and C* ones (Figure $13 of Supporting
Information).

For a semiconductor to be an efficient photocatalyst for water
splitting, several conditions simultaneously need to be satisfied.
First, the band gap energy must exceed the free energy of water
splitting (1.23 eV) and should be smaller than 3 eV to guarantee
effective solar light absorption. Another requirement is that, the
band edges must range over the redox potential of water splitting:
that is, the conduction band edge position must be higher than the
reduction potential of H" /H, (-4.44 eV + pH x 0.059 eV) and the
valence band edge position must be lower than the oxidation po-
tential of O,/H,0 (-5.67 eV + pH x 0.059 eV). For the band gap
requirement of photocatalytic reaction, the proposed 2D tetrahex
carbides appear to be a very promising for photocatalyst perfor-
mance. We further aligned the band edges to the vacuum level with
the HSEO6 functional and compared with the redox potentials of
water splitting in Fig. 7. The band edge positions of th — C, th — SiC,
th — GeC, and their ternary alloys, namely th — Sig33Gegg7C and
th — Sigg7Geg33C, satisfy the band edge requirement for water
splitting in the acidic environment (pH = 0). Although Sn-based
ternary alloys, namely th — Sigg7Sng33C and th — Gegg7Sng 33C,
seem to be not suitable for water splitting at their equilibrium state
due to the relatively lower position of CBM with respect to the
reduction potential of H* /H; (at pH = 0), both would straddle the
water reduction and oxidation potentials by strain engineering,
which is further elucidated below. It is worth noting that the po-
sition of VBM and CBM for the 2D tetrahex carbides is relatively
lower than the oxygen evolution potential and higher than the
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hydrogen evolution potential, respectively, which would cause a
low activity for water splitting. To assess the proper potential level,
the modulation of band edges is here considered by two effective
methods: alloying and strain engineering.

3.8. Tuning of the band gap and band edge positions of th — XC
compounds by alloying and strain-engineering

Tailoring the electronic properties of semiconductor nano-
materials is of crucial interest for their potential applications. In our
previous studies, we have found that the chemical functionaliza-
tion and strain engineering are the effective strategies to enhance
the electronic properties of th — C [37,38]. Herein, we investigated
the influence of alloying and strain engineering on the electronic
properties of the 2D carbides. Referring to Figs. 6 and 7, we
conclude that the electronic band gap energy and band edge po-
sitions of the 2D tetrahex carbides can be systematically tuned by
varying the ratio of group-IV elements (C, Si, Ge, Sn) in the tetra-
hexagonal lattice. For instance, the HSE06 functional band gap of
th — Si0_33Ge0_57C (1.45 eV) and th — Si0_67Ge0_33C (]53 eV) is in
between that of th — SiC (1.78 eV) and th — GeC (1.34 eV), and
remarkably the position of band edges can be adjusted by the ratio
of Si and Ge atoms. Moreover, the direct band gap feature of
th — Sigg7Sng33C revealed that an indirect-to-direct band gap
transition can be obtained by substituting 4-fold coordinated Si
atoms in th — SiC with Sn atoms. Thus, the alloying additions of the
group-IV elements in th — XC would offer a continuous band gap
energy, the band-edge modulation, and band gap transition.
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Following the exhibition of the ability to engineer the electronic
properties of the 2D carbides by alloying, we examine the elec-
tronic property-strain relationship. We systematically investigated
the strain-engineering band gap and band alignment of the 2D
tetrahex carbides using the HSEO6 functional. Fig. 8 exhibits the
variation of the band gap with the position of the CBM and VBM as
a function of uniaxial and biaxial strains from —2% to 10% with the
increment of 2%. At each strain point, the atomic positions were
first relaxed to the equilibrium positions, and then the corre-
sponding band edge positions were obtained from the relaxed
configurations. It is worth noting that the overall electronic band
structures is not substantially modified by the application of strain
(Figure S14 of Supporting Information). That is, the 2D tetrahex
carbides remain semiconductor under considered magnitudes of
strain although the strain has a significant effect on the band gap
energy and band edge positions of the 2D tetrahex carbides. In
general, for the case of uniaxial strain along the x direction, the
band gap of 2D carbides steadily decreases with increasing tensile
strain whereas it increases with compressive strain except for
th — Sig 7Sng33C where the compressive strain leads to the
decrease in its band gap. For the uniaxial-y and biaxial strain, the
band gaps increases with increasing the magnitude of the strain
until reaching a maximum, and then decreases with further strain.
In addition to the band gap energy, the position adjustment of the
CBM and VBM levels of the 2D carbides depends linearly on the
strain. The strain-imposed the 2D carbides is also quite exciting for
photocatalytic water splitting. Remarkably, the band edge positions
of th — Sig g7Sng 33C fit perfectly the redox potential level of water
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Fig. 7. (Left) Location of band-edges (CBM and VBM) of th"TT5843c571""ADC and
th"TT5843c571""ADXC (X = Si, Ge, 510_33660_57, 510_57GE()_33, 510_5751'10_33, GEO_57S[10_33)
with respect to vacuum level calculated with HSEO6 functional. The redox potentials of
water splitting are marked by the dashed red line at pH = 0. (Right) The working
principle of water splitting with water reduction and oxidation potential levels. (A
colour version of this figure can be viewed online.)

at 4—6% biaxial tensile strain, although its CBM is unable to derive
the hydrogen evolution at its equilibrium state. Moreover, the band
edge positions of th"TT5843c571""ADGegg7Sng33C are slightly
shifted to higher positions with respect to the redox potential of
water under uniaxial-y tensile strain at 2—4%, rendering it useful in
spontaneous photocatalytic water splitting. Clearly, the band gap
and band edge positions of the 2D tetrahex carbides can be tuned
by the application of strain, indicating their potential applications
in nano- and opto-electronics.

3.9. Small effective mass and high carrier mobility

Inhibiting recombination and separation of photo-generated
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electron-hole pairs and prolonging the life time of charge carriers
play a crucial role for efficient photocatalytic activity. To understand
the mechanism of the migration and separation of the electron-
hole pairs, we investigated the effective mass (m*) and carrier
transport (u) of th — C and th — XC compounds. The effective mass
of carriers was calculated by fitting the electronic band structure to
a parabolic function wusing the following relation:
m* = h2(d2E(k)/dk?)~" where # is the reduced Planck constant and
d2E(k)/dk? is the second derivatives of the energy at the bottom of
conduction band or the top of the valence bands with respect to
wave vector k. The effective mass of electron (my) and hole (m}) in
terms of the free-electron mass (mg) along the
I'"TT5843c571""ADX and I'"TT5843c571""ADY directions are
summarized in Table 3. The results indicate that th — C and th — XC
compounds exhibit considerable anisotropy in the effective mass.
To clearly show the anisotropy, we calculated direction-
dependence of the effective mass of electron and hole for th — C
from I'"TT5843c571""ADX direction to I"TT5843c571""ADA an
arbitrary direction (see Figure S15 (a) of Supporting Information).
The effective mass of electron shows the smallest value of 0.11mg in
the x direction, while exhibits the largest value of 1.58mg in the y
direction. Also, from the electronic band structure of th — C, one can
easily see that the curvature of band dispersion around the CBM in
the x direction is much steeper than that in the y direction. More-
over, the large difference between the effective mass of electron
and holes for th — C and th — XC compounds is observed in the x
and y directions. This implies that the photo-induced electrons and
holes move separately with a lower electron-hole recombination
rate, which can significantly enhance the photocatalytic activity.
We further calculated the carrier mobility along the most inter-
esting directions (I""TT5843c571""ADX and I'TT5843¢571""ADY
eh’G

— i where i is
(2m) ks Tm; myE2,

directions) according to the formula: y;
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compounds with respect to the vacuum level under strain from —2% to 10% (negative/positive numbers refer to as the compressive/tensile strain). The upper and lower colored bars
represent the positions of the CBM and the VBM, respectively. The redox potentials of water splitting (black dashed line) are shown for comparison. (A colour version of this figure

can be viewed online.)

the transport direction (x or y), m; and my = \/mymj, are the

effective mass along the transport direction i and the average
effective mass, respectively. E;; = AE/(Al /lp) is the deformation
potential constant of the carrier where AE is the energy change of
the VBM and CBM bands under small lattice strain (i.e. Al/lg = +

0.5% and +1.0%), Iy is the lattice constant along the transport di-
rection i and presented in Figure S15 and Figure S16 of Supporting
Information. Temperature is T = 300 K, G is the in-plane stiffness

constant calculated from the equation

2
E—E _ G (M where Egy and

A 2\ I
Ag area and total energy of the unitcell. As listed in Table 3, th — C
and th — XC compounds have high carrier mobilities, making them
promising 2D materials for future applications in the electronic and
optoelectronic field.
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Table 3
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Calculated carrier effective masses m" (my is the mass of a static electron), elastic constant C,p, deformation potential constant E;, and carrier mobility u?P of th — C and th — XC

compounds along the x and y directions at T = 300 K.

2D material Carrier type my/mg my/mg Gp Cp E¥ E w20 3P
(N/m) (eV) (cm?v-1s71x103%)
th—C Electron 0.11 1.58 287.03 280.82 5.08 2.23 5.00 1.81
Hole 11.44 0.31 287.03 280.82 4.61 4.81 0.01 0.44
th — SiC Electron 0.29 0.13 143.59 107.36 3.42 5.01 4.82 3.77
Hole 0.96 0.21 143.59 107.36 1.01 0.60 7.05 67.11
th — GeC Electron 0.33 18.94 119.15 84.18 2.89 2.44 0.37 0.01
Hole 1.85 7.78 119.15 84.18 0.21 1.10 8.19 0.05
th — Sig 33Gep.67C Electron 0.56 16.67 126.97 97.24 0.82 1.75 234 0.01
Hole 1.03 0.39 126.97 97.24 0.72 0.32 7.96 80.81
th — Sig 67Geg 33C Electron 023 024 135.12 94.46 2.77 537 6.89 125
Hole 213 0.56 135.12 94.46 0.49 0.65 5.19 7.74
th — Sig67Sn0.33C Electron 0.25 0.22 115.86 75.95 1.71 4389 14.25 130
Hole 5.58 0.44 115.86 75.95 6.54 2.36 0.01 0.42
th — Geg 6750 33C Electron 0.22 0.63 99.21 66.34 1.42 6.21 12.50 0.15
Hole 16.76 0.36 99.21 66.34 1.76 0.79 0.02 2.56

th-C [GW+BSE]  th-SiC [GW +BSE

th-GeC [GWBSE]  th-Si ,,Ge, C[GW BSE

2 1 1 1
0 1 0 L L 0 1 L 1 O 1 1 1
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Fig. 9. The variation in optical absorption coefficient of th — C and th — XC (X = Si, Ge, Sip33Geq 67, Sig.67Gep 33, Sip 67SN0.33, Geg 675N 33) along the x and y (in-plane) lattice di-
rections as a function of photon energy under different equi-biaxial tensile strains using the GW, + BSE method. The area between the red and purple represents the visible-light

range. (A colour version of this figure can be viewed online.)

3.10. Optical properties

Besides a proper band alignment and suitable band gap, the
light absorption capability is an important factor for photocatalyst
in practical applications. In principle, the ultraviolet-based photo-
catalysts would exhibit a better performance than the visible light-
based ones as ultraviolet light has much higher photonic energy
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than visible light. However, ultraviolet covers only 4% of the solar
spectrum. Hence, the photocatalysts materials capturing a signifi-
cant fraction of the visible spectrum (~43% of the solar spectrum)
as opposed to by ultraviolet light are of great importance for solar
cell applications. To evaluate the light harvesting performance of
the 2D tetrahex carbides, we calculated their absorption coefficient
by employing the state-of-the-art GWq + BSE method. The optical
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absorption coefficient of the 2D carbides with polarization vectors
parallel to the layer plane is presented in Fig. 9. The 2D carbides
exhibit highly anisotropic absorption of light due to the structure
anisotropy. The anisotropic optical response enables manipulation
of light propagation properties, which is desirable for optoelec-
tronic devices. For th — C, the strong optical absorption in ultravi-
olet spectral region was observed. With the application of tensile
strain, the main absorption peaks of th — C are shifted to lower
energy. For th — SiC, th — GeC, and their alloys (th — Sig 33Geg g7C
and th — Sigg7Geg33C), the prominent optical absorbance was
detected in the visible-ultraviolet spectrum. Under tensile strain,
the main absorption peaks in th — SiC are shifted to higher energy
whereas they moved to lower energy in th — GeC. Sn-based ternary
alloys (th — Sig7Sng33C and th — Gey g7Sng 33C) exhibit the ab-
sorption peaks in the infrared, visible and ultraviolet regions,
indicating their the wide absorption range. Remarkably, controlling
the absorption edges in the wide optical absorption range from
near-infrared to the visible region by alloying and strain engi-
neering make the 2D tetrahex carbides potential for practical ap-
plications in optoelectronic devices. Our results show that the 2D
carbides could absorb significant light energy over the entire solar
spectrum, which greatly would facilitate their utilization as water
splitting photocatalysts.

4. Conclusion

We computationally designed a series of new 2D group-IV car-
bides using first-principles calculations and revealed their ener-
getic, dynamic, thermal, and mechanical stability by evaluating the
formation energy, phonon dispersion, ab-initio molecular dy-
namics (AIMD) simulations, and elastic constants, respectively,
suggesting that the realization of the 2D tetrahex carbides is likely.
Their mechanical, electronic, and optical properties are found to be
highly anisotropic. The 2D tetrahex carbides possess ultra-high
strength and exhibit the sign tunable Poisson’s ratio (PR). The
negative Poisson’s ratio (PR) in the 2D tetrahex carbides emerges by
small tensile strain (2—5%). They can be obtained as non-auxetic,
auxetic, and partially auxetic by strain engineering. The 2D tetra-
hex carbides are natural semiconductors with direct and indirect
band gaps. Since the absence of band gap in 2D group-IV mono-
elemental materials sets limitations on their practical applications,
the 2D tetrahex carbides would be promising to overcome this
limitation. The electronic band gap energy and band edge positions
of the 2D tetrahex carbides can be systematically tuned by varying
the ratio of group-IV elements (C, Si, Ge, Sn) in the tetra-hexagonal
lattice and strain engineering. The alloying also offers an indirect-
to-direct band gap transition. The 2D tetrahex carbides exhibit
high and directionally anisotropic carrier mobility, favorable for the
separation of photo-generated carriers (electrons and holes). The
2D tetrahex carbides present very good optical absorption perfor-
mance in the visible-light region. The position of band edges in the
2D tetrahex carbides satisfy the water oxidation and reduction
potentials. These excellent properties render the 2D tetrahex car-
bides potentially promising optoelectronic materials for photo-
catalytic water splitting. Our work opens a new avenue to explore
2D materials in broad applications such as nano-electronics, nano-
mechanics, or energy applications.
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