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Developing photocatalysts that can effectively utilize solar energy to catalyze and decompose water into
hydrogen and oxygen is highly desired for sustainable and clean hydrogen energy. Using first-principles
calculations, we systematically investigate the structure stability, properties, and possible potential uses
of a ternary pentagonal boron carbon nitride (p-BCN) monolayer, a recently proposed two-dimensional
material. We demonstrate its energetic, dynamical, thermal, and mechanical stability and find it to be
stable and dissoluble in liquid water. The monolayer exhibits remarkable mechanical properties, such as
high stiffness and ideal strength comparable to its counterparts. Near-zero Poisson’s ratio can be tuned to
positive and negative (auxetic) values by application of a small strain. The monolayer is semiconducting
with a desirable quasidirect band gap of 2.79 eV for efficient visible light absorption, and its valence and
conduction bands ideally straddle both the oxidation and reduction potential of water. Our results reveal
that in-plane mechanical strain can be utilized to modulate the band-gap and band-edge positions for a
better match with the redox potentials of water and solar spectrum. The monolayer has a very high optical
absorption coefficient on the order of 105 cm−1 in the visible and ultraviolet regions of the solar spectrum.
Excitingly, p-BCN has distinct excitonic peaks in the visible range with the first exciton binding energy
of approximately 1.4 eV. The intrinsic acoustic-phonon-limited carrier mobility of p-BCN can reach up
to 104 cm2 V−1 s−1 at room temperature. These theoretical findings imply that p-BCN is a promising
candidate for optoelectronics, especially as a photocatalyst for water splitting.
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I. INTRODUCTION

Hydrogen as the most abundant element in the universe
has the potential for fulfilling future energy demands in
our world. Its production, transport, storage, and utiliza-
tion have emerged as one of the most relevant research
subjects [1,2]. Since the pioneering work of Fujishima
and Honda [3] in 1972, hydrogen production from water
splitting using direct sunlight on semiconductor photocat-
alysts has become a promising strategy for converting solar
energy into clean chemical energy. Great efforts have been
made to develop efficient photocatalysts that utilize solar
energy to catalyze and decompose water into hydrogen and
oxygen [4,5].

In principle, photocatalytic water-splitting reaction
using semiconductor-based photocatalysts with sunlight
consists of three major steps as illustrated in Fig. 1. Light-
driven water splitting is initiated when the semiconductor
absorbs photons whose energy exceeds its band-gap
energy and creates excited electrons in the conduction band
and leaves their opposite charges (holes) in the valence
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band of the semiconductor. After that, the second step in
photocatalytic water splitting involves the separation of
photogenerated electron-hole pairs and their migration to
the semiconductor surface. The final step of the photocat-
alytic process is the participation of electrons and holes
in the reduction and oxidation reaction. The balance of
thermodynamics and kinetics of these three complemen-
tary steps determines the overall efficiency of a given
photocatalyst [6].

Taking into account the above three steps in the splitting
of water on semiconductor photocatalyst, several require-
ments must be satisfied [7]. Firstly, the band-gap energy of
the semiconductor must be higher than 1.23 eV, which is
the minimum energy required to split water [8]. Moreover,
the photocatalyst should have a narrow band gap (Egap <

3.0 eV) to effectively harvest visible light. For photoexcita-
tion, the photocatalyst should have appropriate band-edge
positions for the reduction and oxidation of water to H2 and
O2. Such that, the conduction-band edge of the semicon-
ductor photocatalyst must be higher than the potential for
hydrogen evolution (H+/H2, −4.44 eV at pH = 0) while
the valence-band edge must be lower than the potential
for oxygen evolution (H2O/O2, −5.67 eV at pH = 0). The
efficient charge separation and migration are ascribed by
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FIG. 1. Schematic illustration of the basic principle of the
overall water splitting on a semiconductor photocatalyst.

the low rate of recombination of photogenerated electrons
and holes. In this regard, two-dimensional (2D) materi-
als have a small migration distance, which can inhibit the
recombination of charges, are more attractive than the use
of three-dimensional (3D) semiconductors [5,9]. Further-
more, the large surface area of 2D materials provides much
more active sites for the adsorption of OH−, H+, and H2O
participating in the photocatalytic reaction [10]. Remark-
ably, the electronic properties of 2D materials including
the band-gap and band-edge positions can effectively be
tuned by strain engineering [11–13], which plays a role
in the overall efficiency of the photocatalyst. Hence, the
intrinsic properties of 2D materials make them promising
candidates for photocatalytic water splitting.

2D metal-free semiconductor photocatalysts have
attracted growing attention in recent years for solar-energy
conversion by light-induced water splitting and carbon-
dioxide reduction [14–16]. Recently, 2D pentagonal mate-
rials, including penta-graphene [17] and group-IV carbides
[11] have been of great interest due to their unique Cairo
tessellation structure, and exotic physical and chemical
properties. After the successful experimental synthesis of
atomically thin pentagonal PdSe2, having a high air sta-
ble behavior with highly anisotropic optical, electrical, and
optoelectronic properties [18], 2D materials with pentag-
onal lattice are considered to be one of the most useful
milestones in the field of materials science [19]. In our
previous study, we carried out detailed investigations of
2D unitary, binary, and ternary penta-carbides and exam-
ined their desirable electronic and optical properties for
photocatalytic water splitting [11]. Not only pentagonal
materials but also their tetrahexagonal (denoted as th)
counterparts by Stone-Wales transformation have recently
been suggested as a promising photocatalyst for water
splitting [12,13,20]. Thus, pentagonal and their tetrahexag-
onal counterparts are potential candidates as photocatalysts
for use in photocatalytic water-splitting applications.

The zero band gap of graphene and wide band gap
of hexagonal boron nitride (h-BN) limit their applica-
tions in photocatalysis. Their intermediates, called ternary
BCN compounds, however, are suitable for photocatalytic

water splitting due to their super flexibility in engineering
the electronic and optical properties by chemical varia-
tions [21]. As for the Cairo-pentagonal-lattice, three phases
of pentagonal boron nitride, namely p-B2N4, p-B4N2,
and p-BN (see Fig. S1 within the Supplemental Material
[22]), were theoretically predicted [23,24]. To obtain uni-
formly distributed threefold coordinated B—N bonds in
the pentagonal lattice, fourfold coordinated sites can be
occupied by group-IV elements (Si or C). Very recently,
Varjovi et al. have proposed a ternary pentagonal BNSi
(p-BNSi) monolayer with high carrier mobility and strong
excitonic effects, is of great potential for photocatalytic
applications [25]. Zhao et al. predicted ternary pentagonal
BCN monolayer (p-BCN) and showed its dynamical, ther-
mal, and mechanical stability [26]. They performed more
detailed studies on its intrinsic piezoelectricity properties.
Herein, using first-principles calculations, we investigate
the structural stability of p-BCN as a benchmark and sys-
tematically studied its mechanical, electronic, and optical
properties. Besides, considering the potential uses of p-
BCN, we have also carefully studied its potential to be
an efficient photocatalyst semiconductor for water splitting
under visible light illumination.

II. METHOD

The initial structure of the p-BCN monolayer is opti-
mized through the density-functional theory (DFT) embed-
ded in the plane-wave Vienna ab initio simulation pack-
age (VASP) [27]. The generalized gradient approximation
(GGA) as parameterized by Perdew, Burke, and Ernzerhof
(PBE) for the exchange-correlation interactions was used
[28]. To manipulate the electron-core interactions, the pro-
jector augmented wave (PAW) method with a plane-wave
basis set is used [29,30]. The kinetic energy cutoff is set
to 520 eV. The periodic boundary conditions are applied
along with the plane directions. To study 2D systems,
a vacuum layer of 20 Å is added in the perpendicular-
to-the-plane [001] direction (z direction). The irreducible
Brillouin zone (BZ) is represented by 32 × 32 × 1 k-point
meshes for the geometry optimization and electronic struc-
ture calculations. Both the geometries and atomic positions
are fully relaxed until the energy convergence criterion and
stress force acting on each atom are less than 10−5 eV
and 10−3 eV/Å, respectively. As the GGA PBE usually
underestimates the electronic band gaps, the corrected
electronic band structures are calculated by adopting the
hybrid Heyd-Scuseria-Ernzerhof (HSE06) method [31].
Moreover, we employ the GW0 approach on the basis
of the PBE functional to obtain the quasiparticle (QP)
band gap [32]. To further investigate the dynamical sta-
bility, the lattice dynamics calculations are performed by
using the Phonopy code [33], where a 7 × 7 × 1 supercell
composed of 294 atoms is used. To examine the thermal
stability and structural stability in liquid water, ab initio
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FIG. 2. Top and side views of optimized atomic structure of
p-BCN. Blue, silver, and pink balls represent B, C, and N atoms,
respectively. The unit cell is marked by a black line and a and
b lattice vectors are illustrated by red dashed arrows on the unit
cell.

molecular dynamics (AIMD) simulations are carried out
under NVT ensemble where the temperature is controlled
using a Nose-Hover thermostat [34,35] and a time step of
1 fs is used.

III. RESULTS AND DISCUSSIONS

A. Structure characterization and stability

The optimized atomic structure of p-BCN is demon-
strated in Fig. 2. The structure is composed entirely of
pentagonal rings. The unit cell (marked by the black line)
contains six atoms with B:C:N ratio of 1:1:1. Each carbon
atom is fourfold coordinated and binds to threefold coor-
dinated B and N atoms. The fully relaxed lattice constants
are a = 3.670 Å and b = 3.632 Å. The calculated average
B—N bond length in p-BCN (about 1.406 Å) is in between
hexagonal BN (about 1.451 Å) and tetrahexagonal BN
(about 1.355 Å) [36]. The B—C and C—N bond lengths
are found to be dBC = 1.631 Å and dCN = 1.498 Å, respec-
tively. The buckling thickness �z (depicted in Fig. 2) is
1.312 Å. All these obtained lattice parameters agree very
well with those by Zhao et al. [26].

We now examine the energetic, dynamical, thermal, and
mechanical stability of p-BCN. First of all, we investigate
the energetic stability by calculating the cohesive energy,
defined as Ecoh = ∑

natomEatom − EBCN)/(nB + nC + nN)

where Eatom denotes the energy of a single isolated atom
and natom denotes the number of atoms contained in the

unit cell. EBCN denotes the total energy of the p-BCN
monolayer. We calculate the cohesive energy of p-BCN
as 6.18 eV per atom, which is comparable with well-
known 2D materials including phosphorene (3.48 eV per
atom) [37], arsenene (2.99 eV per atom) [38], and anti-
monene (2.87 eV per atom) [39]. We further calculate the
energy difference (�E) between p-BCN and its hexago-
nal counterparts (graphene and h-BN). The �E of p-BCN
about 1204 meV per atom is relatively higher than that of
penta-graphene (p-C) about 902 meV per atom (obtained
from graphene) and graphdyine about 823 meV per atom
experimentally synthesized on the copper surface [40].
We note that such a relatively high formation energy sug-
gests that p-BCN can be synthesized on suitable substrates,
which may reduce the formation energy sufficiently to
thermodynamically stabilize the monolayer.

To examine the dynamical stability of p-BNC, we carry
out lattice dynamics phonon calculations. As presented in
Fig. 3(a), there is no imaginary frequency in the phonon
dispersion curves, thus confirming its dynamic stability.
According to the atom-projected phonon density of states
(PhDOS), we observe that the highest phonon frequencies
come from the vibration of B and N atoms rather than that
of C, which is mainly attributed to the strong B—N bonds.
Moreover, the highest phonon frequency of 1363 cm−1

at � point in p-BCN is comparable with that in other
2D pentagonal structures including penta-graphene (p-C)
(1632 cm−1), p-SiC2 (1464 cm−1), p-GeC2 (1497 cm−1),
and p-SnC2 (1476 cm−1) [11], suggesting a strong bond
network in the p-BCN monolayer.

Next, we examine the phonon instability known as Kohn
anomaly [41] in p-BCN that is expected to occur behind
the elastic instability. In the next section, we discuss the
ideal strength of the p-BCN monolayer and reveal strain
points at which the monolayer completely loses its stiffness
and thereby breaks (endpoint of the prefailure stress-strain
curve). Turning our focus to the phonon instability, we
perform the lattice dynamics calculations for the strained
p-BCN monolayer. The phonon dispersion spectra under
isotropic in-plane strain (equibiaxial strain) up to 16.2%
is demonstrated in Fig. 3(b). The first thing to note is that
there is no appreciable negative frequency in the phonon
dispersion curve at 16.0% strain, indicating that the struc-
ture of p-BCN still maintains its dynamical stability up
to this strain. As the softening phonon modes, mainly
attributed from the vibration of B—C and N—C bonds,
are much more sensitive to displacements, the small imag-
inary frequency emerges in the phonon spectrum when the
strain goes beyond 16.0% strain (e.g., 16.2% strain), and
thus phonon instability occurs. We note that the phonon
instability in p-BCN does not precede the elastic instabil-
ity, and thus may limit the ideal strength of the monolayer.
The first occurrence of phonon instability in p-BCN is 2
times more than that in p-BN (6.2% biaxial strain), p-BN2
(7.8%) [24]. Consequently, good dynamic stability even
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(a) (b) (c) (d)
a b

FIG. 3. (a) Phonon-band dispersion with atom-projected phonon density of states (PhDOS). (b) Phonon-band dispersions at the
extreme of equibiaxial strain. (c) Variation of potential energy with respect to time for 10 ps at T = 1200 K where the atomic configu-
rations at the end of the simulation is depicted in the inset. (d) Variation of strain energy with respect to various deformations (uniaxial,
biaxial, and shear strains) depicted in the inset. The energy at the equilibrium state is set to zero.

under large external strain makes the p-BCN monolayer
a prominent material for its potential applications.

We further investigate the thermal stability of p-BCN by
performing the AIMD simulations at various temperatures
(300–1500 K) for 10 ps (Fig. S2 within the Supplemen-
tal Material [22]). We observe that the monolayer can
withstand temperatures as high as 1200 K [Fig. 3(c)].
The time-dependent evolution of energy, which oscillated
within a very narrow range (approximately 0.1 eV/atom
at 1200 K) during the entire AIMD simulation, and the
atomic configuration at the end of the AIMD simulations
(inset) at which neither geometric reconstruction nor bond
breaking, are observed, confirm the thermal stability of
p-BCN.

Next, we investigate the structural stability of p-BCN
in liquid water to show its practical applications in photo-
catalytic water splitting. We place a 3 × 3 × 1 supercell of
the p-BCN monolayer in liquid water with a fixed density
of 1 g/cm3 (231 atoms are used in the NVT ensemble), and
the system is thermally equilibrated at 300 K for 10 ps.
The results show that the monolayer would be stable and
indissoluble in liquid water at room temperature (Fig. S3
within the Supplemental Material [22]). From the snapshot
at the end of AIMD simulations, we observe that water
molecules are spontaneously dissociated into OH− and H+

radicals on the p-BCN monolayer (where the OH and H
molecules are located at the top of B and N atoms, respec-
tively) without any energy barrier, which is significant for
the photocatalytic reactions on the surface.

We finally examine the mechanical stability of p-BCN
by evaluating the elastic stability criteria [42] as C11C22 −
C2

12 > 0 and C66 > 0 where C11, C22, C12, and C66 are the
independent elastic constants. The corresponding elastic
constants Cij can be obtained from the second order deriva-
tives of the strain energy with respect to in-plane strain
via Cij = ∂2Es/∂ε2

ij /S0 where Es, εij , and S0 are the strain
energy, corresponding strains (compressive and tensile),

and area of the equilibrium supercell, respectively. For
more details refer to Ref. [20]. The uniaxial strain along
the a lattice direction is defined as ε11 = a′ − a/a where a
and a′ are the lattice constant of the unstrained and strained
supercells, respectively. The b lattice direction is fully
relaxed when the uniaxial strain is applied along the a lat-
tice direction. The variation of strain energy with respect to
various deformations (uniaxial, biaxial, and shear strains)
is plotted in Fig. 3(d). The calculated elastic constants
of C11 = 219.2 N/m, C22 = 184.7 N/m, C12 = 3.7 N/m,
C66 = 104.2 N/m meet the elastic stability criteria. To
summarize, we reveal that p-BCN possesses robust sta-
bility by evaluating the energetic, dynamical, thermal, and
mechanical stability, suggesting the possibility to fabricate
the p-BCN monolayer experimentally.

B. Mechanical properties

After revealing the good stability of p-BCN, we inves-
tigate its mechanical properties such as Young’s mod-
ulus, Poisson’s ratio, and ideal strength. We start with
exploring the direction dependent mechanical response in
p-BCN by calculating the orientation-dependent in-plane
Young’s modulus Y2D(θ) and Poisson’s ratio ν(θ) using
the following expressions [43]:

Y2D(θ) = C11C22 − C2
12

C11s4 + C22c4 +
(

(C11C22−C2
12)

C66
− 2C12

)

s2c2

,

(1)

ν(θ) =
C12(s4 + c4) −

(

C11 + C22 − (C11C22−C2
12)

C66

)

s2c2

C11s4 + C22c4 +
(

(C11C22−C2
12)

C66
− 2C12

)

s2c2

,

(2)
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(a) (b) (c)
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FIG. 4. (a) Polar diagram of Young’s modulus (upper panel) and Poisson’s ratio (lower panel). (b) Variation of response strain
perpendicular to applied axial strain along the a and b. (c) Stress-strain curve for uniaxial-a, uniaxial-b, and equibiaxial strains.

where s = sin(θ), and c = cos(θ). As shown in Fig. 4(a),
Young’s modulus and Poisson’s ratio of p-BNC are
anisotropic. Such that, the maximum Young’s modulus is
located along the a lattice direction as Y2D

a = 220 N/m
whereas the minimum is located along the b direction as
Y2D

b = 185 N/m, agreeing well with the previous report
[26]. Young’s modulus of p-BCN is much higher than
that of p-BN (133.67 N/m) [24] and close to p-BN2
(224.18 N/m) [24], th-BN (232.39 N/m) [36], and h-BN
(271 N/m) [44]. As for Poisson’s ratio (PR), contrary
to penta-graphene having near-zero negative PR (−0.07)
[11,17], the p-BCN monolayer exhibits a near-zero pos-
itive PR with the value of 0.02 along the a and b lat-
tice directions. As PR is defined as the ratio of response
strain to the applied longitudinal strain, such near-zero
PR might be attractive in various applications, especially
where changes in the lateral dimensions are detrimental to
a system’s performance.

We further investigate the mechanical response behav-
ior through the application of large uniaxial strain ranging
from −4 to 10% along the a and b lattice directions using
a 2 × 2 × 1 supercell. The variation of response strain per-
pendicular to the applied uniaxial strain is presented in
Fig. 4(b). It can be seen that the response strain (εres−b)
decreases with the increase of uniaxial strain from −4 up to
1.0% applied along the a lattice direction (εaxial−a), which
is not surprising since PR is positive. Subsequently, with
further strain, auxetic behavior in p-BCN starts to take
place as the response strain increases. Thus, the sign of PR
is changed from positive to negative at 1.0% uniaxial strain
applied along the a lattice direction. On the other hand, the
response strain (εres−a) always decreases with the increase
of uniaxial strain (εaxial−b) applied along the b lattice direc-
tion. Our results show that p-BCN can display positive
and negative PR when uniaxial strain is applied along the
a lattice direction while positive PR along the b lattice
direction. Thus, p-BCN is multifunctional material and
can be considered as an auxetic, nonauxetic, and partially

auxetic (a negative PR in a certain direction) monolayer,
depending on the choice of the direction of the applied
stretching.

Next, we study the ideal strength, which is the maximum
stress that the material can withstand while being elon-
gated, stretched, or pulled before breaking. We determine
the ultimate tensile strength representing the highest point
on the stress-strain curve. We plot the stress-strain curves
of p-BCN using a 3 × 3 × 1 supercell in Fig. 4(c). The ulti-
mate tensile strength values are found to be 11.6 GPa.nm,
12.7 GPa.nm, and 15.7 GPa.nm for uniaxial-a, uniaxial-b,
and equibiaxial strains at which the corresponding strains,
namely ultimate tensile strains (UTS) are about 15%, 14%,
and 17%, respectively. For equibiaxial strain, the UTSab
in p-BCN is higher than that in p-BN and p-BN2 (12%)
[24], relatively lower than that in p-C (21%) [11], and
much more lower than that in th-BN (27%) [36]. Thus,
p-BCN can withstand very large deformations, allowing
to use strain to tune its properties for specific applications.

C. Electronic properties

To understand the electronic nature of p-BCN, we cal-
culate the electronic band structure, atom and orbital pro-
jected density of states (pDOS), and band-decomposed
charge distributions, and the results are plotted in Fig. 5.
It can be seen that the p-BCN monolayer is semicon-
ducting with a quasidirect band gap of 2.79 eV at the
HSE06 method (1.71 eV at the PBE functional), agreeing
well the previous report as 2.81 eV [26]. The valance-
band maximum (VBM) and conduction-band minimum
(CBM) are located at the �-X point in the BZ. From the
pDOS, the pz orbitals of B atoms have a considerable con-
tribution to CBM while the p orbitals of B, C, and N
atoms, dominantly N-pz provide the main contribution to
VBM, which are also confirmed by the band-decomposed
charge-density distribution of VBM and CBM.
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(a) (b) (c)

(d)

FIG. 5. (a) Electronic band structure of p-BCN at the HSE06
method. The Fermi energy (black dashed line) is aligned to VBM
and set to 0 eV. The energy bands close to the Fermi energy are
illustrated in sky-blue color. (b) Atom- and orbital-projected den-
sity of states where the s, px, py , and pz orbitals of B, C, and
N atoms are in black, red, blue, and orange, respectively. (c)
Band-decomposed charge density of VBM and CBM with the
isosurface value of 0.01 eÅ

3
. (d) The energy level of VBM and

CBM calculated at the HSE06 method with respect to vacuum
level (which is set to 0 eV) for p-BCN and other pentagonal
structures (p-BNSi [25], p-SiC2 [11], and p-GeC2 [11]) for the
comparison. The redox potentials of water splitting are marked
by the dashed line at pH = 0 (black) and pH = 7 (red) as shown
for comparison.

To assess the possibility of using the p-BCN mono-
layer as a photocatalyst semiconductor, we further
evaluate its electronic properties for photocatalytic water-
splitting reaction. The band-gap energy of p-BCN (2.79
eV) exceeds the free energy of water splitting (1.23 eV)
and is in favor of harvesting visible light as lower than
3.0 eV. Besides, we calculate the band-edge positions of
p-BCN with reference to the vacuum energy, which we
extract from the local potential distribution within the unit
cell. The band-edge energies with respect to water redox
potentials from the HSE06 method are plotted in Fig. 5(d).
The energy level of CBM (−2.95 eV) is higher than the
hydrogen reduction potential of water while that of VBM
(−5.74 eV) is lower than the oxidation potential of water
at pH = 0. Hence, the band-edge positions of p-BCN are
thermodynamically favorable for water splitting. We note
that the position of VBM only lies 0.07 eV below the oxi-
dation reaction potential to drive the redox reactions at

pH = 0, which may result in a low activity for the water-
splitting reaction. In this respect, the p-BCN monolayer
has an adequate driving force to split water into hydro-
gen and oxygen at pH > 0. Thus, the band-gap energy and
band-edge positions of p-BCN indicate its great potential
for overall water splitting.

As strain engineering is an effective way to improve the
intrinsic properties of 2D materials [11,19,36,45,46], we
further investigate the effect of external strain on the elec-
tronic properties of p-BCN. Figure 6 shows the variation
of band-gap energy and band-edge positions of p-BCN
with respect to uniaxial strain applied along the a lattice
direction (denoted as uniaxial-a) and equibiaxial strain at
the HSE06 method. For uniaxial-a, the CBM position pro-
nouncedly shifts downward with the increase of tensile
strain while the energy level of VBM is nearly unchanged
up to 12% tensile strain, and then upward, resulting in
the decrease of band-gap energy. As for equibiaxial strain,
the CBM and what is more VBM positions shift down-
ward gradually with the increase of strain. Remarkably,
the band-edge positions in p-BCN can be adjusted to
more suitable places for water-splitting reaction by equib-
iaxial strain. Moreover, the band-gap energy increases
with compression strains whereas slightly decreases with
the increase of tensile strain. Hence, the band edge and
band gap of p-BCN can effectively be modulated by
strain engineering, which could facilitate its utilization in
photocatalytic water splitting.

Next, we examine the carrier effective mass and mobility
of the p-BCN monolayer. Firstly, we calculate the effec-
tive mass of electrons (m∗

e ) and holes (m∗
h) by fitting the

CBM and VBM respectively, to parabolic functions using
m∗ = �2[∂2E(k)/∂k2]−1 where E(k) is the corresponding
band-edge energy as a function of wave vector k and � is
the reduced Plank constant. The effective mass of electron
along the a and b lattice directions is calculated as 0.42 m0
and 0.46 m0 while that of hole is 0.80 m0 and 0.50 m0 (m0 is
free electron mass), respectively. Next, we study the carrier
mobility (μ) of p-BCN along the i transport direction in the
framework of deformation potential (DP) theory using the
following equation [47]:

μi =
e�3

(
5Ci+3Cj

8

)

kBT(m∗
i )

3/2(m∗
j )

1/2

(
9E2

d,i+7Ed,iEd,j +4E2
d,j

20

) , (3)

where i ⊥ j and Ed is the DP constant defined as the first
derivative of energy shift (�E) of the VBM and CBM with
respect to lattice deformation (�l/l0) (l0 is the lattice of
optimized unstrained supercell). We calculate the DP con-
stant under very small uniaxial strains from −1 to 1% with
the increment of 0.5% along the a and b lattice directions.
We plot the �E versus �l/l0 in Fig. S4 within the Sup-
plemental Material [22] at which the slope of the linear fit
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FIG. 6. Variation of band-edge locations with respect to the vacuum level (which is set to zero), and band-gap energies versus
uniaxial-a and equibiaxial strains. The redox potentials of water splitting are marked by the dashed line at pH = 0 (black) and pH = 7
(red) as shown for comparison.

data gives the DP constants. We find that the DP constant
of the electron (1.39 and 1.66 eV) is larger than that of
the hole (0.52 and 1.59 eV) along the a and b lattice direc-
tions, respectively. This indicates that the coupling strength
of electron to the acoustic phonon is stronger than that of
the hole. Particularly, electrons are more strongly scattered
by the acoustic phonons than holes in the a lattice direc-
tion. We further calculate the carrier mobility of electrons
and holes along the a and b transport directions at 300 K
and the obtained results are summarized in Table I. The
carrier mobility of electron is calculated as 1.08 × 104 and
0.85 × 104 cm2 V−1 s−1 along the a and b lattice direc-
tions, respectively. Moreover, the hole mobility is about
0.96 × 104 and 0.91 × 104 cm2 V−1 s−1 along the a and b
lattice directions, respectively. Thus, the carrier mobility of
p-BCN in the order of 104 cm2 V−1 s−1 is comparable with
that in graphene (3.39 × 105 and 3.22 × 105 cm2 V−1s−1

for electron and hole, respectively), silicene (2.57 × 105

and 2.22 × 105 cm2 V−1 s−1 for electron and hole) [48].
Thus, the photogenerated carriers can fast transfer within
p-BCN, which is desirable for the photocatalytic water-
splitting reaction process.

D. Optical properties

To examine the solar-energy utilization of p-BCN as a
solar-driven catalyst, we study its optical properties. By
including many-body effects using GW approximation, we
calculate the optical absorption coefficient α(ω) based on

the dielectric function using the following formula [49]:

α(ω) =
√

2ω
[√

ε2
1(ω) − ε2

2(ω) − ε1(ω)
]1/2

, (4)

where ε1 and ε2 are the real and imaginary parts of dielec-
tric function, respectively. By employing a single-shot GW
method (GW0), we obtain the QP energies. The QP band
gap is found to be 3.71 eV, which is 0.92 eV higher than
the electronic band gap obtained from the HSE06 method.
We carry out the optical absorption coefficient with the
imaginary part of the dielectric function within the ran-
dom phase approximation (RPA) [50] on the top of GW0.
As shown in Fig. 7, the optical absorption peaks are in the
UV region without excitonic effects since electron-electron
interactions are only taken into account and electron-hole
interactions neglected in the GW0-RPA method. How-
ever, as electron-hole pairs are created on semiconductors
under illumination during the photocatalytic process, it is
worthwhile to include their interactions (electron-hole) and
excitonic effects in the optical spectrum of p-BCN. In this
respect, we calculate the optical absorption spectrum by
employing the Bethe-Salpeter equation (BSE) [51] on top
of the GW0, where both electron-electron and electron-hole
interactions are included. Upon inclusion of electron-hole
interactions within the GW0+BSE, it is observed that the
optical spectra is greatly modified (i.e., redshift in the
optical spectra). This shows that electron-hole interactions
significantly dominate the optical spectrum of p-BCN. The
prominent optical absorption peaks emerge in the visible

TABLE I. Predicted charge-carrier mobility of p-BCNa.

m∗
a/m0 m∗

b/m0 Ca (C11) Cb (C22) Ed,a Ed,b μa μb

Electron 0.42 0.46 219.2 184.7 1.39 1.66 1.08 × 104 0.85 × 104

Hole 0.80 0.50 219.2 184.7 0.52 1.59 0.96 × 104 0.91 × 104

a m∗
a and m∗

b are the carrier effective mass along �-a and �-b directions, respectively. m0 is the mass of free electron. Ca and Cb are the
elastic stiffness constants in the unit of N/m. Ed,a and Ed,b are the deformation potential constants in eV. μa and μb are carrier mobility
in cm2 V−1 s−1 at T = 300 K.
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FIG. 7. Imaginary part (ε2) of the dielectric functions (upper
panel) and optical absorption coefficient (lower panel) of p-BCN
for light polarization parallel to its axis by the GW0+RPA (dashed
lines) and GW0+BSE (solid lines) approaches. The Gaussian
broadening is adopted for 0.05 eV.

and ultraviolet regions with high optical absorption coeffi-
cients (approximately 10−5 cm−1), which can be compara-
ble to those of perovskite solar cells [52]. The high optical
response in the visible-UV regime makes p-BCN promis-
ing for photocatalytic water splitting. Remarkably, the
distinct optical absorption peaks below the QP GW0 gap,
which are utterly missing in the GW0+RPA, are observed.
These obvious peaks indicate the strong quantum confine-
ment effect in the p-BCN monolayer and correspond to
the strongly bound excitons. The excitonic binding energy
of the lowest energy exciton is defined as the difference
between the QP band-gap energy and the exciton energy
using GW0 and GW0+BSE methods, respectively. The first
absorption peak occurring at 2.26 eV is due to exciton
absorption. Thus, the binding energy of the first exciton
is estimated to be 1.45 eV, which is higher than that of
many MXenes [53] and smaller than 2D graphane (about

1.6 eV), GeC (about 1.82 eV) [54], and BN (about 2.1 eV).
The large binding energy of p-BCN is due to the large
QP band-gap energy of 3.70 eV and thus less Coulomb
screening. The obvious excitonic absorption peaks indi-
cate the strong quantum confinement effect in p-BCN.
Therefore, the strong optical absorption capability in the
visible region and remarkable excitonic effects in p-BCN
confirm the applications of efficient light harvesting in
optoelectronic device.

IV. CONCLUSION

We investigate the stability, properties, and potential
application of the p-BCN monolayer by first-principles
calculations. Firstly, we verify its energetic, dynamical,
thermal, and mechanical stability with the structure stabil-
ity and dissolubility in liquid water at room temperature.
Next, we systematically study its mechanical, electronic,
and optical properties.

(a) The analysis of mechanical properties show that
the monolayer exhibits direction-dependent Young’s mod-
ulus, Poisson’s ratio, and ultimate tensile strength. Due
to the sign-tunable Poisson’s ratio, the monolayer can be
considered as nonauxetic, auxetic, and partially auxetic
(a negative PR in certain direction) material, depending
on the choice of the direction of the applied stretching.
Thus, the p-BCN monolayer has great potential to be a
multifunctional material for nanomechanical applications.

(b) The analysis of electronic properties revealed that
the monolayer is semiconducting with a quasidirect band
gap of 1.71, 2.79, and 3.71 eV at the PBE, HSE06, and
GW0 methods, respectively. The monolayer has appropri-
ate band-edge positions that perfectly meet the require-
ments of photocatalytic water splitting. The band-gap and
band-edge positions can be modulated by strain engineer-
ing. The monolayer has small carrier effective mass and
high mobility (approximately 104 cm2V−1s−1).

(c) The analysis of optical properties examined that the
monolayer has high optical absorption capability in the
visible region (∼ 105 cm−1) with remarkable excitonic
effects, which are a big advantage for its utilization as a
water-splitting catalyst.

All these findings suggest that the p-BCN monolayer has
advantages for various applications, including nanoelec-
tronics, optoelectronics, and particularly potential as a
visible-light-driven water-splitting photocatalyst.
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