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Developing two-dimensional heterojunctions is an excellent approach to achieve exceptional optical, electrical,
and photocatalytic properties. Here, we used the periodic density functional theory simulations to engineer the
electronic band structure, charge separation efficiency, as well as the photocatalytic properties of g-C3N4 and
B4C3 based two-dimensional van der Waals heterojunctions. The effect of strain on the band edge energy and
band structure was investigated in detail. The effective mass of electrons (m.*/m, = 0.76) and holes (m*/

m, = 1.16) in the B4,C3/8-C3N,4 heterojunction predicted a superior mobility than in isolated g-C3N, monolayer
(me* = 0.98; my* = 1.34). The AGy- value (-0.10 eV) of the atomic hydrogen on B4C3/g-C3N,4 heterojunction
confirmed the superior HER performance in contrast to isolated g-C3N4 (AGy+ =0.108 eV) and B4C3 (AGy« =
-0.22 eV) monolayers. Our study offers possibilities to produce a novel B4C3/g-C3N,4 heterojunction for the
photocatalytic water splitting and optoelectrical applications.

1. Introduction

Recently, two-dimensional (2D) materials, e.g., graphitic carbon
nitride (g-C3N4), graphene, Mxene (i.e., Ti>C, CrC,), and transition
metal dichalcogenides (i.e., WS,, MoS,, SnS,) are viewed as promising
materials in several technological fields, for their unique electronic
structure, and remarkable optical and electrical properties [1-5]. As an
example, metal dichalcogenides have been explored for applications in
field effect transistors (FETs) [6], logic circuits [7], and nonvolatile
memory devices [8], which have produced some promising results.
Similarly, g-C3N4 is a n-type semiconductor material, which is under
immense investigation for the photocatalytic and energy applications,
due to its outstanding electronic structure and light harvesting cap-
ability within the visible region of the solar spectrum [9,10]. Besides, g-
C3N, exhibits good chemical and thermodynamic stability, which make
it a promising visible light active nonmetal photocatalyst [11]. Having
said that, the usefulness of pristine g-C3Nj is limited because of the low
rate of visible light absorption, the robust recombination rate of pho-
toinduced charge carriers, and small specific surface area [12]. There-
fore, it is fundamental to overcome these challenges, which will cer-
tainly enhance the photocatalytic properties of g-C3Ny4. To this end, the
chemical and microwave exfoliation techniques have been found useful
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to significantly increase the specific surface area of g-CsN, in addition
to generating new reactive sites [13,14]. Also, the photoinduced hole-
electron pair separation process in g-C3N4 can be improved through the
formation of heterojunctions and cocatalysts compositing. For instance,
silver chromate (Ag,CrO4) nanoparticles have been effectively an-
chored on g-C3N4 to facilitate the hole-electron separation [15]. The as-
prepared composites demonstrated excellent photocatalytic perfor-
mance (14 times greater) for the hydrogen evolution reaction (HER)
when compared with pristine g-C3N4. The improved photocatalytic
activity was attributed to the extended light harvesting capability of g-
C3N4 by Ag>CrO4 decoration. Additionally, the valence and conduction
band edge position suggested the formation of a Z-scheme charge
transfer in g-C3N4/Ag>CrO,4 nanocomposites. Under such circumstances,
the photogenerated electrons in the conduction band (CB) of Ag,CrO,
will transfer and interact with the holes contained in the valence band
(VB) of g-C3N,4, which will ultimately prolong the time of electrons in
the CB of g-C3N, and holes in the VB of Ag,CrO,4. Yet another attempt
was reported by Kumar et al. [16]. They synthesized oxidized g-C3N4
nanosheets decorated with polyaniline nanofibers (Pani-NF), which
demonstrated good adsorption capability for the removal of hexavalent
chromium (Cr(VI)) in the aqueous solution. The positively charged
surface of g-C3N,4/Pani-NF, determined via zeta potential analysis and
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the inclusion of nitrogen and oxygen containing functional groups
triggered the electrostatic binding and efficient adsorption of Cr(VI).
The growth of in-situ ZnIn,S, nanosheets on g-C3N, have been proved
to exhibit much better photocatalytic activity and improved light har-
vesting capabilities for the HER [17]. The configuration of these het-
erostructures assisted the interfacial charge transfer under light irra-
diation from g-C3Ny4 to ZnIn,S,4, which improved the charge separation
process.

In this regard, many attempts have been reported, which take into
account the g-C3N, nanocomposites with other nanostructures, such as,
Al-O bridged g-C3Ns/a-Fe,O3 [18], g-C3N4/SrTiO3 [19], CdS/g-C3Ng4
[20], FeVO4/g-C3N,4 [21], Ag,CrO,4/g-C3N4/graphene oxide [22], SnO,/
B-P co-doped g-C3N4 [23], and g-C3N4/bismuth-based oxide nano-
composites [24]. Compared with isolated materials, development of 2D
composites, referred to as van-der Waals heterostructures can achieve
exceptional optical, electrical, and photocatalytic properties, which are
often designed by consecutive layer by layer deposition [1]. For ex-
ample, a combination of MoS, and MoSe, monolayer by hexagonal-
boron nitride has revealed remarkable optical yield and narrowing of
the exciton emission line width [25]. Additionally, the stacking of 2D
semiconductor monolayers could eventually build a composite struc-
ture, which might efficiently separate the photoinduced hole-electron
pairs [26]. According to their band energy alignment, these hetero-
junctions are described as Type-I, Type-II, and Type-III heterojunctions.
In Type-I heterojunction, the conduction and valence band of one
semiconductor fall within the energy bands of the other semiconductor
material (straddle alignment), e.g., CdIn,S,/g-CsNy4 [2,27]. In Type-IL
(staggered alignment), one of the band energy edge, i.e., conduction
band minimum (CBM) or valence band maximum (VBM) aligns within
the energy bands of another semiconductor, e.g., n-MoS,/p-Ge [28] and
CsPbBrCl,/ and CsPbBrCl,/g-C3N,4 [29]. In Type-III, the VBM and CBM
are totally separated (generally known as broken gap), e.g., InAs/AlSb/
GaSb [30]. The difference in these configurations tremendously influ-
ences the charge carrier mechanism. Among these, the Type-II hetero-
junction is regarded as the best option for the photocatalytic applica-
tions. In this type of heterojunction, the charge dynamics at the hetero-
interface play an important role in the photoinduced hole-electron pair
separation [31]. As an example, the electron could be injected into a n-
type of semiconductor material whilst the holes are likely to remain at
or pumped into a p-type of semiconductor. A central electric field is
created across the hetero-interface, which boost the charge separation.

Recently, boron atom containing 2D materials frameworks with
transition metals as well as with carbon atom has been reported, which
exhibit a graphene like morphology. For instance, Zhang et al. [32].
theoretically proposed iron based 2D honeycomb boron network
(FeB,). The Fermi velocity of FeB, was reported to have comparable
value as that of graphene. Their results indicated that the electron
transfer from Fe to B in the FeB, network render more stability to the
2D network. Also, the Fe-d and B-p states were found to induce the
Dirac state in FeB,. The as prepared FeB, system revealed outstanding
thermal (up to 2000 K) and dynamic stability. Likewise, Popov et al.
[33] examined the nature of chemical bonding in honeycomb epitaxial
BC; sheets. It was noticed that replacement of every fourth carbon atom
of graphene with a boron atom will modify the chemical bonding. In the
BC; system, the boron atom is surrounded by carbon atoms, which
causes boron to create two-center-two-electron (2c-2¢) B-C o bonds. On
the other hand, boron only participates in the multicenter (3c-2e or 4c-
2e) o bonds in a stable 2D pure boron lattice, the a-sheet. The formation
of t-bonding BC; hexagons were found to be composed of carbon atoms
only, which showed similar si-bonding as in benzene, while different
from graphene n-bonding. This study is helpful to understand different
imperfections in 2D material, i.e., point defects and variable vacancies,
adatoms and substitutional impurities. In line with the previous work
by Exner and Schleyer in 2000 [34], Change et al. [35] recently pro-
posed a novel metal free two-dimensional boron carbide (B4C3) using
periodic density functional theory (DFT), quantum chemical
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calculation, and swarm-intelligence structure searching method. The
detailed structure analysis of B4C3 using electron localization function
(ELF) indicated that the electron transfer from boron to carbon will
render ionic character, which will eventually result in a strong inter-
action. Also, the existence of o-like sp? hybridization similar to that in
graphene further recommends its stability. The electron transfers from
B to C (o donation) will subsequently delocalize around the B4C3 net-
work (st acceptance), which will result in the formation of a multicenter
carbon network with boron. The unit cell of B4C3 monolayer exhibit
three seven-center-two-electrons (7c-2e) ;t bonds, 2c-2e B-C ¢ bonds
and three center-two-electron (3c-2¢) C—B—B o bonds. The carrier
mobility of B4C3 is comparable with other two-dimensional materials
such as g-C3N4 [35]. Additionally, the proposed monolayer structure
revealed good thermodynamic stability, high charge carrier mobility,
and appropriate band edge position to reduce CO,. Also, the light ab-
sorption capability of B4C3 within a broad visible range further imple-
ments its usefulness for the visible light photocatalytic process. As it is
well thought out that designing novel heterojunctions have the capacity
to orchestrate new materials with outstanding optical and electrical
performance. Hence, the thermal and dynamic stability and experi-
mental realization of B4Cj inspired us to study g-C3N4 and B4C3 based
heterojunctions.

Here, we performed periodic DFT calculations to study the g-C3N4
and B,4Cs3 heterojunctions. The interfacial binding energy, electronic
structure, e.g., band structure and density of state (DOS), population
analysis, electrostatic potential, dielectric and optical absorption were
studied in depth. The stability of two different configurations were
estimated, including g-C3N4/B4Cs; and B4C3/g-C3N4, which integrated
B4Cs and g-C3N, as being the top layers, respectively. Also, we simu-
lated the band edge position to understand the charge transfer me-
chanism at the interface. The electron density difference (EDD),
Mulliken and Hirshfeld charges on different atoms were also explored.
The band energy edge position and bandgap under applied strain were
also studied. The results revealed that configuring g-C3N,4 on B4Cj is
energetically more favorable than growing B4C3; on g-C3Ny4. Also, the
interfacing of B4Cs with g-C3N4 substantially expanded the light ab-
sorption capability within the visible region. Moreover, the high ad-
sorption energy for a single water molecule on B4C3/g-C3Ny in contrast
to g-C3N4 monolayer implies its effectiveness for the water splitting and
photocatalytic reactions. To test this hypothesis, a detailed site selective
HER was simulated and the corresponding free energy values were
calculated for the g-C3N4, B4C; monolayers and B4C3/g-C3Ny4 hetero-
junction. This study offers a new perspective to formulate a metal free
green photocatalyst, which will be useful for the visible light water
splitting as well as other photocatalytic applications.

2. Computation details

The periodic density functional theory (DFT) calculations were
performed using Cambridge Serial Total Energy Package (CASTEP)
[36]. The geometry optimization was carried out using Generalized
Gradient Approximation (GGA) to describe the exchange and correla-
tion potential implemented by Perdew-Burke-Ernzerhof (PBE) [37,38].
As the weak interaction between g-C3N, and B,C; was anticipated,
therefore, the long range van der Waals (vdW) interactions were de-
scribed by a simple pairwise force field utilizing the Grimme method
(DFT-D2) [39]. Prior to the composite formation, the isolated g-C3N4
and B4C3; monolayers were fully relaxed. The electronic configurations
for different elements include; H: 1s'; N: [He] 2s> 2p3; O: [He] 252 2p4;
B: [He] 252 2p1; and C: [He] 2s> 2p2. The cutoff energy was kept con-
stant as 700 eV in all of the calculations. A separate hybrid function
(HSEO06) was used to precisely estimate the electronic structure of dif-
ferent models, used in this study [40]. A norm-conserving pseudopo-
tential was used for the geometry optimization and properties calcu-
lation. A vacuum slab of 20 A was used for the structure optimization
and properties calculations. The electrostatic potential was determined
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Fig. 1. The variation of energy and structural parameters with respect to Ecyof and k-point grid.

using a vacuum slab of 30 A. Before choosing the convergence para-
meters, several tests were performed to trace the optimization criteria
for the g-C3N,4 and B4C3; monolayers and their heterojunctions. First we
searched for an energy cutoff value (Ecyoff, €V), which was tested in the
range from 300eV to 800eV with an increasing step size of 50 eV
(Fig. 1a). Interestingly, the cutoff energy did not affect the lattice
parameters, nevertheless, the total energy of the system and interlayer
spacing were significantly influenced by Ecyuef value. According to
these results, we selected 700 eV as the Ecyof in all calculations. Next,
we optimized the Monkhorst — Pack mesh by utilizing different k-
points and monitored the total energy of the system, which were chosen
as 12 x 12 x 1 (Fig. 1b). The convergence criteria, including self-
consistent tolerance factor and maximum force were used as 10~ ° eV/
atom and 0.01 eV/A, respectively. The ab-initio molecular dynamics
(AIMD) simulations were performed at a constant temperature 300 K,
400K, and 500 K using the Nose-Hoover method [41,42]. The total time
steps were 5000 with 2.0 fs per step.

The interaction of water molecules with the B4C3/g-C3N,4 hetero-
junction was studied in detail to comprehend its adsorption properties.
The adsorption energy (E.qs) was calculated as:

Eads = Esurface/molecule - Esurface - Emolecule (1)

Where, Egyrface/molecue 1S the energy of adsorption complex, Egyface iS
energy of the clean monolayers or B,C3/g-C3N4 heterojunction, and
Emolecule iS the energy of the water molecule in the gas phase. The E,4s
per water molecule was calculated as:

Eads = (Esurface/molecules - (I'l X Emolecule) - Esurface)/n (2)

Where n is the number of water molecules on the surface. The hydrogen
evolution reaction (HER) was studied to test the photocatalytic per-
formance for water splitting reaction. A2 x 2 x 1 supercell was used to
study the HER capability of the B4,C3; and g-CsN, monolayers and B,C3/
g-C3Ny heterojunction. Also, different sites were selected to test the site
selective HER performance. Two steps are involved in the HER reaction,
which produce H, from the water splitting reaction. In the first step, the
atomic H adsorbed on a catalyst surface while in the second step the
formation and release of molecular H, occur [43]. The Gibbs free en-
ergy (AGy-) is used to assess the HER performance. The HER reaction
barrier (over potential) is determined by the adsorption of intermediate
of one H atom.

AGp+
H* + e +* 3 H 3

Where the * and H* represents the active site and adsorb intermediate,
respectively. Under standard conditions (i.e., U=0; pH=0; T
=298.15K), the chemical potential of H* + e- (u (H* + e7)) is
equivalent to that of 2H, (Y2uH,). The hydrogen electrode model is
used to calculate the term '4uH, [44]. Thus, the AGy- is calculated as:

AGy+ = AEys + AEgzpg — TASy- (C)]

Where the AEy- is the adsorption energy of hydrogen and AEzpg is the
change in zero-point energy, which is determined through Eq. (5):

ABzps =Effpp — Egpp — %E%E (5)
Where Ejpp, Ebp, and EXZ; are the zero-point energy of the clean
substrate, adsorbed hydrogen and hydrogen molecule in the gas phase.
These values are calculated through DFT calculation. The temperature
T is equal to 298.15 K, while the ASy- is the change in entropy of the gas
phase and adsorbed hydrogen atom [45]. The ideal value of HER is
zero. It is worth noting that the HER value is bad when the adsorption
of H is too strong or too weak.

3. Results and discussion
3.1. Geometric and electronic structure of g-C3N4 and B4C3 monolayers

Graphitic-C3N, exhibits a m-conjugated laminar structure, con-
taining sp? bonded carbon and nitrogen atoms building the graphitic
planes [46]. These planes are piled in a very staggered manner. The g-
C3N,4 monolayer studied in this work was constructed on a triazine ring
that contains a hexagonal unit cell. The optimized structure of g-C3N4
monolayer is given in Fig. 2, with an extended view in Fig. S1. Because
of the exclusive chemical environment, the nitrogen atoms are often
divided into two different types, which feature 1) the fully saturated N
atoms (specified as N1) surrounded by three C atoms and 2) the par-
tially saturated N atoms (specified as N2) surrounded by two C atoms.
After geometry optimization, the cell parameters of g-C3N4 monolayer
were determined as a = b =4.7844 A (Table 1), which is in close
agreement with the earlier reported values [47]. The bond distance
between N1-C and N2-C are 1.458A and 1.330A, respectively
(Fig. 2a). The band structure and partial density of state (PDOS) were
calculated to further understand the electronic structure of the g-C3Ny
monolayer. The calculated bandgap value of the g-C3N4 monolayer is
1.572 eV utilizing GGA-PBE level theory (Table 1). It is well thought out
that the DFT undermines the bandgap values to a great extent [48].
Therefore, we also used the hybrid (HSE06) function to precisely esti-
mate the bandgap values. The calculated bandgap value in this case is
3.123 eV, which is very close to the previously reported values for this
kind of system (Fig. 2b) [49,50]. Also, the valence band maximum
(VBM) and conduction band minimum (CBM) are located at the same G-
point, hence, g-C3N, monolayer is a direct bandgap semiconductor
material. The PDOS of g-C3N,4 shows that the upper valence band (VB) is
primarily populated by the N2p states (Fig. 2d). A small contribution
from the N2s can also be seen. The lower conduction band (CB) is oc-
cupied by C2p and N2p states.

The relaxed structure of B4C3 is given in Figs. 3 and S1. Two dif-
ferent types of ring structures are visible in the B,C3 monolayer. The
monolayer is composed of repeating B4C; hexagonal cluster rings
connected through hollow B3C; rings. In the B,C3 monolayer, B exhibits
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Fig. 2. Geometrically optimized structure (a); electronic band structure (b); side view (c); and PDOS (d) of the g-C3N4 monolayer.

two different coordination environments. In the case of B1, B is hex-
acoordinated with three B and three C atoms. On the other hand, the B2
atoms are tetrtacoordinated with one B and three C atoms. We mea-
sured different bond lengths represented by the alphabets in Fig. 3a.
The corresponding bond lengths a, b, ¢, d, and e are measured as
1.518 A, 1.591 A, 1.551 A, 1.591 A, and 1.518 A, respectively. As B4C,
is a metal free 2D system, therefore, it can be used as a green photo-
catalyst. The calculated band structure of B4Cs is given in Fig. 3b. It is
clear from the band structure that B4Cs is a semiconductor material.
Initially, the bandgap of GG-PBE was calculated as 1.655 eV, which was
then corrected to 2.39 eV using hybrid HSE06. The VBM and CBM are
located at G and M points, respectively, hence, B4C; is an indirect
bandgap semiconductor material. This behavior is useful in photo-
catalytic process, which prolong the photogenerated hole-electron
pair’s separation. The PDOS of the B4Cs is given in Fig. 3d. The upper
VB is mainly composed of the C2p states, while the lowest part of the CB
is populated by the B2p states. The electron density of g-C3N4 and B,C3
is also given in Fig. S2, which highlights the electron density distribu-
tion among the atoms in different chemical environments.

3.2. Geometric and electronic structure of g-C3N,4 and B4C3 heterojunctions

Two different composite models were used to simulate the g-C3N4
and B4Cs-based heterojunctions (Fig. 4). In the case of g-C3N4/B4Cs, the

Table 1

B4C3 monolayer was configured right above the g-C3Ny (Fig. 4a). In the
case of B4C3/g-C3Ny, the g-C3N, monolayer was kept as the top layer
(Fig. 4e). The lattice mismatch between g-C3N4 and B4C3 is smaller than
2 %. In this regard, B,C3 will stretch out to a certain degree in g-C3N,4/
B,4Cs configuration. On the contrary, g-CsN,4 will shrink to match the
lattice in B4C3/g-C3N,4 configuration. In either case, a small strain will
be exhibited by these two-dimensional monolayers. After geometry
optimization, the distance between g-C3N4 and B4C3; monolayers is
3.29 A and 2.974 A, which correspond to g-C3N,4/B4C3 and B,C3/g-C3Ny
configurations, respectively (Fig. 4a, e). The space between the mono-
layers can be regarded as vdW equilibrium spacing. The adhesion en-
ergy (E.q) for both of these configuration was calculated using Eq. (6).

Eaa = Ecombined-Eg-cana-Epacs (6)

Where, the Ecompined> Eg-cans, Epacs are the total energies of g-C3N4/
B,4C3 or B4C3/g-C3N,4 configuration, energy of g-C3N4 and B4C3 mono-
layers, respectively. The E,q for g-C3N4/B4C3 and B4C3/g-C3N, are cal-
culated as 0.224 eV and 0.164 eV, respectively. These values suggested
that g-C3N4/B4Cs interface is more strongly connected. Nevertheless,
both of these configuration demonstrated a strong physical interaction
and stability. The enthalpy energy values in Table 1 suggested that
B4C3/g-C3N, is thermodynamically (0.063 eV) more stable than g-C3N4/
B,Cs. We further studied structural changes in g-C3N,/B4C3 and B4C3/g-
C3N, configurations. In g-C3N4/B4Cs, the bonds, i.e., a, b, ¢, d, in B,C3

Crystal lattice parameters, bandgap values, Hirshfeld charge distribution, and enthalpy of formation of g-C3N,4 and B4C3; monolayers and their heterostructures.

Model Lattice parameters A) Bandgap Hirshfeld Enthalpy
(eV) (eV)
a=b GGA-PBE HSEO06 C N B

g-C3Ny 4.7844 A 1.572 3.123 0.17 0.127 —1540.14912

B4Cs 4.6904 A 1.655 2.390 -0.16 0.12 —771.588864

8-C3N4/B4Cs - 1.395 2.537 —0.17 (B4C3) 0.117 0.11 —2311.89961

0.17 (g-C3Ny)
B4C3/g-C3Ny - 1.316 2.459 —0.17 (B4C3) -0.12 0.11 —2311. 96237

0.17 (g-CaN,)
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Fig. 3. Geometrically optimized structure (a); electronic band structure (b); side view (c); and PDOS (d) of the B4,C3 monolayer.

layer are 1.544 108, 1.627 A, 1.561 A, and 1.627 A, respectively. The
bonds, e, f, g in g-C3N, are 1.329 1°\, 1.331 1°\, and 1.453 A, respectively.
When we compare these bond values in g-C3N,4/B4C3 with the isolated
g-C3N,4 and B4C3 monolayers, it can be seen that a little change occurred
in g-C3Ny4, while the B,C; exhibited a more structural changes. As B,C3
stretched out to some extent in g-C3N4/B4C3 configuration to match the
lattice of g-C3Ny4, Thus, the variation in bond length could be attributed
to this extension as well as some minor contribution due the interaction
of two layers is inevitable. The structural change in g-C3N4 could be
attributed to the interaction of B4C; and g-C3N, monolayer in the
composite framework. This behavior is in agreement with the vdW
interaction determined through adsorption energy. A similar, behavior
was observed in B4C3/g-C3Ny4, where the lattice of g-C3N4 shrunk to
match the B,C3. The simulated electron density in Fig. S3 further de-
scribe the electron density distribution at the interface between B,Cs

and g-C3N, junction. The thermal stability of these heterojunctions was
studied using AIMD simulations at different temperatures, which in-
clude 300K, 400K, and 500K (Fig. S4). The snapshot at 10 ps suggest
that the basic framework of the heterojunctions is still intact, while no
splitting could be seen, which suggest that both of these configurations
are stable in the temperature range from 300 — 500 K. Additionally, the
layers B4C3/g-C3N4 were wrinkled under the influence of temperature,
which can be restored under geometry optimization, suggesting no
significant damage to the original materials framework.

The band structures of these configurations are given in Fig. 4c and
g. The bandgap values of g-C3N4/B4C3 and B4C3/g-C3N4 are 1.395eV
and 1.316eV at the GGA-PBE level theory, respectively. The HSE06
produced 2.537 and 2.459 eV of the bandgap values corresponding to g-
C3N4/B4C3 and B4Cs3/g-C3Ny, respectively. In this regard, it can be seen
that, the composite formation, lowered the bandgap values of g-C3N, to

Fig. 4. Geometrically optimized structure, electronic band structure, and DOS of the g-C3N4/B4Cj3 (a, b, ¢, d) and B4C3/g-C3N,4 heterojunctions (e, f, g, h).
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a great extent, when compared with the isolated g-C3N, monolayer
(3.123 eV). Hence, it can be anticipated that g-C3N4 and B4C3 compo-
sites will display better light harvesting properties, in contrast to iso-
lated g-C3N4 monolayer. This behavior will facilitate the transfer of
electrons from the VB to the CB in the composite structure, which will
likely cause a red shift of the optical absorption edge. The PDOS of g-
C3N,4/B4C3 and B4C3/g-C3N,4 configurations are given in Fig. 4d and h.
The bandgap of B4C3 in the composite span from 0.0 to 2.24 eV, while
that of g-C3Ny4 span from 0.34 to 2.60 eV. It can be seen that the upper
VB is comprised of g-C3N, while the lowest CB is occupied by B4Cs
states, slightly lower (0.36 eV) than g-C3N,. It can be inferred that the
VB offset between B4C3; and g-C3N, is 0.34 eV, while the CB offset is
0.36 eV in the g-C3N4/B4Cs heterostructure. These observations sug-
gested, that once the B,C3; monolayer covers the g-C3N, monolayer, a
type-II kind of heterojunction is formed [51-53]. Therefore, it is an-
ticipated that under light illumination, the electron will transfer from
the N2p states in g-C3N4 to B2p in B4C3. Due to a decrease in the
bandgap energy, this excitation will be facilitated quite well. Also, the
transfer of the photoexcited electrons from the g-C3N4 to B4Cs will
shuttle the electrons for a longer time, which will improve the photo-
induced charge separation process in the composite structure.

We further calculated the electron density difference to study the
charge transfer process in the composite structures (Fig. 5). The blue
and yellow regions depicts the charge accumulation and depleting re-
gions, respectively. The charge accumulation primarily occurred at the
interface between the two-dimensional B4Cs and g-C3N, monolayers. As
the weak coupling between the donor-acceptor is evident by large se-
paration, still there can be seen some charge transfer between the two
layers (isovalue = 0.002). The charge is accumulated on B4Cs, while a
depletion behavior can be seen around the g-C3N, monolayer. Inter-
estingly, the region around N atoms in g-C3N, and B atoms in B4Cs
demonstrated more charge transfer (Fig. 5b). It is anticipated that under
light irradiation, the photoinduced electrons will accumulate in the
B,4Cs region, while the hole will accumulate in g-C3N4 region. This
behavior is useful in the hole-electron charge separation process. The
Mulliken values of C and N atoms in g-C3N4 monolayer and B and C in
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Fig. 6. Mulliken population analysis of the g-C3N, and B,C; monolayers and g-
C3N4/B4C3 and B4C3/g-C3Ny4 heterojunctions.

B,C3; monolayer reduced in the composite structures (Fig. 6). The var-
iations in the partial atomic charges estimated by Mulliken population
analysis before and after compositing of these nanostructures depict
charge redistribution, which can be attributed to the interaction at the
interface. The Hirshfeld charge analysis followed a similar trend, where
the values changed in the composite structure, in contrast to the
monolayers (Table 1).

3.3. Optical properties and energy band edge position

We simulated the dielectric and optical absorption spectra to de-
termine the optical absorption properties of g-CsN, and B4C; mono-
layers, and their composites. The optical properties of materials can be
studied by using the complex dielectric function given in Eq. (7).

Fig. 5. Electron density difference of the g-C3N4/B4C3 (a) and B4C3/g-C3Ny4 (b) heterojunctions.



A. Mahmood, et al.

Applied Catalysis B: Environmental 278 (2020) 119310

Fig. 7. Simulated optical properties of g-C3N,4 and B4C3 monolayers and their heterojunctions; imaginary (e.) dielectric constant (a), real (e;) dielectric constant (b),
and optical absorption spectra (c). The band edge position of the g-C3N4 and B4C3; monolayers and g-C3N4/B4C3 and B4C3/g-C3N4 heterojunctions (d). The values are
given with respect to the NHE in volts (V) and vacuum in electron volts (eV). The horizontal dashed line represents the water redox potentials at pH = 0.

t(w) = g + i )

Where ¢; and ¢, are the real and imaginary components of dielectric
functions, respectively, while w represents the photon frequency. The
values of e5(w) are calculated from the electronic structure using Eq. (8)
[54].
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Where k is the reciprocal lattice, u is the incident electric field polar-
ization, v and c are the valence and conduction band, respectively.
Along these lines, the Kramer-Kroning relation can be used to calculate
the real part of the dielectric function (e;(w)).
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Moreover, the absorption « (w) coefficient is given by Eq. (10) [55].
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The imaginary part of the dielectric constant (e,) is given in Fig. 7a.
The non-zero values of dielectric constant vs. photon energy depicts the
absorption of light at a given frequency. Also, the values along the x-
axis are correlated with the behavior of a material in different fre-
quency region. Pure g-C3N, gives a broad peak centered around
4.16 eV, which falls within the near ultraviolet (UV)-A region. How-
ever, as the peak is extended to < 3 eV, the g-C3N, monolayer will have
poor visible light response (E; =3.123 eV). The B4Cs exhibited sharp
peak around the 2.72 eV, which fall within the blue part of the visible
region. However, this peak extended beyond this range to the lower
energy values, therefore, it is anticipated that B4C3 will show good
visible light absorptivity within a broad range (E; =2.390eV).

Interestingly, when the g-C3N,4 and B,C3; monolayers were combined, a
significant increase was observed in the light absorption capability of g-
C3Ny, which is evidenced from the shift of the peak position. For ex-
ample, the g-C3N4/B4C3 exhibited a broad peak, which can be resolved
in two distinguished peaks. The highest intensity peak appeared at
2.97 eV and relatively low energy peak at 3.94 eV. A similar trend was
followed by B4C3/g-C3N, configuration. These results suggest that the
composite formation resulted in an improved light absorption, which is
undoubtedly useful for the photocatalytic and other optical applica-
tions. The real part of the dielectric function (e,) is given in Fig. 7b. It
followed the same pattern, where the light absorption behavior of the g-
C3N,4 was improved by the B4,C3 compositing.

The simulated optical spectrum of isolated g-CsN, monolayer
showed absorption edge extending beyond 400 nm, however, pure B,C3
monolayer demonstrated absorption properties within the visible re-
gion (Fig. 7c). Therefore, it is anticipated that the composite of g-C3Ny4
and B,C3 will exhibit superior visible light response. The simulated
absorption spectrum of the g-C3N4/B4Cs and B4C3/g-C3Ny4 configura-
tions demonstrated a significant red shift in contrast to the pure g-C3Ny4
monolayer. This behavior suggested that the solar light utilization was
greatly improved by the g-C3N,4 and B4C3; composite formations, despite
of whatever material is used as the top or base layer. Hence, the two-
dimensional heterojunction will significantly improve the solar light
utilization, which is useful for developing a visible light active photo-
catalyst.

The VB and CB band edge position can determine the redox ability
of a material. The Energy band edge position can be determined by Egs.
(11) and (12).

Evg = X—Ee + 1/2Eg (11)
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Ecg = Evs -Eg 12)

Where, the ¢ designate the absolute electronegativity of materials. The
values of  of g-C3N,4 and B,C3 were determined as 4.73 and 4.12 eV,
respectively. The energy of free electron on the hydrogen scale is given
by E. =4.5eV. The bandgap (E,) is calculated by HSE06. A funda-
mental requirement for the overall water splitting reaction is that the
energy band edge position of a photocatalyst straddle the water redox
potential. In this way, the VBM must be lower than the oxidation po-
tential of 0,/H,O and the CBM must be higher than the reduction
potential of H* /H,. Also, the pH values can also impact the water redox
potential. In semiconductors, the BV holes with a chemical potential of
+1.0 to +3.5V (vs Exuyg, pH = 0) are regarded as strong oxidants,
whilst the CB electrons with chemical potentials of +0.5 to -1.5V (vs
ENHE, pH = 0) are considered good reductant [56]. Based on our cal-
culations, the band edge positions of g-C3N, and B,C3 monolayers and
their heterojunctions are given in Fig. 7d. The VB and CB edge position
of g-C3N, were determined as 1.79 and -1.32 vs. normal hydrogen
electrode (NHE), respectively. The VB and CB band edge position of
B,C3; were determined as 0.82eV and -1.57 eV, respectively, which
demonstrate powerful reducing and oxidizing properties. After com-
positing, the band edge position was significantly altered in g-C3N4/
B,4C3 and B4C3/g-C3N4 heterojunctions. These properties are further
modified after heterojunction formation, which ultimately make them a
superior photocatalyst [57]. Thus these heterojunctions can be used for
the hydrogen evolution reaction, while the energy edge position can be
further tuned by doping, tensile strength and formation of Z-scheme.
The work function of g-C3N4 and B4C; monolayers and their com-
posites are given in Fig. 8, which can be used to determine the band
alignment in materials. The work function is described as ® = E, - Eg,
where Ey,. is the energy of stationery electrons in vacuum near the
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surface and Er is the Fermi energy. The work function of g-C3N,4 and
B4C3 is 4.474eV and 4.798 eV, respectively. The work function is
lowered in g-C3N4/B4C3 and B4C3/g-C3N4 configurations as 4.65 eV and
4.397 eV, respectively. The lowering of work function suggested that
the electron flow from g-C3N, to B4Cj after contact in order to align the
Fermi energy of two semiconductors. This flow of charge will generate
an internal electric field directed from g-C3N4 to B4Cs. These results
further confirmed the PDOS and EDD results, which predicts the elec-
tron flow from the g-C3N4 to B4C3 in the composite structure. Thus, it
can be inferred that the g-C3N,4 to B,C5 based composite structures will
demonstrate better light harvesting properties and improved charge
separation.

Due to stability and optimum bandgap, we further explored the
behavior of B4C3/g-C3N, system under an external strain. The effect of
strain on the band edge energy position and bandgap of B4C3/g-C3N4
heterojunction was studied in detail. The strain was applied along the x
and y directions and the corresponding band edge energy and bandgaps
results are given in Figs. 9 and S5, respectively. Interestingly, the
bandgap was substantially modified by applying an external strain
along the x-direction (Fig. 9). The strain effect was minimal along the y-
direction, however, still pronounced when compared with no strain.
Moreover, with increasing negative strain, the bandgap was observed to
decrease (1.29 eV; @-0.5 % strain) initially which the nonlinearly in-
creased up to 2.56 eV (strain = -2 %) in contrast to no strain (2.45 eV).
However, the positive strain decreased the bandgap nonlinearly. A si-
milar behavior was observed along the y-direction, however, a rela-
tively small effect was observed. This can be explained as; once the
strain is applied, the lattice structure and atomic position of elements,
which constitute a material framework are altered [58,59]. These
changes in the geometry of atoms induce variation in the atomic energy

Fig. 8. Electrostatic potential of g-C3N4 monolayer (a), B4C; monolayer (b), g-C3N4/B4C3 (c) and B4C3/g-C3N, (d) heterojunctions.
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Fig. 9. Effect of applied strain on the band edge energy position of B4C3/g-C3N4 heterojunction.

levels, which will ultimately affect the VBM and CBM. According to the
bandgap values and band energy edge position, the electrical and
photocatalytic properties of these heterojunctions can be manipulated
by applying an external strain, which offer a range of possibilities for
the optical and electrical device engineering.

The effective mass of photoinduced charge carriers, i.e., holes and
electrons significantly affect the photocatalytic performance of the
photocatalytic materials. It has been well thought out that the photo-
catalytic performance of semiconductor materials is determined by the
mobility and separation of photoinduced hole-electron pairs [60,61]. In
this way, the effective masses of holes (m,*/m,) and electrons (m.*/m,)
ascertain their capability to migrate [62]. Therefore, the effective
masses can be used to determine the photocatalytic efficiency of ma-
terials. The effective masses of electrons and holes were calculated by
using the Eq. (13):

m* =h? (@)_1
dk? 13)

Where h is the reduced Plank constant, E is the band edge energy, and k
is the wave vector. The corresponding E-k diagrams were fitted along
the valence band maximum (VBM) and conduction band minimum
(CBM) to calculate the m* of electrons and holes respectively. The re-
sults are given in Table 2. The effective mass of electron is smaller than
that of holes for the g-C3N, monolayer along the high symmetry G—F
path. A similar behavior was observed for the G—Z path. The mobility
of charge carriers (i) is inversely proportional to the effective masses,
which can be expressed by Eq. (14):

qr

m* 14)

Where g and 7 are the charge number and scattering time, respectively.
According to this equation, a low effective mass indicates a high mo-
bility, which will eventually improve the charge migration. Thus, it can
be inferred that electrons are more mobile than holes in pure g-C3N4
monolayer. Also, there is a small difference in the hole-electron effec-
tive masses along the different directions, which suggest anisotropy. On
the contrary, the effective mass of electrons is heavier than holes in
B4Cs, which suggest a greater hole mobility in B4C3 than pure g-C3Ny.
Additionally, the hole-electron effective masses in B4,C3 are almost si-
milar in different directions, which suggested an isotropy in B4C3. When
the B4,C3 and g-C3N, are combined to form the heterojunction, the

l,[:

Table 2

effective mass of electron and holes are significantly affected. For ex-
ample, the effective mass of electrons and holes in B4C3/g-C3N4 de-
creased to 0.76 and 1.16 in G—F direction. Similar behavior could be
seen in G—Z direction. Thus, the photogenerated hole-electron pairs
are anticipated to be more mobile in B,C3/g-C3N4 heterojunction con-
trasted to g-C3N,4 monolayer, which suggest that the charge separation
process in B4C3/g-C3N,4 heterojunction is improved. The average re-
lative ratio (D = my*/m,*) between the effective mass of electrons and
holes in different directions is also given in Table 2. For the most part, a
high D value signifies the low recombination rate and greater mobility
of the photogenerated hole-electron pairs. The given values suggest that
the relative ratio of B4C3/g-C3Ny4 is greater than g-C3N4 and B4Cs
monolayers, which further evidences the effective charge separation
process in B4C3/g-C3N,4 heterojunction.

3.4. Adsorption of a single water molecule

A significant aspect in photocatalysis will be the behavior of water
molecules on a photocatalyst surface. In many surface catalyzed reac-
tions, the adsorption of water molecules is crucial, which are consumed
to generate reactive species, e.g., super oxide (+*O,—) and hydroxyl (*OH)
radicals [63]. In order to elaborate the photocatalytic properties, we
studied the interaction of a single water molecule with g-C3N,4 and B4C3
based heterojunctions. Initially, we searched for the most stable con-
figuration of a water molecule on both the g-C3N,/B4C3; and B4Cs/g-
C3N, composites. The configuration, which exhibit the highest ad-
sorption energy (E,.qs) values were selected for the band structure and
density of state calculation. Different adsorption configurations of a
single water molecule on the g-C3N4/B4C3 composite is given in Fig. S6.
The E,.q4s values are also given. The configuration in which the water
molecule is attracted to the hexacoordinated boron (B1) layer through
the Oyater—B1 bond exhibit the highest E, 45 value (0.573 eV) (Fig. S6a).
The distance between the B1 and Oyyater is 2.37 A. In the other config-
urations (Fig. S6b and S6¢), the E,4s values are in the similar range,
however, all of these adsorption energy values exhibited a relatively
weak interaction. The O—H bond distance (0.967 A) and H—O—H bond
angle (103.399°) in an isolated optimized water molecule (Fig. S7)
changed to 0.97 A and 103.303" in the adsorbed configuration. It can be
inferred that the water molecule is only weakly adsorb on g-C3N4/B4C3
composite, in which the B,C3; monolayer is the surface layer. When g-

Effective mass of electrons and holes of isolated g-C3N4 and B4C3 monolayers, and B,C3/g-C3N,4 heterojunction. The relative ratio of holes and electrons is also given.

Where m, is the rest mass of electron.

m.*/m, my*/m, m,*/m, my*/m, Relative ratio (D)average
G—F G—Z G—F G—Z G—-M G—K G—M G—K

g-C3Ny 0.98 1.0 1.34 1.54 1.45

B4C3 0.51 0.53 0.13 0.11 0.23

B4C3/8-C3Ny 0.76 0.76 1.16 1.31 1.62
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Fig. 10. Adsorption of a single water molecule on B4C3/g-C3N4 heterojunction.

C3N,4 was used as the top layer in the heterostructure, a tremendous
increase in the E,qs values was observed (Fig. 10). All of the config-
urations exhibited a high E.4s value, in contrast to the g-C3N4/B4Cs
configuration. The configuration in which the Hy, is attracted to-
wards the space between N2 atoms in g-C3N4 monolayer displayed the
highest E,4s value (2.68 eV) (Fig. 10b). Such a high adsorption value
suggested that g-C3N4 has the ability to chemically adsorb the water
molecule, which will eventually facilitate the water splitting reaction.
The distance between H,, 4 and surface N is 1.903 A. The O—H bond
distance and H—O—H bond angle is 0.983 A and 104.518°, respectively,
which confirmed the strong attraction of the water molecule towards
the g-C3N,4. We also compared the adsorption of water molecule on an
isolated g-C3N4 monolayer. The most stable adsorption configurations
for a single water molecule on the isolated g-C3N4 monolayer are given
in Fig. S8. The isolated g-C3N, monolayer exhibited a poor absorptivity
for a single water molecule, in contrast to the B4C3/g-C3N4 hetero-
junction. Thus, it can be inferred that, due to vdW interaction and
charge redistribution in the composite framework, the adsorption
capability was greatly improved for a single water molecule.

The electronic band structure, DOS, and electron density for the
stable configuration is given in Fig. S9. The bandgap of g-C3N4/B4Cs;@
H,0 increased to 2.872eV compared to g-C3N4,/B,4C; composite
(2.537 eV) (Fig. S9a). This increase by 0.335 eV confirmed the affinity
of the water molecule with the g-C3N,/B4Cs. The PDOS of g-C3N,/
B4C3@H-0 system showed a strong hybridization of the CB orbitals of
the water molecule near the CB of g-C3N,4/B4Cs (Fig. S9b). The lower CB
is occupied by the B2p states, which will likely interact with the water
molecules. The band structure and PDOS of B4C3/g-C3N4,/@H,0 are
given in Fig. S9 (d, e). The bandgap value in this case is 2.635 eV, which
is high in contrast to the bandgap value of B,C3/g-C3N4 (2.459 eV).
Also, the PDOS shows a strong coupling in the VB, which further con-
firmed the adsorption results. These results demonstrate that the effi-
ciency of the B,C3/g-C3N,4 composite for the photocatalytic reactions.
The electron density of the g-C3N,4/B4,C3@H,0 and B,C3/g-C3N4/@H,0
is given in Fig. S9c and Fig. S9f respectively. It can be seen that more
electron density is populated around (can be described as a strong in-
teraction) the water molecules and g-C3N,4 (Fig. S8f) in contrast to the
B4C3@H-0 configuration (Fig. S9¢). Based on these results, the B4C3/g-
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C3N, configuration can be proved as a best visible light photocatalyst,
with improved light harvesting capability, optimum bandgap value,
superior charge separation process, and a strong affinity towards the
surface adsorbed water molecules. We further studied the interaction of
water molecules with the B4C3/g-C3N,4 heterojunction by increasing the
number of water molecules. It was observed that E,qs decreases with
increasing number of water molecules, while a strong distortion was
observed in the g-C3N,4 layer. The E,4s per water molecule is calculated
as 1.78 eV, when two water molecules are adsorbed on B4C3/g-C3Ny4
surface (Fig. S10b). When the number of water molecules is further
increased to three, the adsorption energy further decreased to 1.36 eV.
The adsorption energy per molecule in the case of six water molecules is
calculated as 0.819eV (Fig. S10f), which suggests that increasing
number of water molecules lowers the adsorption enenrgy per water
molecule. Despite these variations, the B4C3/g-C3N, demonstrate a
strong interaction with the water molecules.

Finally, the catalytic activities of B4Cs, g-C3N, and B4C3/g-C3Ny
were studied towards the HER. Based on the different chemical en-
vironment of B, N, and C atoms, the adsorption of atomic hydrogen will
be different. Therefore, the free energy values were calculated for the
most favorable sites, which demonstrate the site selective HER activ-
ities. The adsorption configurations of a hydrogen atom on isolated
monolayer and B,C3/g-C3N,4 heterojunction is presented in Fig. 11. The
HER comparison between free energy (AGy-) at different adsorption
sites is given in Fig. 12. In the case of pure g-C3N, monolayer, the AGy-
is +0.107eV, +1.158eV, and +0.108eV corresponding to site_A,
site_B, and site_C, respectively. Thus, it can be inferred that the site_A is
the most active site for the HER on pure g-CsN,. However, the free
energy value is positive, which means that the reaction is a non-spon-
taneous process. The bond length between N and H (N—H) is recorded
as 1.038 A, while the site_B gives a relatively weak interaction between
the C and H atoms. In the case of isolated B4,C; monolayer, three ad-
sorption sites were identified, including C and B of the hexagonal ring
and B coordinated to three C atoms in the middle of a hexagonal ring.
The corresponding AGy- for site_A, B, and C were calculated as +1.34,
+0.96, and -0.22 eV. Based on these calculated values the site_C is the
most active site for the HER reaction. Also, the negative free energy
value suggest that the reaction is spontaneous on B4Cs. In this regard, it
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Fig. 11. Different adsorption configurations of H on g-C3N,4, B4C3, and B,C3/g-C3N,4 heterojunctions.

Fig. 12. Calculated site selective free energy diagram for the hydrogen evolu-
tion reaction on g-C3N, and B,C3; monolayers and B4C3/g-C3N,4 heterojunction
at standard conditions (U = 0 relative to the standard hydrogen electrode,
pH =0, and T =298.15K).

can be inferred that B,Cs; will demonstrate good HER activity, in con-
trast to g-C3N,4. The HER activity of g-C3N4 was significantly improved
when combined with B,C3 (i.e., B4C3/g-C3N,4 heterojunction). The site
selective HER activity suggested that site_C is the most active site for
the HER (AGy+ = -0.10eV). This value is quite high for the HER in
contrast to many other recently reported values [64-66]. The AGy+ for
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site _A and site_B were calculated as -0.2 eV and +0.32 eV, respectively.
The HER activity demonstrated a significant boost than pure g-C3N, and
B,4C3, which suggested that heterojunction formation between B4C3 and
g-C3Ny4 not only improved the water adsorption but the HER activity. In
this study, the constant Ezpr —~TAS value (0.24 eV) was used, which has
been previously used in several studies [43,67,68].

4. Conclusion

Periodic DFT calculations of the g-C3N4 and B4C; monolayer and
their composites were carried out using different configurations, which
included either g-CsN,4 or B4Cs as the top layer. The electronic band
structure, PDOS, EDD, and optical properties were simulated. Also, the
adsorption of a single water molecule on the optimized composite
structures was simulated to study the interaction of a single water
molecule. At first, the bandgap values of the composite structures were
significantly decreased in contrast to isolated g-C3N4 monolayer. Next,
the optical absorption edge of g-C3N,4 was engineered to extend towards
the visible region, which will undoubtedly improve the visible light
photocatalytic activity. Also, the calculated band edge position of the
composite structures further confirmed the suitability of our proposed
B4C3/g-C3N,4 heterojunction for the visible light photocatalysts and
water splitting reactions. The results suggested that the configuration in
which the g-C3N, is grown on the top of the B,C3; monolayer exhibited
more thermodynamic stability. The effective mass of electron and holes
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were significantly improved in B4C3/g-C3N,4 heterojunction compared
to isolated B4C3 and g-CsN4 monolayers, which suggested high charge
carrier mobility and charge separation. Also, the adsorption of a single
water molecule on the B4C3/g-C3N4 composite demonstrated a high
adsorption energy (2.68 V) in contrast to the isolated g-C3N4 mono-
layer (1.40 eV). The site selective HER activity suggested that B,C3/g-
C3N, heterojunction exhibit a better AGy- = -0.10eV, in contrast to
isolated B4C3 (AGy+ = -0.22eV) and g-C3N4 (AGy- = +0.108eV)
monolayers. Our study suggested, that B4C3/g-C3N,4 could prove an
efficient metal free visible light photocatalyst, with an optimum
bandgap value and improved charge transfer and separation properties.
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