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ABSTRACT: The van der Waals heterostructures fabricated in two
semiconductors are currently attracting considerable attention in
various research fields. Our study uses density functional theory
calculations within the Heyd—Scuseria—Ernzerhof hybrid functional to
analyze the geometric structure and electronic structure of the g-C;N,/
BiOBr(001) heterojunction in order to gain a better understanding of
its photocatalytic properties. The calculated band alignments show that
g-C;N,/BiOBr can function as a type-II heterojunction. In this
heterojunction, the electrons and holes can effectively be separated at
the interface. Moreover, we find that the electronic structure and band
alignment of g-C;N,/BiOBr(001) can be tuned using external electric d—
fields. It is also noteworthy that the optical absorption peak in the
visible region is enhanced under the action of the electric field. The

electric field may even improve the optical properties of the g-C;N,/BiOBr(001) heterostructure. Given the results of our
calculations, it seems that g-C;N,/BiOBr(001) may be significantly superior to visible light photocatalysis.

1. INTRODUCTION thermal and chemical stability.'” However, pure g-C;N, is
limited by its poor light absorption and high recombination
rate of photogenerated electron—hole pairs, which restricts its
application as a visible light catalyst. There are numerous
approaches to improving the efficiency of photocatalysis.
Among these, the construction of heterojunction structures has
been considered a powerful way to modify the atomic and
electronic structures of photocatalysts to accelerate electron—
hole separation and transport. During the formation of a
heterojunction between g-C;N,, a potential difference is
formed between the VB and the conduction band (CB) at
the interface. When exposed to visible light (>400 nm)
irradiation, electrons are easily excited in g-C;N,, and they can
quickly form holes—electron pairs in this material. The
photogenerated electrons are transferred to the CB of another
semiconductor when the interaction between the potential
differences occurs, thereby suppressing the recombination of
photogenerated carriers. Therefore, g-C;N,-based heterojunc-
tions have attracted extensive research interest since they are
effective visible light catalysts.”"~>’

The use of photocatalysis has recently attracted much attention
due to its significant potential for applications such as solar
energy utilization and the elimination of pollutant pollu-
tants,' > which is both green and efficient. The solar utilization
efficiency of pure semiconductor photocatalysts such as
TiO,%” ZnO,® and SrTiO;”'" is hampered by their wide
band gap, which negatively impacts solar utilization. In spite of
this, BiOBr possesses better photocatalytic oxidation and
reduction activities due to its band gap, which is appropriate
for visible light irradiation (~2.8 eV)."'~'* The indirect
transition band gap of BiOBr can reduce the probability of
recombination between excited electrons and holes since the
excited electrons must travel a certain distance across the k-
space to be emitted into the valence band (VB) once excited."
Additionally, it possesses a highly anisotropic layered crystal
structure with double Br™ layers and [Bi,O,]*" layers arranged
alternately along the c-axis in a [-Br—Bi—O—O—Bi—Br—]
arrangement. The layers are stacked on top of each other by
the forces known as van der Waals (vdW) forces. Therefore,
the BiOBr lamellar structure is relatively sparse, and the

modified lamellar structure is readily dissociated along the Received: July 7, 2022
direction (001).16—18 Accepted: September 23, 2022

Published: October 4, 2022

It has been demonstrated that graphitic carbon nitride (g-
C;N,), investigated for hydrogen evolution and environmental
purification under visible light, provides excellent photo-
catalysis capabilities due to its 2.7 eV band gap and high
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Figure 1. (a) Structure of the g-C;N, monolayer. The red line shows the cell used for the calculation and the black and blue balls represent C and
N atoms, respectively. (b) TDOS and PDOS of the g-C;N, layer. (c) BiOBr(001) surface. The purple, red, and brown balls represent Bi, O, and Br
atoms, respectively. (d) TDOS and the corresponding PDOS of the BiOBr(001) facet.

The g-C3N, and BiOBr semiconductor bands are found to
overlap in previous studies, and these results are expected to
continue. It is believed that their energy levels are well-
matched and suitable for making heterojunction catalysts that
respond to visible light. The experiment demonstrated that the
g-C;3N,/BiOBr heterojunction had good photocatalytic activity
for the photode§radation of organic contaminants (such as
rhodamine B).”*7** Nevertheless, the mechanisms for
improving the photocatalytic performance of the suggested
samples are different. Yan et al.** have found that the holes
(b*) in the VB of BiOBr could directly oxidize organic
pollutants. According to Zhang et al,”' the composite interface
created a powerful built-in electric field. Using the combined
effects of band edge bending and Coulomb forces to form a
BiOBr/g-C;N,, heterojunction with an S-type charge-transfer
pathway, the researchers found that their system displayed
significantly improved catalytic activity. Interestingly, Huang et
al.’* showed that the BiOBr/g-C;N, photocatalyst enhanced
the redox ability of the photogenerated electrons and holes
through an indirect Z-scheme photocatalytic mechanism. This
results in significantly increased photodegradation activity of
rhodamine B, bisphenol A, and tetracycline under light-
emitting diode illumination. However, the reason for the
improved photocatalytic performance is still unclear. There-
fore, the mechanism of improving the photocatalytic perform-
ance of BiOBr/g-C;N, heterojunctions needs to be explored.

Our work here studies g-C;N,/BiOBr(001) using Heyd—
Scuseria—Ernzerhof (HSE) hybrid density functional theory
(DFT) calculations to understand its geometry, electronic
structure, and photocatalytic properties. The calculated band
alignments show that the g-C;N,/BiOBr can function as a
type-II heterojunction. This heterojunction allows the

electrons and holes to be separated at the interface. Moreover,
we find that the electronic structure and band alignment of g-
C3N,/BiOBr(001) can be tuned with external electric fields. It
is also noteworthy that the optical absorption peak in the
visible region is enhanced under the action of the electric field.
The electric field may even improve the optical properties of
the g-C;N,/BiOBr(001) heterostructure. Our results will
further the understanding of the enhancement mechanism of
the photocatalytic properties of the g-C;N,/BiOBr(001)
heterostructure.

2. CALCULATION METHODS

In order to conduct the first-principles calculations, we used
the Vienna ab initio simulation package (VASP)***” along
with the projector-augmented wave (PAW) method,”® based
on the DFT. In order to perform the structural relaxation and
self-consistent calculations, the generalized gradient approx-
imation (GGA),*” based on the Perdew—Burke—Ernzerhof
(PBE) functional, is employed.”” It is also important to
mention that since all band structures and optical properties
are calculated based on HSE functionals,*' 85% semi-local PBE
exchange, and 15% exact non-local Hartree—Fock exchange,
this method can avoid underestimating the band gaps in GGA-
PBE calculations. Because standard PBE functionals do not
describe the weak interactions well, an empirical correction
scheme of the DFT-D3(BJ) method in the Grimme scheme is
used for nontrivial vdW interactions.”* A dipole correction™ is
employed to compensate for the dipole interactions. A kinetic
energy cutoff of 550 eV is used, and a 1 X 3 X 1 Monkhorst—
Pack k-point grid is used for the first Brillouin zone sampling.
We relaxed all geometries to their full extent, and the energy
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Figure 2. g-C;N,/BiOBr(001) heterojunction structure before (a) and after geometry optimization (b). (c) Electron localization function (ELF)
and (d) TDOS and PDOS of the g-C;N,/BiOBr(001) vdW heterojunction. All the TDOS and PDOS are calculated by using the HSE06 function.

The vertical lines indicate the Fermi levels.

convergence criteria are set to 107* eV and the force
convergence criteria are set to 0.03 eV/A. An additional
vacuum spacing of 15 A is added along the direction
perpendicular to the 2D nanosheet to avoid interference and
periodic impacts between neighboring layers. It is possible to
use external electrostatic fields for slab calculations or
molecular calculations based on manipulating the dipole
moment in a slab. Adding an artificial dipole layer in the
middle of the vacuum in the z-direction is performed to
simulate the effect of the in-plane electric field.

3. RESULTS AND DISCUSSION

3.1. g-C3N,/BiOBr(001) Heterojunction. First, we
investigated the structures of g-C;N, and BiOBr(001)
sequentially, as shown in Figure 1, before expounding upon
the g-C;N,/BiOBr(001) heterojunction properties. By opti-
mizing the original cells of g-C;N, and BiOBr(001), we
obtained the lattice constants of a = 4.74 A for the g-C;N,
monolayer and a = 3.86 A and ¢ = 5.62 A for the BiOBr(001)
surface (Figure lab). It has been shown that the Br-
termination BiOBr(001) surface has a significantly lower
surface energy than the BiO-terminated BiOBr(001) surface.'!
Hence it is highly likely to be integrated into ultrathin
nanosheets (Note S1). Thus, in order to build ultrathin 2D
hybridized-layered heterojunctions composed of g-C;N,/
BiOBr(001), BiOBr(001) with Br termination is selected.
We also perform the ab initio molecular dynamics (AIMD)

simulations** at 300 K for 8 ps with 8000 time steps to test the
thermal stability of g-C3N,/BiOBr(001) (Note S2).

To obtain more accurate electronic structure analysis results,
we calculated the total density of states (TDOS) and partial
density of states (PDOS) of g-C;N, and BiOBr(001) using the
HSE method, and the results are shown in Figure 1lc,d,
respectively. The calculated band gaps are 2.71 eV for the
monolayer of g-C;N, and 2.99 eV for the BiOBr(001) surface.
Compared to the experimental and theoretical values of 2.78
and 2.94 eV, respectively, previously reported in the
literature,”* they are in good agreement. The computation
method we have chosen is reasonably practical and feasible.
Figure 1c,d show sthat the VB of g-C;N, is occupied by N 2p,
while the CB is made up of the hybridized C 2p and N 2p
orbitals. While Br 4p mainly occupies the VB of BiOBr(001)
and O 2p and Bi 6p orbitals, the CB is composed of the Bi 6p
orbital track composition.

In this study, we present an ultrathin g-C;N,/BiOBr(001)
heterojunction achieved by stacking g-C;N, on top of
BiOBr(001) in the vertical direction with the consideration
of the vdW interactions. The 5 X 2 rectangular cells of
BiOBr(001) with a dimension of 19.615 A X 7.846 A are
employed, which can be matched with 24/3 % 1 cells of the g-
C;N,(001) monolayer. It resulted in a very small mismatch in
the crystal’s lattice structure (x-direction: 3.3%, y-direction:
4.7%). There are 116 atoms in a single cell (Figure 2a) in the
g-C;N,/BiOBr(001) heterojunction. When the heterojunction
structure is completely relaxed, the interaction between the g-
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C;N, monolayer and the BiOBr(001) surface results in g-C;N,
flakes with a slightly irregular shape (Figure 2b), and the
interlayer distance remains the same at 2.95 A, which is a vdW
distance.” ™ This can be further proved by the electron
localization function (ELF), as shown in Figure 2c. The yellow
area is one of the strongest sites of electron localization. We
can see that the highest degree of electron localization is
observed in the bonding region of monolayer BiOBr(001) and
monolayer g-C;N,. Almost no electron localization is observed
in the interface region, which clearly illustrates that g-C;N,/
BiOBr(001) is subject to vdW interactions at the hetero-
junction interface, and no chemical bonds are formed there.

In order to evaluate the stability of the heterojunction as well
as to characterize the interlayer interaction intensity, we
calculated the interfacial adhesion energy [E(ab)] using the
following equation™

E(ab) = {E(comb) — E[g-C;N,] — E[BiOBr(001)]}/A

(1)
where E(comb), E[g-C;N,], and E[BiOBr(001)] denote the
total energy of the relaxed g-C;N,/BiOBr(001), pristine g-
C;N, monolayer, and Br-terminated BiOBr(001) Ilayer,
respectively, and A denotes the surface area. A 0.14 eV/A”
correlation between g-C;N, and the BiOBr(001) surface
indicates that these interfaces are stable.

To investigate the possible reasons for the high photo-
catalytic activity of g-C5N,/BiOBr(001), we have examined its
TDOS and PDOS, as shown in Figure 2d. The band gap of the
g-C;N,/BiOBr(001) heterojunction is reduced to approx-
imately 1.68 eV after forming the hybrid interface. This
indicates an increase in the charge transfer efficiency from the
VB to the CB of the g-C;N,/BiOBr(001) heterojunction. In
Figure 2d, it is clearly shown that the valence band maximum
(VBM) of g-C;N,/BiOBr(001) is primarily occupied by N 2p
and C 2p orbitals, whereas Bi 6p orbitals occupy the
conduction band minimum (CBM). In addition, additional
evidence may be obtained from the decomposed charge
densities of the CBM and VBM. As shown in Figure 3, the

'
'
'
'
'
'
'
'
'

_____________________________________

Figure 3. Partial charge density of the CBM (a) and the VBM (b) for
the g-C3N,/BiOBr(001) heterojunction. The isosurface value is
0.0003 e/A°. The labeling of the atoms is the same as that in Figure 1.

VBM is derived from C and N atoms, while the CBM
originates from Bi atoms, respectively. It has been found that
the VBM of BiOBr(001) is lower than that of g-C;N,. In
comparison, the CBM of g-C;N, is higher than that of
BiOBr(001). Based on the analysis above, we have found that
the g-C;N,/BiOBr(001) heterojunction has a typical type-II
energy band arrangement structure. The electron—hole pairs

with the lowest energy will spontaneously separate in the type-
II heterojunction. This means that the g-C;N,/BiOBr(001)
heterojunction exhibits greater photoresponse to visible light
than the g-C;N, monolayer or pristine BiOBr(001).

The Fermi levels of g-C;N,, BiOBr(001), and g-C3N,/
BiOBr(001) heterojunctions are —3.43, —3.34, and —1.25 eV,
respectively. The Fermi level change significantly implies
charge redistribution after g-C;N, coupling to the BiOBr(001)
surface. To further confirm this result, the planar average
differential charge density of g-C; N4/ BiOBr(001) is calculated
according to the following formula*®

Ap = /pT(x, ¥, z)dx dy — priOBr(x, y, z)dx dy

— _/pg-C3N4(xr b2 Z)dx dy (2)

where PT(%}’,Z); pBiOBr(x)J’JZ); and pg—C3N4(x))’;Z) represent the
charge densities of the g-C;N,/BiOBr(001) heterojunction,
BiOBr(001) surface, and g-C;N, monolayer, respectively.
According to this definition, the positive/negative values of
Ap represent charge accumulation/depletion, respectively. As
shown in Figure 4, the Ap distribution along the z-direction

3

Ap(107%e/A%)

Figure 4. Planar-averaged differential charge density Ap(z) and 3D
charge density differences of the g-C;N,/BiOBr(001) heterojunction.
The yellow and cyan regions represent charge accumulation and
depletion, respectively, and the isosurface value is 0.0003 e/A> The
labeling of the atoms is the same as that in Figure 1.

(vertical to the interface) is shown. In this figure, the pink line
indicates the change in charge density along the Z direction for
the plane-averaged charge density difference along the Z
direction. Electron accumulation occurs when the values are
positive, while electrons are depleted when the values are
negative. The charge density changes at the interface,
indicating that electrons are transferred from the g-C;N, side
to the BiOBr(001) side, while holes remain in the g-C;N, side.
Moreover, we can clearly observe this transition from the 3D
charge density difference between g-C;N, and BiOBr(001).
On the left side of Figure 4, the isosurface value represents a
value of 0.0003 e/A% and the yellow and cyan regions indicate
the accumulation and depletion of charge, respectively. In
addition, the Bader charge analysis*’ further confirmed the
charge transfer from g-C;N, to the BiOBr(001) slab. This
analysis showed that 0.07¢ is transferred from g-C;N, to the
BiOBr(001) slab. A net charge accumulation at the interface
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Figure 6. Schematic diagram of the energy band edge positions before and after the contact between g-C;N, and BiOBr(001) and the charge
separation at the interface of C;N,/BiOBr(001) under visible light irradiation, where ® is the work function, E. is the bottom of the CB, Ey is the

top of the VB, and E, is the band gap.

results in the formation of an electric field, favoring the
separation of electrons from holes.

A band alignment is an essential indicator for studying
heterojunctions and their practical applications. The work
functions of g-C;N,, BiOBr(001), and g-C;N,/BiOBr(001)
are calculated to understand this alignment process of the
heterojunction better. The work function is defined as ® = E
— Eg, where E,,. denotes the energy of the stationary electron
near the surface in a vacuum and Ej is the Fermi level.”*>*
The work functions of the g-C;N, monolayer, the BiOBr(001)
surface, and the g-C3;N,/BiOBr(001) heterojunction are
shown in Figure Sa—c. According to our calculations, the
work functions of g-C;N,, the BiOBr(001) surface, and the g-
C;N,/BiOBr(001) heterojunction are 4.63, 7.12, and 6.19 eV,
respectively. There can be a significant potential drop (4.40
eV), resulting in the electron being driven from g-C;N, to

BiOBr(001), resulting in positively charged g-C;N, and
negatively charged BiOBr(001). A spontaneous interfacial
charge transfer occurs when the g-C;N, layer reaches equal
Fermi levels with the BiOBr(001) layer, forming an internal
electric field in the interface between the two layers. At the
same time, the energy bands of g-C;N, shift upward by 1.56
eV, while the energy bands of BiOBr shift downward by 0.93
eV along with their own Fermi level. Consequently, the CBM
of BiOBr(001) increases, which is higher than that of g-C;N,.
However, the VBM of g-C;N, decreases, which is lower than
that of BiOBr(001). These results agree with the previously
discussed differences in charge density and the Bader charge
analysis.

Figure 6 shows a schematic diagram of the energy band
structures of g-C;N, and BiOBr(001) before and after contact.
To discuss the charge transfer at the interface and the energy
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level matching between the separated two components, the
band edge energies of the CB and VB of g-C;N,, the
BiOBr(001) surface, and the g-C;N,/BiOBr(001) hetero-
structure are calculated according to the following equation™’

Egz=y—-E;,— O.SEg (3)

Eyy = Ecg + Eg (4)

where y refers to the absolute electronegativity of the
semiconductor and Ecp, Eyp, and E; are the CB and VB
edge potentials and the band gap of the semiconductor,
respectively. E, is the scaling factor relating the redox level of
the reference electrode to the absolute vacuum scale (AVS)
[E, = 4.5 eV for the normal hydrogen electrode (NHE)]. The
relationship between Eyyg and E,ys is defined as Exys = —Enp
— E,. The y values of g-C;N, and BiOBr(001) are 4.67°° and
6.18 eV,>" respectively. The E, values of g-C;N, and
BiOBr(001) sheets are 2.71 and 2.99 eV, respectively.
According to 4, the CB and VB edge potentials of g-C;N,
are —1.19 and 1.53 eV, respectively, relative to the NHE.
Furthermore, the CB and VB edge potentials of BiOBr(001)
are 0.19 and 3.18 eV, respectively, relative to the NHE. As
shown in Figure 6 (left), all the positions of the energy band
edges for g-C;N, and BiOBr(001) are calculated before
contact. Under visible light irradiation, electrons are photo-
excited from the VB to the CB for the g-C;N, and BiOBr(001)
layers. As shown in Figure 6 (right), the g-C;N,/BiOBr(001)
heterojunction absorbs light energy, which excites electrons in
the VB to the CB, thus causing holes to be left in the VB. Some
photogenerated electrons generated by the g-C;N, layer will
continuously flow into the CB of BiOBr(001). At the same
time, some photogenerated holes generated by BiOBr(001)
will move to the VB of g-C;N,. This will result in the
accumulation of holes at the VB of g-C;N, and the
accumulation of electrons at the CB of BiOBr(001). Due to
this, the photogenerated e~ and h* are effectively separated
into different surfaces by the built-in electric field. It is thought
that spatial separation inhibits the recombination of e”/h* and
increases the lifetime of photogenerated carriers, thereby
improving the quantum efficiency of photocatalysis.”*
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In order to evaluate the photocatalytic water splitting activity
of g-C;N,/BiOBr(001), we compared the partitioned band
edge potentials with the oxidation and reduction potentials of
the g-C;N, and BiOBr(001) layers. According to thermody-
namic requirements, the decomposition of water can only
occur when the CBM of the electronic structure is higher than
the reduction potential of H*/H, (0 V vs NHE at pH = 0).
The VBM of the electronic structure is higher than the
oxidation potential of O,/H,0 (1.23 V vs NHE at pH = 0). It
is found that before contact, the CBM and VBM potentials of
BiOBr(001) are 0.19 eV higher than the reduction potential of
H*/H, and 1.9 eV higher than the oxidation potential of O,/
H,O, respectively, indicating that the BiOBr(001) is only
suitable for the oxygen evolution reaction (OER).

As the CBM and VBM potentials of g-C;N, are 1.19 and 0.3
eV lower than that of H'/H,, respectively, they indicate that g-
C;N, has enough oxidation and reduction potentials to act on
water. According to the Fermi level changes, the relative
positions of the CB and VB of g-C;N, and BiOBr(001) change
after contact. For g-C;N,, the CBM potential (—1.58 V) is
lower and the VBM potential (2.05 eV) is higher than the
values before the heterojunction is formed. According to these
results, g-C;N, in the heterojunction is more active for the
hydrogen evolution reaction and the OER. BiOBr(001) has a
CBM potential of 0.16 eV, which is not lower than the
reduction potential of H"/H,. Compared with the oxidation
potential of H,O and O,/H,0, the VBM potential is higher
(2.76 V), indicating a high activity level for OERs. In contrast
to the isolated g-Cy;N, and BiOBr(001), however, the VBM
and CBM values of C;N, after the heterojunction is formed is
slightly lower than those before. The g-C;N,/BiOBr(001)
heterojunction is more suitable for photocatalytic water
splitting.

3.2. Effect of an External Electric Field. The external
electric field (E-field) is commonly used to modulate the
electronic behavior.”” In order to investigate this, the effect of
the electric field is considered here. An electric field is applied
vertically, and the positive direction of the electric field is
defined as the direction from g-C;N, to BiOBr(001). We
chose to use E-fields that ranged from —0.7 to +0.9 V/A, with
a 0.02 V/A interval between them. Figure 7a shows how the
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band gap of the heterostructure varies as a function of the
electric field (E.). It indicates that the band gap does not vary
monotonically with E,. For 0 < E, < 0.5 V/A, the band gap
increases as E,, increases. However, forE., > 0.5 V/A, the
band gap linearly decreases with E,, increasing. When E,,, is
set equal to 0.5 V/A, the g-C;N,/BiOBr(001) heterostructure
has the maximum band gap of approximately 2.6 eV. Whenever
the negative external electric field is applied, the band gap
decreases as the electric field’s strength increases. Therefore,
the presence of an electric field can modulate the band gap of
g-C;N,/BiOBr(001).

Figure 7b illustrates the effect of the applied electric field on
the band gap of g-C;N,/BiOBr(001) and the CBM and VBM
of g-C;N, and BiOBr(001). They are obtained from the PDOS
of g-C;N, and BiOBr(001) in g-C;N,/BiOBr(001) under the
influence of an electric field (Figure 8). The obtained results
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Figure 8. TDOS of g-C;N,/BiOBr(001) and PDOS of g-C;N, and
BiOBr(001) in g-C;N,/BiOBr(001) under applied electric fields of
(a) 0.7, (b) 0.5, (c) 0.3, (d) 0.1, () 0, (f) +0.1, (g) +0.3, (h) +0.5, (i)
+0.7, and (j) +0.9 V/A.

clearly show that the type II energy band arrangement of the g-
C;N,/BiOBr(001) vdW heterojunction is maintained under
the applied electric field (except for 0.7 and 0.9 V/A). It was
shown that the g-C;N, VBM was not affected by the applied
electric field and remained at —0.16 eV, whereas the g-C;N,
CBM remained relatively unchanged. In contrast, the
BiOBr(001) CBM and BiOBr(001) VBM energies shifted
monotonically upward. Thus, the VBM of the two materials’
crossing points appear at E,, = 0.7 V/A. As a result, this can be
attributed to the change in the local electrostatic potential
energy difference between the two layers that occurs directly
due to the electric field. Thus, when the applied electric field is
—0.7 < E £ 0.9 V/A, the BiOBr(001) layer contributes to the

VBM of heterostructures, unlike the g-C;N, layer, which
contributes to the CBM.

In the case that the vertical electric field E > 0.5 V/A, the
CBM of g-C;N, is still a bit higher than the CBM of
BiOBr(001), and the VBM of BiOBr(001) gradually increases
above the VBM of g-C;N,. For the time being, the
heterostructure consists of the type I band alignment.
According to Figure 8, the TDOS and PDOS of g-C;N, and
BiOBr(001) in external electric fields are indicated. As a result,
it can be seen that the relationship between the band gap of g-
C;N,/BiOBr(001) and the external electric field reveals that
the direction and magnitude of the electric field play a
significant role in the electron transport of the heterostructure.
These results are beneficial for the development of future
photocatalysis technology.

From the frequency-dependent complex dielectric function
of the g-C;N, monolayer, the BiOBr(001) surface, and g-
C,;N,/BiOBr(001), the absorption coefficients can be
obtained.**”® However, more GW (“G” is the one-body
Green’s function, which describes the propagation of a particle
in an interacting system, and “W” is the linear response
dynamically screened Coulomb interaction) and BSE®'
(Bethe—Salpeter equation) calculations for the g-C;N,
monolayer, the BiOBr(001) surface, and g-C;N,/BiOBr(001)
are limited by their expensive computational time in this paper,
which agrees with the previous study®® (Note S3). Figure 9a
shows frequency-dependent absorption coeflicients for g-C;N,
monolayers, BiOBr(001) surfaces, and g-C;N,/BiOBr(001).
They range between 0 and 3.6 eV when calculated using the
HSE method in the [001] direction. An isolated g-C;N, sheet
exhibits clear absorption above 2.7 €V, as was observed in a
previous study.”> In the case of BiOBr(001), the absorption
edge has been calculated to have a value of approximately 2.3
eV. It appears that the g-C;N,/BiOBr(001) heterojunction
absorbance is significantly improved compared to that of g-
C;N, and BiOBr(001), with an absorption edge of
approximately 2.15 eV. This enhanced performance is possible
because electrons are directly excited from the CB of the g-
C;N, layer to the VB of the BiOBr(001) sheet. These results
are consistent with the electronic properties above and
previous experiments.64

In this study, we calculated the variation of the absorption
coefficient a(w) of g-C;N,/BiOBr(001) along the z-direction
for different electric field strengths (—0.7, —0.5, —0.3, —0.1, 0,
+0.1, +0.3, +0.5, +0.7, and +0.9 V/A), which is shown in
Figure 9b. According to the results, the optical absorption in
the z-direction exhibits strong light absorption in the visible
light region and is highly sensitive to the electric field. When
the electric field is —0.7, —0.5, —0.3, —0.1, and +0.5 V/A,
compared with the optical absorption of the heterostructure
without an electric field, we found a significant red shift at the
absorption edge. Nevertheless, the absorption edge is blue-
shifted when the electric field is +0.1, +0.3, +0.7, and +0.9 V/
A. Under an electric field, the peak of light absorption is
significantly enhanced in the visible light region. Our results
suggest that g-C5N,/BiOBr(001) can be improved optically by
applying an electric field.

4. CONCLUSIONS

Here, we theoretically investigated the geometric structure,
electronic structure, and photocatalytic properties of g-C;N,/
BiOBr(001) by HSE hybrid DFT calculations. We demon-
strated that g-C;N,/BiOBr could function as a type-II
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Figure 9. (a) Calculated absorption coefficients for g-C;N,, BiOBr(001), and g-C;N,/BiOBr(001) using the HSE06 method. (b) Absorption
coefficients for g-C;N,/BiOBr(001) under E-field values of —0.7, —0.5, —0.3, —0.1, 0, +0.1, +0.3, +0.5, +0.7, and +0.9 V/A.

heterojunction. This heterojunction allows the electrons and
holes to be separated at the interface. Moreover, we find that
the electronic structure and band alignment of g-C;N,/
BiOBr(001) can be tuned using external electric fields. It is
also noteworthy that the optical absorption peak in the visible
region is enhanced under the action of the electric field. The
electric field may even improve the optical properties of the g-
C;N,/BiOBr(001) heterostructure. These theoretical studies
may provide new insights into the potential enhancement
mechanism of the photocatalytic activity of g-C;N,/BiOBr-
(001).
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