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Doping: Potential Metal-Free Photocatalyst for
Visible-Light-Driven Overall Water Splitting
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materials are suitable as photocatalysts owing to their appropriate band structures.[6]
For example, Wang et al.[4a] had reported
that g-C3 N4 , with a band gap of 2.70 eV,
could be used to photocatalyze hydrogen
and oxygen from water under visible light
irradiation. This opens an entirely new direction for developing metal-free photocatalysts for overall water splitting.
Among the several 2D materials available, h-BN, an analogue of graphene, has
attracted tremendous interest recently due
to its electronic properties that are distinct
from those of graphene and its superior
mechanical, thermal, and chemical stabilities. However, h-BN is an insulator owing
to its wide band gap of about 5.56 eV.[2a,7]
Unfortunately, the standard band gap of h-BN is far too wide for
eﬃciently utilizing visible light, and thus limits its application in
photocatalysis.[8] Nonetheless, recent experimental and theoretical studies have demonstrated that the band structure of h-BN
can be successfully modiﬁed by various physical and chemical
methods.[3c,9] For example, Li et al.[10] suggested based on theoretical analysis that semi-hydrogenated h-BN was a potential photocatalyst for water splitting under visible light irradiation owing to
a band gap of around 2.24 eV with advantageous conduction band
(CB) and valence band (VB) energies ensuring that the redox potentials of water splitting are both located between the band gap.
However, semi-hydrogenated h-BN permits the hydrogen evolution reaction (HER) because the reduction level is quite close
to the position of CB, indicates a relatively weak driving force.
From an experimental perspective,[3c] it has been suggested that
the control of the carbon concentration in C-doped h-BN to form
various quantities of boron carbon nitrides could provide an additional means of tuning the band structures of h-BN. Huang
et al.[3c] experimentally demonstrated that introducing C atoms
to h-BN (BCN) can eﬃciently narrow the band gap, which is conﬁrmed by our DFT calculations. Although the photocatalytic generation of hydrogen from water under visible light irradiation can
be realized using BCN without using noble metals as a cocatalyst,
the eﬃciency of the oxygen evolution reaction (OER) is still quite
low due to the high energy level of the top of the VB. Similar
results have been found for g-C3 N4 .[4a,11] The inability of conﬁgurations of h-BN with extensive carbon doping modes, including
diﬀerent carbon contents and clustering, to provide a suitable VB
for the OER has also been demonstrated in a theoretical study.[8a]
Therefore, developing C-doped h-BN conﬁgurations with the CB

The band gap of hexagonal boron nitride (h-BN) is far too wide for eﬃciently
utilizing visible light, limiting its application in photocatalysis. The present
study employs ﬁrst principles calculations to demonstrate that the band gap
energies of porous h-BN (p-BN) can be tuned by carbon doping to levels
appropriate for the absorption of visible-light, and that the conduction band
and valence band match well with the potentials of both hydrogen and oxygen
evolution reactions. Importantly, a strategy of carbon doping to improve the
energy level of valence band maximum is also proposed. Moreover, the
carbon-doped p-BN exhibits good separation between photogenerated
electrons/holes and structural stability at high temperatures. The DFT results
help the design of high-performance two-dimensional photocatalysts that
avoid the use of metals.

1. Introduction
The extraordinary electronic properties of single-atomic-layer
graphene sheets successfully isolated by Novoselov et al.[1] has led
to the wide development of two-dimensional (2D) nanomaterials,
such as hexagonal boron nitride (h-BN),[2] BCN,[3] and graphitic
carbon nitride (g-C3 N4 ),[4] in the past few years. These represent
very promising materials due to their peculiar physical/chemical
properties, as well as for their potential applications in diverse areas such as electronics, optoelectronics, energy storage and conversion, and hybrid materials.[5] In particular, a number of 2D
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and VB straddling both the OER and HER levels remains a substantial challenge.
Previous theoretical studies predicted that creating a porous
structure in h-BN could decrease its bandgap but with far less
knowledge about the photocatalysis.[3c,12] On the other hand,
the porous h-BN has attracted more and more attention from
experiments.[13] For example, Gautam et al. had reported a
carbon-doped porous h-BN which was successfully been synthesized using very simple solid state rout and exhibited excellent mechanical properties.[13a] In another study by Xiong
and coworkers, a novel carbon-doped porous boron nitride had
been prepared with the carbon source via calcination under N2
atmosphere.[13b] This metal-free porous materials display excellent performance of dibenzothiophene adsorption, which is attributed to the exposed atoms along the edges of the pores. Very
recently, Wang et al. showed that the band gap of the as-prepared
porous BCN nanosheet ranges from 5.5 to 1.0 eV.[13c] The porous
BN (p-BN) nanosheets exhibit highly speciﬁc surface areas and
show superior capacitive properties when being applied in supercapacitors. Obviously, p-BN has fewer atoms in an equal surface
area and the electronic structures are more sensitive to carbon
doping when compared to h-BN.
In light of the above discussion, the present work focuses on
the band gap engineering of p-BN via carbon doping to develop
a metal-free 2D photocatalyst for catalyzing both the HER and
OER, and that eﬀectively separates the photogenerated electrons
and holes spatially to limit recombination. To this end, we apply materials modeling at an atomic scale from ﬁrst principles
for conducting electronic structure calculations. To investigate
the eﬀect of carbon doping on the band gap, unit p-BN structures doped with diﬀerent numbers of C atoms to model C concentrations of 16.67, 33.3, and 50.0 at%, respectively. The band
structures as well as the optical properties of these systems are
also investigated. Finally, the dynamic stability of the various
systems was evaluated, and their thermal stabilities at elevated
temperature were also systematically investigated via quantummechanical molecular dynamics (MD) simulations to obtain a
good indication of their structural stability. The results obtained
from this study might provide some useful insights for designing
metal-free 2D photocatalysts for overall water splitting providing
stoichiometric proportions of H2 and O2 .

2. Experimental Section
All calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) based on plane-wave basis sets.[14]
Projector augmented wave (PAW) potentials were employed for
modeling electron-ion interactions,[15] with a plane-wave energy
cutoﬀ set to 500 eV. The generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was
adopted for structural optimization.[3c,16] To avoid the well-known
underestimation of the semiconductor band gap associated with
calculations based on the pure density functional theory (DFT)
method,[17] the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid density functional method was employed to obtain the
electronic structures, density of states, and optical absorption
coeﬃcients.[18] Electronic states were occupied with Gaussian
smearing method, with a smearing width of 0.1 eV for band struc-

Adv. Theory Simul. 2019, 1800174

ture calculation, the total number of valence electrons is 48 for
p-BN and conﬁgurations a–l, in which the systems keep electrical neutral. The convergence settings of energy and force were
0.01 eV Å−1 and 10−4 eV, respectively.
The present work considered only models composed of a single layer of BN situated in the x-y plane. To remove spurious
interactions between periodic structures in the supercell models along the z direction, a vacuum space of 14 Å was adopted.
To establish the p-BN model, we began with a unit cell of pristine h-BN, and optimized the structure. The lattice parameter
and B─N bond length of h-BN after optimization were 2.50 and
1.42 Å, respectively, which are in good agreement with experimental data.[2b,19] We then introduced BN hexagonal vacancies
(black balls in Figure 1) into a (3 × 3) supercell (9 B and 9 N)
of pristine h-BN to construct a p-BN. The structural optimized
of this conﬁguration with vacancies leads to a signiﬁcant reconstruction. As shown in Figure 1, the new structure, namely p-BN,
is quite diﬀerent from the initial six-ring structure. The p-BN unit
cell (1 × 1) contains a large central porous ring with 12 atoms
(6 B and 6 N) and the calculated lattice parameter is 6.83 Å, which
is consistent with the previous reports.[20] Supercells comprising
n × n unit cells were employed in the electronic structure, dynamic stability, and thermal stability calculations. For the electronic structure calculations, n = 1 was employed, while n = 3
was used in phonon spectra calculations based on density functional perturbation theory for evaluating dynamic stability,[19b,21]
and supercells with n = 2 were employed in Born–Oppenheimer
MD (BOMD) simulations conducted at the DFT level using an
NVT ensemble with 1 fs time steps for thermal stability testing.
For thermal stability testing, we adopted the structures obtained
from structural relaxation at 0 K as the initial structures, and conducted the BOMD simulations at diﬀerent temperatures from
300 to 1700 K for a simulated time duration of 5 ps. Thermal stability was determined according to the maximum temperature a
given structure was able to sustain without a single bond breaking. The k-points were set to be 9 × 9 × 1 for structure optimization and electronic structure calculations, while 3 × 3 × 1 for stability test. In the electronic structure calculations, we determined
the positions of CB minimum (CBM) and VB maximum (VBM)
for diﬀerent materials by setting the vacuum level to zero. The
vacuum level was deﬁned by the potential far away from 2D surface and obtained from calculated electrostatic potential.[22] For
investigating the eﬀect of carbon doping on the band structure of
p-BN, we obtained the 12 conﬁgurations of C-doped p-BN shown
in Figure 2a–l with varying C concentrations by replacing B and
N atoms with C atoms (the total number of electrons remains the
same). Figure 2a–c represent a C concentration of 16.67 at% with
cluster sizes with 1 or 2 C atoms, Figure 2d–i represent a C concentration of 33.3 at% with cluster sizes with 2 or 4 C atoms, and
Figure 2j–l represent a C concentration of 50.0 at% with cluster
sizes of with 2 or 6 C atoms. In these structures, the B─N, B─C,
N─C, and C─C bond lengths were calculated to be 1.41/1.46,
1.41, 1.41, and 1.46/1.41 Å, respectively. For replacing B/N pairs
with carbon atoms (for example, replacing one B atom and one
N atom with two carbon atoms), the total number of electrons
for the systems is not changed after substitution since C has one
more electron than B and one less electron than N. It should be
also noted that all the models with carbon doping are electrically
neutral.
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Figure 1. Optimized structures (top view) and band structures of h-BN and p-BN. The pink, blue, and black balls represent B, N, and atomic vacancies,
respectively.

3. Results and Discussion
3.1. Band Structures
The obtained band structures for h-BN and pure p-BN are shown
in Figure 1, the band gap of h-BN is computed to be 5.55 eV, very
close to the experimental values of 5.56 eV.[2a] For p-BN, the band
gap of 5.44 eV is still too large for interaction with visible light.
Figure 3 shows the calculated band structures of the C-doped pBN conﬁgurations given in Figure 2. The calculated band gaps
are summarized in Table 1 and the total energies are listed in
Table S1, Supporting Information. For the C concentration of
16.67%, conﬁguration b possesses the lowest energy. For conﬁgurations with C concentration of 33.33%, the energies decrease
in the order of g > d > e > f > h > i. For the conﬁgurations
with C concentration equal to 50.00%, conﬁguration l has the
lowest energy. Interestingly, as shown in Figure 2, we can see
carbon chains (C─C, C─C─C─C and C─C─C─C─C─C) form in
the conﬁgurations of b, i, and l which have the lowest energy. For
the conﬁgurations with the same carbon concentration, it can be
assumed that the ones which have lower energies might be more
facile to be synthesized in experiment.
For an eﬃcient photocatalyst operable in the visible portion of
the solar spectrum, the band gap should be smaller than 3.20 eV.
As shown in Table 1, the band gaps of C-doped p-BN vary from
1.55 to 3.83 eV. The conﬁgurations a, b, and c all have band gaps
greater than 3.20 eV, while all other conﬁgurations possess band
gaps less than 3.20 eV, and therefore may be appropriate for driving the overall water splitting process utilizing the visible portion
of the solar spectrum. In addition, we note from Figure 3 that conﬁgurations a, d, and i display indirect band gaps, as indicated by
CBM values located between the  and K points while the corre-
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sponding VBM values are located at diﬀerent positions. All other
conﬁgurations have direct band gaps, which is beneﬁcial for the
utilization of solar energy.
When two C atoms were introduced, the band gaps of conﬁgurations of a, b, and c were calculated to be 3.21, 3.83, and
3.23 eV, respectively. In general, the doping of 4 C atoms into
p-BN (d–i) signiﬁcantly reduce the band gap from 5.44 to 2.24–
2.77 eV. Meanwhile doping with 6 C atoms provided the greatest
reduction in the band gap, with the value signiﬁcantly reduced
to 1.55–2.20 eV. Figure 4a presents the correlation between the C
content and the band gap. It can be clearly seen from the ﬁgure
that the band gap generally decreases with increasing C content.
Moreover, the results of Figure 4b indicate that the VBM generally increases with an increasing number of C─C bonds (nC─C ),
which reﬂects the eﬀect of C clustering. Accordingly, the VBM
values of the 12 C-doped p-BN conﬁgurations become generally
more positive with an increasing number of C─C bonds. The reason might be that as the VBM of p-BN containing the mixing of
2p orbitals of C and N would be shifted upward since the C 2p
orbitals energy is 1.90 eV higher than the N 2p orbital energy,[23]
and the interaction between C atoms increases the bandwidth of
donor states, resulting in the elevation of VB.[24]
To understand the band structure characteristics of C-doped
p-BN, we analyze the total density of states (TDOS), local density
of states (LDOS), and charge distributions of the CB and VB
for conﬁgurations c, f, h, and l with respective C cluster sizes
of 1, 2, 4, and 6, and the results are presented in Figure 5a–d,
respectively.[25] The TDOS and LDOS for the other conﬁgurations are displayed in Figure S1, Supporting Information. Here,
the electronic density of states (DOS) are given on the left in the
ﬁgures, and include the TDOS (top), LDOS (2s orbital; middle),
and the LDOS (2p orbital; bottom), and the charge density plots,
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Figure 2. Top views for optimized structures of C-doped p-BN with diﬀerent C concentrations—a–c): 16.67 at%; d–i): 33.33 at%; j–l): 50 at%—and C
cluster sizes. The grey, pink, and blue balls represent C, B, and N atoms, respectively.

which are overlaid on the atomic structure of each conﬁguration,
are given on the right in the ﬁgures for the CB (top) and the VB
(bottom). We see from Figure 5 that the 2s orbitals of C, N, and
B atoms make almost no contribution to the VBM and CBM
of C-doped p-BN. As the C 2p orbitals energy is 1.90 eV higher
than the N 2p orbital energy,[23] the VBM contains the mixing
of 2p orbitals of C and N and shifts upward by 0.71–1.7 eV
(Table 1). Meanwhile, we found the CBM of C-doped p-BN is
mainly dominated by the 2p orbitals of B and C atoms. Upon
C substitution on B, donor levels are created near the band gap
and lower down the CBM by 2.35 eV (Table 1). Interestingly, the
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defect levels of C atoms are resonant with the VBM and CBM
of pure p-BN. The 2p orbitals of C are close to that of N 2p and
B 2p. No partial occupied/unoccupied states are formed in the
forbidden gap, generating clean narrow band gap after doping C
atoms. This can inhibit the formation of recombination center
and increase the photogenerated current. Furthermore, the
partial (band decomposed) charge density plots corresponding
to the VBM and CBM for conﬁgurations c, f, h, and l (Figure 5)
also demonstrate good separation between the probability
distributions of the VB and CB. This is important, because
the recombination of photoexcited electrons and holes is well
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Figure 3. Band structures of the 12 C-doped p-BN conﬁgurations shown in Figure 2. The Fermi energy is set to 0 eV.

known to be factor that signiﬁcantly reduces the photocatalytic
activity of photocatalysts, and is one of the key factors aﬀecting
the performance of photocatalysts employed in water splitting.
Therefore, the C-doped p-BN conﬁgurations discussed here
indicate good potential photocatalysts for water splitting.
To explain the mechanism of how the doping of carbon atoms
decreases the bandgap of p-BN, we investigate the electronic
structures of p-BN doped with single carbon atom, in which a
B atom or a N atom is replaced, respectively. It is seen from Figure S2, Supporting Information that the doping of C atom indeed
leads to the decrease of bandgap of p-BN. The reason is that when
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a B atom is replaced by a C atom, an extra state (in red) is created under CBM, while a N atom is substituted by a C atom, one
more state (in red) is generated above VBM. In general, when C
as the p-type dopant is adopted to replace N, acceptor states will
be induced above VBM of p-BN. When C as the n-type dopant is
used to substitute B in p-BN, donor levels will be created near the
CBM.[26] As the C concentration is increased, the acceptor/donor
states would interact and extend into the band gap, thus narrowing the band gap of p-BN. From the charge distribution of CBM
and VBM corresponding to C atom doping in the B and N position in p-BN, respectively (Figure S3, Supporting Information), it
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Table 1. Calculated band gaps (Eg ), valence band maximum (VBM) values,
and conduction band minimum (CBM) values of p-BN with diﬀerent C
concentrations, and cluster sizes with diﬀerent numbers of C atoms (unit:
eV). The vacuum level was set to 0 eV. The corresponding band structures
are shown in Figure 3.
Eg

Structure

CBM

VBM

C at%

Size

p-BN

5.44

−1.47

−6.91

0.00

0

a

3.21

−2.67

−5.88

16.67

2

b

3.83

−2.37

−6.20

16.67

2

c

3.23

−2.51

−5.73

16.67

1

d

2.55

−3.19

−5.73

33.33

2

e

2.43

−3.04

−5.48

33.33

2

f

2.68

−3.09

−5.78

33.33

2

g

2.24

−3.37

−5.60

33.33

2

h

2.33

−3.17

−5.50

33.33

4

i

2.77

−3.03

−5.80

33.33

4

j

1.72

−3.82

−5.53

50.00

2

k

2.20

−3.25

−5.45

50.00

2

l

1.55

−3.66

−5.21

50.00

6

is clearly that this additional state is mainly contributed from the
C atom.

3.2. Optical Properties
In addition to an appropriate band gap and suitable band alignment, potential photocatalytic materials must absorb a signiﬁcant fraction of the incoming light. To examine this factor, the
linear optical properties of the modeled 2D C-doped p-BN materials were calculated based on the frequency-dependent complex
dielectric function using the HSE06 method.[27] The optical absorption spectra are obtained from absorption coeﬃcients evaluated at varying light angular frequencies ω, which can be given
by the following equation:
√
α(ω)= 2ω ·


−ε1 (ω) +



ε12 (ω) + ε 22 (ω)

(1)

where ε1 and ε2 are the real and imaginary parts of the dielectric function, respectively. Figure 6 shows the absorption spectra
of h-BN, p-BN, and the C-doped p-BN conﬁgurations c, e, and j,
which have moderate band gaps and C contents of 16.67, 33.33,
and 50.0 at%, respectively, adsorption spectra for other structures
are listed in Figure S4, Supporting Information. We note that pBN has an obviously enhanced optical absorption compared with
that of h-BN. However, the absorption still remains in the UV
region. Nevertheless, after carbon doping, strong absorption is
obtained in the visible region, indicating the important role that
C doping plays in the utilization of solar energy. Furthermore, we
also ﬁnd that the absorption spectra shift to longer wavelengths
(lower photon energy) with increasing C content, which is consistent with the trend associated with the band gap energies of
the conﬁgurations.
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Figure 4. a) Band gaps of the 12 C-doped p-BN conﬁgurations shown in
Figure 2 plotted with respect to the corresponding C contents, and b) the
correlation between the numbers of C─C bonds (nC─C ) and the valence
band maximum (VBM) values of the C-doped p-BN conﬁgurations.

3.3. Potential for Applications in Water Splitting
As discussed, the overall reaction for water splitting can be divided into the OER and HER half reactions. At pH = 0, the
standard reduction potential of H+ /H2 (HER) is −4.44 eV and
the standard oxidation potential of O2 /H2 O (OER) is −5.67 eV,
where both of the values are given relative to the vacuum level.[28]
These potentials are presented in Figure 7 along with the CBM
and VBM of h-BN, pristine p-BN, and the 12 C-doped p-BN
conﬁgurations.
The results in Figure 7 indicate that the CBM of all structures
considered are more positive than the standard reduction potential of H+ /H2 , indicating that all possess the ability to photocatalyze the hydrogen reduction of water splitting. And for the OER,
another half reaction, the VBM values become generally more
positive with an increasing C─C bonds (Figure 4b) and lead to
the narrower band gaps, but VBM values of some conﬁgurations
are too positive to drive the OER eﬀectively. At pH = 0, the VBM
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Figure 5. Electronic density of states (DOS) (left), which includes the total DOS (top), the local DOS (2s orbital; middle), and the local DOS (2p orbital;
bottom), and charge density plots (right) of the conduction band (CB; top) and the valence band (VB; bottom) for conﬁgurations c (A), f (B), h (C), and
l (D). The Fermi level is set to zero. The grey, pink, and blue balls represent C, B, and N atoms, respectively.

ﬁcient driving force to ensure an eﬃcient reaction process. This
condition is also found for 2D g-C3 N4 photocatalysts.[11]

3.4. Dynamic Stability
The phonon spectra along the high-symmetry points in Brillouin
zone were calculated to evaluate the dynamic stability of pristine
p-BN and the C-doped p-BN conﬁgurations. The phonon spectra
for only pristine p-BN, and conﬁgurations b, g, and l, are shown
in Figure 8, which can represent the dynamic stability of C doped
p-BN with various concentrations, the results for other conﬁgurations were given in Figure S5, Supporting Information. As
observed in the ﬁgure, the phonon dispersions of these conﬁgurations are all positive, and no imaginary phonon modes are
observed, implying that they are dynamically stable.
Figure 6. Optical absorption spectra of h-BN, pristine p-BN, and C-doped
p-BN conﬁgurations c, e, and j.

3.5. Thermal Stability

values of conﬁgurations d, f, and i match with the standard potential of the OER. While conﬁgurations e, g, h, j, k, and l have
more positive VBM values that are not energetically feasible for
driving the OER, and fortunately, these structures can play a role
in photocatalytic water splitting via serving as a cathode in heterojunction photocatalyst or adding a sacriﬁcial agent. It should
be noted that, although the VBM of conﬁguration d, f, and i is
more negative than the OER level, its value is quite close to the
standard potential of the OER, and can be expected to lack suf-

The thermal stabilities of h-BN, p-BN, and conﬁgurations b, g, k,
and l were evaluated by BOMD simulations in the temperature
range from 300 to 1700 K, and the results are shown in
Figure 9, results for other conﬁgurations were shown in Figure S6, Supporting Information. Here, representative top and
side views of the structures of the material systems obtained after
a simulation time duration of 5 ps are presented at their given
maximum sustainable temperatures. While these ﬁgures provide little information regarding thermal stability directly, they do
provide some measure of the structural deformations sustained
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Figure 7. The CBM and VBM of h-BN, pristine p-BN, and the 12 C-doped p-BN conﬁgurations. Included are the standard reduction potential of H+ /H2
(−4.44 eV) and the standard oxidation potential of O2 /H2 O (−5.67 eV) at pH = 0 (relative to the vacuum level).

Figure 8. Phonon spectra of pristine p-BN, and conﬁgurations of b, g, and l.

by the systems at the temperatures given. We note that each of
these 2D structures sustains considerable deformation along the
x-y plane. While h-BN and p-BN remain stable at high temperatures of 1700 and 1500 K, respectively, carbon doping into the
p-BN lattice substantially decrease the thermal stability of the
C-doped p-BN conﬁgurations, where maximum sustainable temperatures of 1300, 1100, 1100, and 500 K are obtained for conﬁgurations b, g, k, and l, respectively. Beyond the maximum temperatures, some chemical bonds of C-doped p-BN are broken. In
addition, we note that, while both conﬁgurations k and l have

Adv. Theory Simul. 2019, 1800174

identical C contents of 50 at%, the more greatly dispersed C
atoms in conﬁguration k lead to a much higher maximum
sustainable temperature. This is readily understood because
graphene, which has a similar structure as that of h-BN, but
which is composed of carbon atoms, is less stable than h-BN at
high temperatures.[29]
In general, the bond parameters of the deformed structures
obtained by NVT simulations at elevated temperatures are very
close to those of the initial structures at 0 K. The results certainly
indicate that the C-doped p-BN conﬁgurations considered herein
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Figure 9. Top and side views of representative structures of h-BN, p-BN, and conﬁgurations b, g, k, and l obtained after conducting Born–Oppenheimer
molecular dynamic (BOMD) simulations for 5 ps. The temperatures cited represent the maximum temperature a given structure was able to sustain
without a single bond breaking.

are thermally stable at temperatures considerably greater than
room temperature.

3.6. Possible Strategy to Promote OER
From the above discussion, C-doped p-BN is predicted as a potential stable photocatalyst for overall water splitting under visiblelight. However, it should be noted that the eﬃciency for OER halfreaction might be not very high because the position of VBM is
quite close to the potential of OER (Figure 7, conﬁgurations of
d, f, and i). It is interesting to ask whether the energy level of
VBM could be further modiﬁed by carbon doping. Instead of replacing both B and N atoms by C atoms, a p-BN model with two
B atoms substituted by two C atoms is constructed (Figure 10a,
conﬁguration of 2B). Surprisingly, as displayed in Figure 10b, the
position of VBM for p-BN is signiﬁcantly reduced, which will no
doubt greatly enhance the eﬃciency of OER. Unfortunately, the
position of CBM becomes close to the potential of HER, thus resulting in a relatively weak driving force for HER. To the end, a
possible strategy of balancing the positions of CBM and VBM is
to replace lattice N atom by C atom based on conﬁguration of 2B

Adv. Theory Simul. 2019, 1800174

(Figure 10a, conﬁgurations of 2B1N and 2B1N’). As shown in Figure 10b, the VBM and CBM levels of conﬁgurations of 2B1N and
2B1N’ now match ideally with the potentials of both the OER and
HER, suggesting a potential application in photocatalytic overall water splitting with high-performance. This useful strategy
might also be applied to engineer the band structures of pristine
h-BN, even to modify the band structures of graphene-like materials. Further studies will be carried out to support this scenario
in the future.

4. Conclusion
In conclusion, the present work adopted ﬁrst principles computer simulations to demonstrate that C-doped 2D p-BN is a potential metal-free photocatalyst for overall water splitting under
visible light irradiation. The results showed that carbon doping
signiﬁcantly altered the electronic structures of p-BN and obtained a moderate band gap which corresponding to the absorption of visible light. An important ﬁnding is that there are no
impurity energy levels between the band gaps, thus avoiding the
formation of electron-hole recombination center. The calculated
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Figure 10. a) Optimized structures of conﬁgurations 2B, 2B1N, and 2B1N’ with b) the corresponding CBM and VBM. Included are the standard reduction
potential of H+ /H2 (−4.44 eV) and the standard oxidation potential of O2 /H2 O (−5.67 eV) at pH = 0 (relative to the vacuum level).

partial charge density plots corresponding to the VBM and
CBM also indicate the photogenerated carriers can be well separated spatially. From the stability testing, it is demonstrated that
C-doped p-BN structures are very stable, even at high temperatures. More importantly, the VBM and CBM levels of conﬁgurations with suitable carbon doping match ideally with the potentials of both the OER and HER, indicating a potential application
in photocatalytic overall water splitting. The results from DFT calculations provide a basis to further develop eﬃcient metal-free
2D photocatalysts.
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