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ABSTRACT: Creating sustainable and stable semiconductors for
energy conversion via catalysis, such as water splitting and carbon
dioxide reduction, is a major challenge in modern materials {':;
chemistry, propelled by the limited and dwindling reserves of "X
platinum group metals. Two-dimensional hexagonal borocarboni-
tride (h-BCN) is a metal-free alternative and ternary semi-
conductor, possessing tunable electronic properties between that
of hexagonal boron nitride (h-BN) and graphene, and has attracted
significant attention as a nonmetallic catalyst for a host of
technologically relevant chemical reactions. Herein, we use density
functional theory to investigate the stability and optoelectronic
properties of phase-separated monolayer h-BCN structures, varying
carbon concentration and domain size. We find that, on average, a
higher C content reduces the energetic cost of carbon inclusion per atom, as an increasingly graphitized network lowers the overall
energy of the structure. Using functional HSE06, we show how the electronic bandgap of h-BN can be reduced from 5.94 to 1.61 eV
with significant substitution of C in the domain (C at. % ~ 44%) adding to the weight of evidence that suggests these segregated h-
BCN systems can easily be customized. We use the location of conduction and valence band edges with respect to the potentials of
HER, OER and CO, reduction to assess the catalytic suitability of these materials, identifying three structures with appropriate band
edges for these catalytic reactions. Finally, the photoactivity of the structures is assessed through TD-DFT calculations, and we
propose two candidates for photocatalysis based on the segregated h-BCN system.
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Bl INTRODUCTION its development, with the relationship between atomic design

Low-dimensional materials have attracted continuous interest in and catalytic activity of the materials yet to be fully understood.

material science fields where they are employed as functional This partly due to the wide variety of bonding iterations the

building blocks. These building blocks can be used to create material can have as well as the lack of practical knowledge
highly efficient macrostructures that benefit from the unique regarding the distribution of B, C, and N within synthesized h-
properties of these functional materials and therefore can offer BCN materials. This wide range of permutations within the h-
cost-effective replacements for traditional materials which rely BCN network also imparts a high degree of tunability with
on precious resources. Hexagonal borocarbonitrides (h-BCN), regards the optical and electronic properties of the material,
part of the 2D materials family and a class of metal-free based on two factors: the atomic proportion of B, C, and N in the

heterogeneous semiconductors, have emerged as environ-
mentally friendly and highly selective catalysts for a variety of
reactions.' "' Often considered as a chemical mixture of hBN
and graphene, h-BCN materials have exceptional properties,
complementary to those of pure hexagonal boron nitride and sp* Received:  September 10, 2024
carbons, such as varied surface functional groups and electronic Revised: ~ November 19, 2024
structure.'”'® As such, h-BCN materials have exhibited notable Acce}’ted: November 20, 2024
activity enhancement in catalytic tests against their carbon or Published: November 27, 2024
boron nitride counterparts””'* as well as industry standards.””

However, h-BCN as a catalytic material is still at an early stage of

structure and, second, the distribution of atoms throughout,
giving various possibilities of B—C, B—N, C—C, and N—C bond
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formation. This adaptability has seen h-BCN materials
engineered in a wide variety of applications from electro-
chemical sensing, catalysis, and energy storage.”*~'37*?

As such, in order to understand the relationship between the
structure of h-BCN and its properties better, theoretical
investigations have focused on the atomic arrangement within
the material, often exploring highly entropic and exotic
“homogeneous” h-BCN systems which offer exciting properties,
such as ultralow bandgap,”*™** but are difficult to realize
experimentally. The chemical stability of h-BCN depends on the
relative energy of the bonding interactions between B, C, and N
atoms in the structure. Considering system thermodynamics, h-
BCN materials tend to form B—N and C—C bonds over B—C/
N—C bonds as they are energetically more stable. Looking at
bond energies, which is a key factor in stability, the trend is as
follows; B—N (4.00 eV) > C—C (3.71 eV) > N—C (2.83 eV) >
B—C (2.59 eV).”” By maximizing the number of B—N and C—C
bonds, the overall structure is increasingly more stable.”””!
Evidently, this theoretical observation is also found exper-
imentally, with most h-BCN synthesis studies concluding that
the materials synthesized are comprised of segregated h-BN and
graphene nanodomains.”” ™"

As graphene/h-BN segregation is almost unavoidable, much
effort has instead been focused on controlling relative domain
sizes and concentration in the films. Recent efforts in
synthesizing h-BCN materials have resulted in centimeter
scale, h-BN-graphene superordered arrays comprised of
graphene domains in a h-BN matrix.*>*® In particular, M. Li
et al. demonstrated precise control over the domain sizes of h-
BN:C and their density, through simple operating parameters
such as the CH,:H, flow ratios and temperature of the growth
substrate (Figure 1).*

Figure 1. (a) Schematic and (b) scanning electron microscopy image of
the superordered arrays of phase-separated h-BCN synthesized by Li et
al,® showing how ordered h-BCN structures with tailorable h-BN and
C domain sizes are possible at the macroscale. Reproduced from.*
Copyright 2022, American Chemical Society.

With such control over the domain sizes and array densities in
these h-BCN structures, it will soon be possible to create h-BCN
films with defined C:h-BN domain sizes, such that structures
with specific optical and electronic properties can be realized,
tailored toward the specific applications. To guide this work, a
clearer understanding of the fundamental electronic properties
of the composite structures is useful. More specifically, an
understanding of the effects of the interface between domains
and their relative sizes on the optoelectronic parameters can
inform system design in these quasi-crystalline arrays, in order to
identify trends and earmark potential structures suitable for
further study.
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In the present work, we investigate the optoelectronic
properties of symmetrically similar, phase-separated structures
of h-BCN to those recently reported.> We use the finite flake
model to analyze structures of 252 atoms and employ first-
principle calculations to systematically explore their optoelec-
tronic properties under gradients of carbon concentration and
domain size. Based on this, we identify viable structures that
show potential as photoactive, catalytic materials for use in the
Hydrogen Evolution Reaction (HER), Oxygen Evolution
Reaction (OER) and the methanation of CO,.

Computational Details. Density Functional Theory
(DFT) calculations were performed via the Amsterdam
Modeling Suite (AMS) licensed by Software for Chemistry
and Materials. Geometric optimizations of the structures were
performed with the BP86 functional with D3 dispersion
correction and all electron STO ZORA — DZP basis set. We
explore various h-BCN structures that are constructed by doping
the center of a hexagonal h-BN domain. The initial carbon
concentration is 0.9% (BN-C, - C dimer), 2.8% (BN-Cs - six C
ring) and then gradually increasing the size of the hexagonal C
domain until a pure graphene flake is realized. All edge atoms of
the modeled systems are passivated with hydrogen atoms,
ensuring that all atoms are fully coordinated. Figure 2 shows
each of the systems investigated in this study.

To evaluate the energetic stability of these BCN structures
with respect to the intrinsic h-BN structure, their formation
energies (Efpm) were calculated. Eq, is an important parameter
that helps to estimate whether a substitution is feasible or not
and it is defined as

Eform = EBCN - Z nlﬂ,‘ ( )
i 1

where Epcy is the total energy of the BCN monolayer, Egy the
total energy of a carbon-free domain, n; is the number of atoms
for each element (i = B)N,C), and y; is the corresponding
chemical potential. The chemical potentials g, py, and g must
meet the conditions of thermodynamic equilibrium, such that

@)

where the parameters pigy and picc, are the chemical potentials
for the boron—nitrogen (BN) and carbon—carbon (CC) pairs,
respectively. In this study, the chemical potentials for the CC
and BN pairs were derived by taking the BN flake and graphene
flake as references and assigning zero values to their formation
energies i.e., u(BN) = Egy/ngy and p(CC) = E,/2n. Since ng
= ny = ngy and ncc = n¢/2, for all cases, eq 1 can be written by
using eq 2 as

Hen = Hg T Hy Poc = He T He

Ef = EBCN - (nBN/’tBN + nCC:ucc)

©)

For electronic structure calculations, several XC functionals
were tested for increased accuracy against BP86-D3.>”*" These
include the revised TPSS functional,>”*’ Tran-Blaha modified
Becke-Johnson (TB-mBJ),""** and the Heyd, Scuzeria, and
Ernzerhof hybrid functional (HSEO06 - within the Amsterdam
Modeling Suite (AMS) software, the switching parameter, ®,
was set at 0.11),"** the results of which can be found in
the(Table S1). To determine which functional was the most
accurate, we compared bandgap values obtained for the intrinsic
h-BN case with the experimental bandgap of monolayer h-BN at
6.05 eV.*** The band edge potentials for the systems modeled
were also compared against literature values for the band edge
positions of h-BN with respect to vacaum (Table S2). It was
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Figure 2. Atomic structures of calculated monolayer BN-C islands with
C concentrations (a) 0%, pure BN, (b) 0.9%, BN-C2 (c) 2.8%, BN-C6,
(d) 11.1%, BN-C24, (e) 25.0%, BN-C54, (f) 44.4%, BN-C96 and (g)
100%, Gr. Hydrogen edge atoms are not shown but are part of the
calculated structure.

found that the HSE06 XC functional could accurately model the
optoelectronic properties and band edge positions of the system,
which is essential for reliably assessing the photocatalytic
potential in hydrogen evolution reaction (HER) and oxygen
reduction reaction (ORR) applications.

In this study, we used a finite cluster model rather than a fully
periodic model for representing the phase-separated h-BCN
structures due to computational constraints when employing the
Heyd-Scuseria-Ernzerhof hybrid functional. The selected cluster
model allows us to simulate the core unit cell of the phase-
separated structures observed in the study by Li et al—a
hexagonal carbon domain within a hexagonal h-BN matrix.*>
This approach enables a balance between accuracy and
feasibility, as it provides reliable electronic property trends
over varying carbon concentrations and domain sizes without
incurring the prohibitive computational expense of a large
periodic model. In contrast, prior work employing periodic
models and the HSE06 functional has been limited to relatively
small systems (periodic cells of 18 atoms with up to 33% carbon
doping, ie., Six C atoms” which are computationally
manageable but do not represent the larger graphene and h-
BN domains found in experimental phase-separated h-BCN
arrays. Using a cluster model enables us to apply computation-
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ally demanding functionals such as HSE06 on a larger atom basis
within a finite system, yielding accurate electronic properties for
the structure, which are often underestimated by generalized
gradient approximation (GGA) functionals such as PBE in large
periodic models.””** While our model does not capture the
extensive phase-separated arrays synthesized by Li et al., it most
effectively represents the carbon domain variations of the basic
unit cell, within the computational constraints of density
functional theory, and provides valuable insight into the key
electronic trends and properties that would likely be observed in
an extended system.

B RESULTS AND DISCUSSION

Optimized Structures and Their Stability. The geometry
optimized model systems are those shown in Figure 2. Table 1
shows the composition, band gap (E,) and formation energy (eq
3) per C atom added for each of the systems in this study.

Table 1. % C Composition, Formation Energy per C Atom
and Band Gap Values for the BN-C Structures Analyzed in
This Study

Structure  Cat%  Formation Energy per C (eV/C) Band Gap (eV)
BN 0.00 5.94
BN-C, 0.9 1.07 4.70
BN-Cg¢ 2.8 0.50 4.67
BN-C,, 11.1 —-0.17 3.04
BN-C, 250 021 2.15
BN-Coq 444 0.17 161
Gr 100 0.95

Figure 3a shows the trend in formation energies per C atoms.
Disrupting the symmetry of the h-BN lattice comes with a high
energetic cost and we observe larger formation energies per C
atom in the system for systems with low C atomic %. In the case
of the C dimer, the formation energy is 1.07 eV/C atom which
drops to 0.50 eV/C atom with BN-Cy, as the 7-conjugation in
the C ring increases stability. The calculated formation energies
per C atom match closely with those reported on BN, and
BNy structures in DFT studies on C doped h-BN, validating
our observed results.”” For BN-C,,, the formation energy
reaches a minimum and is negative (i.e., structure is more stable
than intrinsic h-BN sheet). At higher C atomic %, the formation
energy is positive once more. This result suggests that there is an
optimal structure that shows increased stability which occurs
when C content = 11%, i.e.,, where the ratio of the h-BN:C
domain diameters is 3.6:1. Structures with larger carbon
domains require an energetic cost, however, this value plateaus
around 0.2 eV.

Evident in Figure 3b, the structures show a tunable band gap,
ranging from 4.74 eV at lowest C inclusion (1%), down to as low
as 1.61 eV with highest C at. % (44%), proving the viability of
these segregated h-BCN systems as a tailorable electronic
system. A sharp decrease in E_ is observed upon first C inclusion
as the symmetry of the BN lattice is broken. Upon further C
introduction and enlargement of the C domain, the bandgap
decreases gradually to 0.95 eV for a pure carbon domain, i.e., the
pure carbon flake is not gapless as expected for a graphene (Gr)
sheet.”® This bandgap observed in such carbon flakes is due to its
finite size, ie., it is not a repeating structure with C—C
terminated edges. Previous reports on hydrogenated graphene
(e.g., graphane/graphone) have shown how the presence of C—
H bonds in the structure can open up the band gap.”">* Wei Hu

https://doi.org/10.1021/acs.jpcc.4c06121
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Figure 3. (a) Formation energies per C atom introduced vs the carbon
concentration of the structure. (b) Electronic band gap vs carbon
concentration of each structure. Blue point is the intrinsic h-BN case.

et al. reported on the band structure of similar hexagonal,
hydrogen terminated flakes of graphene and found that extended
systems with diameters >6.7 nm (ca. 1500 C atoms) were
required for a gapless band structure.>” As our system involves a
finite flake size of diameter ~2.4 nm with hydrogen passivated
edges, to be able to accommodate the Gr-h-BN heterostructure,
the HSE06 functional here predicts a nonzero bandgap for the
intrinsic carbon case.

Comparing experimental data for the electronic bandgap of
similar h-BCN structures produced by Li et al.,*> determined via
STM measurements, structures with C content of around 18 at.
% C (h-BN: C domain diameter ratio of 2.7:1) are determined to
have a bandgap (E,) as 1.3 eV. This value for E, lies below those
calculated for structures with similar at. % C here (~2 eV). One
possible explanation for the deviation between experiment and
theory could be the experimental details of the STM method,
which have not been reported, mainly related to the substrate on
which the film rests—copper (its growth substrate) or silicon
dioxide. Such a parameter would significantly affect the
electronic properties of the layer and result in a reading of E,
different to that determined here in vacuum. For example,
Nicholas Lanzillo et al. previously reported the band gap
renormalization of carbon nanotubes to smaller values on an
insulating h-BN substrate from first principle calculations.”* The
decrease in band gap is the result of a polarization-induced
screening effect from the substrate which, in this case, altered the
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band gap by up to 0.5 eV. Other experimental data gathered on
BCN films, comprised of randomly distributed h-BN:graphene
nanodomains, showed that at 65 at. % C, the optical band gap
was 1.62 eV as determined via UV—vis spectroscopy on optical
quartz substrates, much closer to results gathered here for similar
structures.’” In any case, further experimental references of band
gaps in h-BCN materials are needed to confirm the accuracy of
the HSE06 functional in this system.

The partial density of states showing the atomic contributions
of B, C, N and H for the various structures are shown in Figure 4.
For all C containing structures, we see that it is the C and N
orbitals that contribute to the valence band levels whereas the
conduction band levels are comprised mostly of B and C
orbitals. States near the Fermi Level are composed solely of p
orbital contributions (Figure S1). It is clear from the depicted
results that the band gap of the structures is reduced with
increasing size of the C domain. Moreover, further electronic
states are added to the conduction band upon their addition
(essentially, increasing the number of carbon atoms and,
therefore, size of the carbon domain increases the density of
electronic states close to the band gap). This reduction in the
band gap will increase the electrical conductivity of the material,
acquiring a semiconductor character.

The influence of C on the electronic states of these materials is
further illustrated in the electron distribution depictions of the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) for each structure
(Figure S). In the BN model, the HOMO is localized on each of
the N atoms with no interaction with neighboring B atoms. The
LUMO is comprised of the outermost B atoms. As C is
introduced the HOMO and LUMO are located at the C domain
and charge transfer only occurs via the interior carbon domain
and domain boundary. Notably, in-phase interactions occur
between C and B atoms. Here, orbitals exhibit mixing and are no
longer localized as in the case of BN, suggesting electronic
exchange between C and B atoms along the domain boundary.
On the other hand, little charge transfer occurs between C and N
atoms at this boundary point. However, the C domain does
induce delocalization of electron density between B and N
atoms in regions of h-BN near the domain interface, something
not observed in the intrinsic h-BN case. In the pure carbon
system, HOMO and LUMO orbitals reflect the delocalized
nature of the graphene system as all orbitals are in phase with
each other.

Band Edge Positions and Alignment—Catalytic Suit-
ability. To investigate the catalytic suitability of these h-BCN
structures for applications in technologically important reactions
such as HER/ORR and CO, methanation, one must look at the
band edge potentials for the materials at hand. To be suitable for
redox catalysis, the material must satisfy the following
thermodynamic conditions:

1. The HOMO is more positive than the oxidation potential
of H,0 (E° = 1.23 V vs NHE)™®

2. The LUMO is more negative than the reduction potential
of H* (E° = 0.0 Vvs NHE)™ or CO, (Ecyy,® = —0.24 V'vs
NHE®

Figure 6 shows how the band edge potentials of the BN
domain are modified by the inclusion of carbon in the lattice.
Here, the left Y-axis signifies the potential difference with respect
to Normal Hydrogen Electrode (NHE) potential, and the right
Y-axis refers to the absolute energy with respect to vacuum. The
relative positions of the band edges with respect to the NHE is

https://doi.org/10.1021/acs.jpcc.4c06121
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Figure 4. Partial density of states (PDOS) showing the atomic contributions of B, C, N and H in the (a) BN, (b) BN-C, (c) BN-C¢,(d) BN-C,,, ()

BN-Cysy, (f) BN-Co4 and (g) Gr systems.

calculated using the standard redox potential with respect to the
vacuum potential, which is taken as —4.44 V for hydrogen
reduction.”> The potentials for hydrogen reduction reaction
(H*/H,) at 0 V vs NHE and Oxygen Evolution Reaction (O,/
H,0) at 1.23 V vs NHE are depicted by orange and blue
horizontal dashed lines, respectively, and the optimal ranges for
the materials band edges are shown by the similarly shaded
regions. Hoffmann et al. previously reported that for optimal
catalytic performance, the material should have its conduction
bands at a chemical potential of +0.5 to —1.5 V vs NHE and its
valence bands at a chemical potential of +1.0 to +3.5 Vvs NHE>’
and these intervals form the shaded regions in Figure 2.
Furthermore, the green dashed line references the potential
required for CO, methanation at —0.24 V vs NHE.*° This can be
extended to several other carbon species, depending on the
reduction potential (HCOOH; —0.61 V, CO; —0.53 V,
CH,OH; —0.38 V, C,H,; —0.35 V, C,H; —0.31 V).

Table 2 shows the HOMO, LUMO positions and offset
potentials for each h-BCN system investigated. In our calculated
system, for intrinsic BN, the HOMO level already lies within the
range for optimal oxidation energetics, as shown by the shaded
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blue region. However, with a band gap of almost 6 eV, the
LUMO level is significantly higher than the optimal reduction
energies, making it an unsuitable choice material for catalytic
reduction. As carbon is introduced to the lattice, there is an
expected narrowing of the band gap as both the HOMO and
LUMO levels move toward each other. This trend continues
even at the highest levels of carbon introduced. While BN-C,
and BN-Cg both satisfy the requirements for oxidizing
performance, their LUMO still lie outside the chemical potential
interval for optimal reduction of H, and CO,. This suggests that
slightly doped BN, such as that irradiated with ions for C
implantation or MOVPE grown samples,ss_60 may not be
suitable for catalysis in the HER/ORR. With BN-C,,, both
requirements are satisfied as the LUMO enters the region for
optimal reducing performance, particularly for oxidation of
H,O0, as the HOMO approaches the theoretical potential for the
OERat 1.23 V. Still, there is a significant reducing offset of about
1.5 V. In the case of BN-Cs,, we find that the position of the
HOMO is at 1.15 V vs NHE, which is just below that of the
oxygen reduction requirements, and the LUMO is located at a
more reasonable reducing offset of —1.01 V. Finally, with BN-
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(b)

(c)

(d)

(e)

Figure S. Highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) for the various systems; (a)
intrinsic BN, (b) BN-C, (c) BN-Cq4 (d) BN-C,, (e) BN-Csy, (f) BN-Cy
and (g) Gr. C bonding states are the dominant feature of the HOMO
and LUMO of each structure. Red and blue orbitals are opposite in
phase in HOMO, similarly for green and gray in LUMO.
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Figure 6. HOMO (blue) and LUMO (red) levels, i.e.,, band edges, of
the BNC, structures analyzed in this work in comparison to optimal
band edge positions for HER/OER and CO,RR. The left Y-axis of the
plot shows the potential difference with respect to Normal Hydrogen
Electrode (NHE) potential, and the right Y-axis refers to the absolute
energy with respect to vacuum. The potentials for HER (H*/H,) at 0 V
vs NHE, OER (O,/H,0) at 1.23 Vvs NHE and CO,RR (CO,/CH,) at
—0.24 V vs NHE are depicted by orange, blue and green horizontal
dashed lines, respectively and the optimal ranges for the materials band
edges are shown by the similarly shaded regions.
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Cys the highest C at. % system, the LUMO is at —0.66 V vs
NHE, providing a reducing offset of 0.66 V for H, and 0.42 V for
CO,. The HOMO is located at a lower value of 0.95 V vs NHE
and is therefore slightly above the optimal range. Despite good
reducing performance, the absence of an oxidation offset here
reduces the applicability of BN-Cgy4. The band edge positions for
the graphene flake are also included. Both HOMO and LUMO
levels lie outside the optimal range to provide a good oxidation
and reduction offset for the OER and HER, respectively.
Furthermore, the band gap of the system (0.95 eV), the
minimum energy of the photon harvested by the material, is
below that required to drive OER (1.23 V). As such, the
hydrogenated carbon nanoflake is not thought to be a good
candidate for OER/HER catalysis. For systems BN-C,,, BN-Cs,
and BN-Cy, the band gaps are suitable. However, their band
positions are not ideal. In order to improve upon this,
parameters such as pH and temperature of the reaction can be
varied in order to alter the potentials required.”®

At T and pH > 0, energy levels are shifted by (kT In10) x pH,
where kg is Boltzmann’s constant.®’ At room temperature (298
K) and pH 7, this provides a shift of 0.41 V. Other studies have
focused on engineering strain in the lattice as a method of
shifting band edge positions into the desired range.”® ~** Under
conditions of room temperature and neutral pH, Figure 7 shows
how the HOMO and LUMO levels of the three optimal
structures, BN-C,,, BN-Cy, and BN-Cys shift in energy level.
Here, all three structures satisfy the thermodynamic require-
ments for HER and OER. BN-C,, is now below the oxidation
potential with an offset of 0.70 V, while its LUMO lies 1.09 and
0.85 V above the reduction potential for H, and CO,,
respectively. For BN-Cs,, the HOMO is very well situated at
0.32 V below the potential for H,O. Similarly, its LUMO has a
reduction offset of 0.61 V for H, and 0.37 V for CO,, potentially
making this a material with good reducing and oxidation
capabilities. With BN-Cys, we find that the position of the
HOMO band now lies 0.13 V below the oxidation potential for
H, 0, giving it an oxidation offset and improving its applicability
in the oxygen reduction reaction. The LUMO now has a
reducing oftset of 0.25 V for H, and 0.01 V for CO,, making it an
attractive candidate for HER although its suitability for CO,
reduction might be diminished as a small offset is generally
required.” Electrolysis in neutral pH presents a transformative
way for environmentally friendly, cost-effective hydrogen
production. However, the field is still developing with one of
the biggest challenges being the lack of robust hydros%en
evolution reaction (HER) catalysts that are active at pH 7. S04
Here, we have identified three candidate systems which show
good bifunctionality in the overall water splitting reaction at RT
and neutral pH.

Optical Propertiess—Oscillator Strength and Absorp-
tion. Light absorption is an important factor if these materials
were to be used in photocatalysis. The oscillator strength of each
systems excitations is calculated, a quantity that can be directly
related to light absorption.”> From this, we can infer the
photoactivity of the material and its suitability in photocatalytic
applications. Figure 8 displays the calculated excitation spectrum
of the various BCN models over the range 0—7 eV. Results here
were obtained via time-dependent DFT (TD-DFT) calcu-
lations, again, using the HSE06 exchange functional, imPle-
mented within the Amsterdam Density Functional program.”® A
watermarked spectrum of the solar spectral irradiance as a
function of energy is included to guide the reader toward where
the material is deemed “photoactive” in a solar sense. Data for
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Table 2. HOMO, LUMO Levels for the Various h-BCN Systems Investigated, Their Chemical Potential vs NHE as well as Voltage

Offset from Their Respective Oxidation and Reduction Potentials

System  HOMO (eV) VvsNHE (V) Oxidation Offset (V) LUMO (eV) VvsNHE (V) H, Reduction Offset (V) CO, Reduction Offset (V)
BN -7.23 2.79 1.56 -13 —3.14 —3.14 —2.90
BN-C, —6.60 2.16 0.93 —-191 -2.53 —2.53 —-2.29
BN-Cq —6.66 222 0.99 —2.00 —2.44 —2.44 —2.20
BN-C,, -5.96 1.52 0.29 —-2.94 —1.50 —-1.50 —1.26
BN-Cq, —5.58 1.14 —0.09 -3.42 —1.02 -1.02 —0.78
BN-Cy4 -5.39 0.95 —0.28 —3.78 —0.66 —0.66 —0.42
Gr =5.59 115 —0.08 —4.64 +0.20 +0.20 +0.44

al 0 excitation located in the middle of the solar spectrum, at 2.4 €V,

making it a good candidate for photocatalysis. At this energy, the

absorbed photon will possess enough energy to drive the

S -2 [ § catalytic reaction for the HER/OER process (1.23 V). The BN-

w oo S Cys system also offers a material with good photoactive

z T A 2 properties with two absorption peaks located within the solar

T: 0 2 spectral range, a major peak at 1.9 eV and a smaller one at 3 eV.

:E: [ oo T T T A s - g- Again, the minimum energy of the photon harvested by the

5, — 6 material is greater than the energy required to drive the splitting

s of H,O at 1.23 V. Thus, out of the three viable materials, BN-Cs,

" and BN-Cys both show good optical response in the solar

4 . . , spectrum and, therefore, could be potential candidates for
BN-C,, BN-C, BN-C,, environmentally friendly, photocatalytic H,O splitting.

Figure 7. HOMO (blue) and LUMO (red) levels of the three optimal
BN-C structures, BN-C24, BN-C54 and BN-C96, with the chemical
potentials of HER, OER and CO2 reduction shifted by 0.41 V when pH
=7.
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Figure 8. Oscillator strength with respect to excitation energy for the
various BN-C structures showing their optical absorption properties.
The solar spectral irradiance as a function of energy is watermarked in
light orange to show the “photoactive” regions (quantified by the right-
hand side y-axis).

this spectrum was taken from an online database on the standard
solar spectrum.’’

For structures BN, BN-C,, and BN-C,, we observe the
absorption edge outside of the solar spectral range and so cannot
be considered as photoactive catalysts. With BN-C,,, its
absorption peak lies on the just on the edge of the solar
spectrum at around 3.2 eV. This means that, although some of
the higher energy photons might excite the material, their
intensity is low (solar irradiance is 1/2 its peak value) reducing
its efficiency as a photocatalyst. BN-Cy, has its strongest
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B CONCLUSIONS

The present study systematically investigated the optoelectronic
properties of seven h-BCN systems, starting from intrinsic h-BN
and increasing C domain until graphene flake is realized, by
means of DFT computations. Our results indicated that
structures below S at. % C had high formation energies but
the stability of structures with >10 at. % C showed relatively
good stability with respect to h-BN. In particular, the BN-C,,
system was calculated to be more stable than intrinsic BN.
Electronic band gaps were found to decrease with increasing C
content, from 5.94 eV (h-BN) to 4.67 eV at 1 at. % C down to as
low as 1.61 eV at 44 at. % C. We also report three configurations
providing appropriate band gap energies (1.6—3.0 eV) and band
edge potentials appropriate for H,O oxidation and H, and CO,
reduction. We identify structures with carbon content >10% as
being potentially viable catalytic materials for future study under
conditions near room temperature and near neutral pH, as band
edges exhibited good alignment and small offset voltages with
the reduction and oxidation potentials. We further investigated
their light absorption properties to assess their efficacy as
photocatalysts and found two morphologies that showed good
optical response in the solar spectrum. Our results reveal that the
optimal phase-separated h-BCN structures, BN-Cg, and BN-
Cosy can serve as efficient photocatalysts for overall water
splitting without the need for cocatalysts and propose them as
candidates for further study. To comprehensively investigate
their photocatalytic activity, future work will focus on the
mechanism of both water oxidation and hydrogen reduction half
reactions on these structures, looking at various reaction sites
along the BN-C interface. By looking at the energies of
adsorption, reaction, and desorption of H,O and its products,
the efficacy of these systems as photocatalysts will be further
evaluated.
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HER  hydrogen evolution reaction

OER oxygen evolution reaction

DFT  Density Functional Theory
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E, material band gap

STM Scanning Tunneling Microscopy
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