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tigation of ozone adsorption on
metal free element doped boron nitride
monolayers

Zara Wang and Xuan Luo *

Ozone in the troposphere poses significant environmental and health risks, contributing to global warming

and being linked to respiratory diseases, making it critical to find effective methods to remove ozone from

the atmosphere. This study investigates the adsorption of ozone on boron nitride (BN) monolayers doped

with metal-free elements, specifically carbon, silicon, oxygen, and phosphorus, using first-principles

calculations based on Density Functional Theory (DFT). Our results showed that ozone adsorbed on

boron nitride doped with carbon exhibited physisorption and had an adsorption energy of −0.272 eV.

Ozone adsorbed on silicon-doped boron nitride dissociated into an oxygen atom and an O2 molecule

and showed chemisorption with an energy of −8.074 eV. Notably, phosphorus-doped boron nitride

dissociated ozone, leading to the release of O2 and bonding of a single oxygen atom to the boron

nitride monolayer. These findings highlight how carbon and silicon-doped boron nitride can be useful in

removing ozone from the troposphere and the potential of phosphorus-doped boron nitride to adsorb

ozone and release a much safer O2 molecule.
I. Introduction

Global warming is one of the most pressing challenges facing
humanity today, characterized by the long-term increase in
Earth's average surface temperature due to human activities,
particularly the burning of fossil fuels, deforestation, and
industrial processes.1 This phenomenon is primarily driven by
the accumulation of greenhouse gasses in the atmosphere,
including carbon dioxide (CO2), methane (CH4), nitrous oxide
(N2O) and ozone (O3), which trap heat and disrupt the planet's
natural climate systems.2,3 According to previous research, the
rate of warming has increased each year with multiple locations
on Earth breaking temperature records.4 Ozone is a crucial
component of the Earth's atmosphere, playing a vital role in
absorbing harmful ultraviolet radiation from the sun.5

However, at ground level, ozone becomes a signicant air
pollutant, contributing to respiratory problems, environmental
damage, and climate change.6 Since 1995, free tropospheric
ozone has increased by 2–12 percent per decade depending on
the region of the world.7 This is especially harmful as ozone is
known to cause bronchial inammation and airway hyper-
responsiveness via oxidative injury and inammation.8

Efforts to capture and mitigate tropospheric ozone began in
the mid-20th century with the rise of industrialization and
vehicle emissions. Early research focused on reducing the
precursors of ozone formation such as nitrogen oxides and
ent Center, Springeld, Virginia 22151,

36545
volatile organic compounds rather than directly capturing
ozone itself.9 Later, ozone capture technologies began to
emerge, relying on metal oxides, catalytic surfaces, and metal–
organic frameworks to break down ozone into oxygen.10 More
recently, research has shied towards non-metal alternatives
including carbon-based nanomaterials, and two-dimensional
materials like boron nitride and graphene.11,12 These materials
aim to adsorb and decompose ozone more efficiently, while also
being sustainable and environmental friendly.

Since the discovery of graphene,13 two-dimensional metals
have been studied extensively for their large surface area which
provides accessible active sites, and a planar structure, which
facilitates material modication to improve their properties.14

Many of these studies involve materials that either contain
metal oxides, are doped with metals, or are inherently metallic.
These include monolayers such as MoS2, Pt-decorated gra-
phene, stanene, CaO, SnS monolayers, and iron-doped gra-
phene.15,16 These studies showed substantial improvements in
interaction strength, sensing capabilities, and the potential for
ozone dissociation.17 However, a challenge with using transition
metals is effectively controlling their electrical properties, which
motivated the choice of nonmetals in our study.18

Recent research also highlights doped carbonaceous mate-
rials and its derivatives as promising catalysts for advanced
oxidation processes due to their cost-effectiveness, environ-
mental benets, and high activity.19 Previous studies have found
that adding structural or foreign-atom defects can serve as
effective catalysts for ozone decomposition.20 Specically,
boron, nitrogen, silicon, and phosphorus-doped graphene have
© 2024 The Author(s). Published by the Royal Society of Chemistry
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shown signicant performance in organic degradation.21

Experimental studies have also demonstrated that carbon
doped boron nitride nanotube exhibits an enhanced response
to molecular oxygen, leading to increased reactivity of boron
nitride and stable chemisorption.22 Due to the structural simi-
larity between boron nitride and graphene,23 they have compa-
rable ozone adsorption potentials. Given the success of
graphene doped with silicon and phosphorus for ozone, and
boron nitride doped with carbon for oxygen, these same
dopants are expected to modify the boron nitride monolayer in
a similar manner, enhancing its reactivity and adsorption
capabilities for ozone.

We aim to investigate new boron nitride monolayers doped
with carbon, oxygen, phosphorus, and silicon which could
change properties and electronic structure to adsorb and
potentially dissociate ozone. These dopants were chosen based
on success found for other monolayers. We used DFT to
calculate the optimized structures of pure boron nitride and
boron nitride doped with carbon, oxygen, silicon, and phos-
phorus. We then calculated adsorption energy as well as band
structure, charge transfer, total density of states, and projected
density of states to analyze the level of adsorption and interac-
tion between the monolayer and ozone.
II. Methods
A. Computational details

All rst-principles calculations were based on Density Func-
tional Theory (DFT) using the Generalized Gradient Approxi-
mation (GGA) in the format of Perdew–Burke–Ernzerhof (PBE)
implemented in the ABINIT24 code. The projected augmented
wave (PAW) method25 was used to generate pseudopotentials
with the ATOMPAW code.26 Table 1 shows the different
elements used in this study and their corresponding electron
congurations and their radius cutoffs.
B. Convergence details

To ensure the accuracy of the calculations, values for kinetic
energy cutoff, k-point mesh, and vacuum were converged. The
total energy self-consistent eld (SCF) calculations were per-
formed with a convergence criterion of 1.0 × 10−10 hartree. The
dataset convergence was determined when the difference
between two consecutive total energy was less than 0.0001
hartree (0.003 eV). Geometry optimizations were carried out
Table 1 Electron configurations and radius cutoffs for PAW pseudo-
potentials of each element

Element Electron conguration Radius cutoff (bohr)

Boron (B) [He] 2s2 2p1 1.70
Nitrogen (N) [He] 2s2 2p3 1.20
Oxygen (O) [He] 2s2 2p4 1.41
Carbon (C) [He] 2s2 2p2 1.51
Phosphorus (P) [Ne] 3s2 3p3 1.91
Silicon (Si) [Ne] 3s2 3p2 1.91

© 2024 The Author(s). Published by the Royal Society of Chemistry
with a convergence threshold for the maximum force set to 2.0
× 10−4 hartree per bohr (0.01 eV Å−1).
C. Atomic structures

To isolate the ozone molecule, we utilized a large supercell and
achieved convergence for both the kinetic energy cutoff and cell
size. The optimized atomic structure is shown in Fig. 1(a) and
the bond length is shown in Table 2.

For the (1 × 1)-boron nitride (11BN) monolayer calculation,
we utilized a primitive cell consisting of two atoms, one boron
and one nitrogen, to represent the simplest possible congu-
ration of the boron nitride structure. This small-scale model
serves as a reference for calculating various properties such as
lattice constants, bond lengths, and electronic structure, which
can then be scaled up for larger systems.

For the (4 × 4)-boron nitride (44BN) calculation, we used
a 4 × 4 × 1 supercell with 32 atoms. In four separate instances,
we modied the monolayer with substituting a boron and
nitrogen pair with 2 carbon (C), 2 oxygen (O), 2 silicon (Si), and 2
phosphorus (P). The defect formation energy is given in eqn (1)

Ef = EmL − E44BN − 2Edopant + E11BN (1)

where EmL, E44BN, Edopant, and E11BN are the total energies of the
doped monolayer, (4 × 4)-BN, dopant, and (1 × 1)-BN
respectively.
D. Adsorption calculations

The adsorption energy (Ead) between ozone and the monolayer
is needed to assess whether physisorption or chemisorption will
occur. We placed ozone on top of pure and doped boron nitride
with a vacuum of 10.58 Å. We calculated the appropriate
vacuum spacing based on the sum of the lattice parameters of
the boron nitride monolayer and the ozone molecule. This gave
a minimum spacing of 19 bohr, but to ensure no interactions,
we increased the vacuum spacing to 20 bohr. We also tested 14
bohr and 24 bohr and found that the energy difference was less
than 0.001 hartree for both, showing that our vacuum distance
is effective. The adsorption energy was calculated using eqn (2)

Ead = Emol+mL − EmL − Emol (2)

where Emol+mL, EmL, and Emol are the total energies of the ozone
adsorbed monolayer system, the monolayer, and the ozone
molecule respectively.
E. Electronic structures

1. Band structure. The band structure calculations for (1 ×

1)-BN and (4 × 4)-BN, were calculated using the high symmetry
k-points G (0,0,0), K (1/3,2/3,0), M (1/2,1/2,0) as shown in
Fig. 1(b). We also calculated the band structure of before and
aer ozone adsorbed on dopedmonolayers using the same high
symmetry k-points.

2. Charge transfer. The monolayers that demonstrated
physisorption and chemisorption were selected to continue
with charge transfer calculations. Charge transfer is indicated
RSC Adv., 2024, 14, 36538–36545 | 36539
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Fig. 1 (a) Atomic structure of O3, (b) the Bravais lattice (a1, a2) and reciprocal lattice (b1, b2) of boron nitride monolayer. (c) The atomic and band
structure of (1 × 1)-boron nitride monolayer, (d) the atomic and band structure of (4 × 4)-boron nitride monolayer. 0 eV is the Fermi level. Boron
atoms and nitrogen atoms are beige and blue respectively. High symmetry k points in the first Brillouin zone are G (0,0,0), K (1/3,2/3,0), M (1/2,1/
2,0).

Table 2 Optimized atomic structure of ozone: current research
(current), other theoretical research (other), experimental data
(experimental), and percent error (error). Bond length between O1 and
O3 as d13 (Å), bond length between O2 and O3 as d23 (Å), and angle
made between O1, O3, and O2 as :132 corresponding to Fig. 1(a)

Current Other Experimental Error (%)

d13 (Å) 1.271 1.282 1.278 0.548
d23 (Å) 1.271 1.282 1.278 0.548
:132 118.370 116.850 116.800 1.344

Table 3 Lattice constant a (Å), band gaps Eg (eV), gap type, and defect
formation energy Ef of pure and doped boron nitride monolayers

Monolayer a (Å) Eg (eV) Gap type Ef (Ha)

44BN 9.997 4.252 Indirect N/A
C-BN 10.047 3.177 Direct 0.072
O-BN 10.118 1.805 Indirect 0.207
Si-BN 10.400 1.532 Indirect 0.911
P-BN 10.346 0.692 Direct 0.746
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by a difference in charge density between the complex system
and the monolayer and the ozone molecule which is shown in
eqn (3)

Dr = rmol/mL − rmL − rmol (3)

3. Projected density of states. Projected density of states of
the monolayers that demonstrated interactions between the
ozone molecule and the monolayer were calculated using the
tetrahedron method. The atoms selected were the two dopants
substituting for the boron and nitrogen pair and the two oxygen
atoms closest to the monolayer.

III. Results and discussion

We calculated the atomic and band structures, adsorption
energy, density of states, and charge transfer for ozone adsor-
bed on pure and doped boron nitride monolayers.

A. Pure materials

We rst calculated the optimized atomic structure, bond
lengths, and bond angle for O3. From our current calculations,
we observed the bond length between O1 and O2, bond length
36540 | RSC Adv., 2024, 14, 36538–36545
between O2 and O3, and bond angle of ozone to be 1.271 (Å),
1.271 (Å), and 118.370° respectively as shown in Table 2. This is
comparable to other calculations27 and experimental data.28

The converged lattice constant for (4 × 4)-boron nitride can
be found in Table 3. The plotted band structures for (1 × 1)-
boron nitride and (4 × 4)-boron nitride are shown in Fig. 1(c)
and (d) and the calculated band gap is shown in Table 3. We
used the same high symmetry points shown in Fig. 1(b).

B. Doped monolayers

To investigate the effects of various dopants on the electronic
properties of boron nitride, we substituted a pair of 2C, 2O, 2Si,
2P for a boron and nitrogen pair. The optimized atomic struc-
tures and band structures are shown in Fig. 2 where Fig. 2(a)
shows C2 sub (4 × 4)-BN monolayer (C-BN), Fig. 2(b) shows Si2
sub (4 × 4)-BN monolayer (Si-BN), Fig. 2(c) shows P2 sub (4× 4)-
BN monolayer (P-BN), and Fig. 2(d) shows O2 sub (4 × 4)-BN
monolayer (O-BN). The lattice constants are shown in Table 3
with Si-BN having the largest lattice constant of 10.400 (Å) and
C-BN having the smallest lattice constant of 10.047 (Å).

We observe that Si-BN has the largest band gap of 3.393 eV
while P-BN has the smallest band gap of 0.692 eV as shown in
Table 3.

In order to get defect formation energy, we calculated the
total energies of our doped monolayer, pure (4 × 4)-BN
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Top row represents the atomic structure of optimized monolayers and bottom row represents the band structure for (a) C-BN, (b) Si-BN,
(c) P-BN, and (d) O-BN. 0 eV is the Fermi level. Color code as following: boron atoms, nitrogen atoms, carbon atoms, silicon atoms, phosphorus
atoms, and oxygen atoms are colored beige, blue, black, white, yellow, and red.
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View Article Online
monolayer, dopant, and (1 × 1)-BN monolayer. Using eqn (1) we
were able to calculate the exact values as listed in Table 3. We
observed that C-BN had the smallest Ef of 0.072 Ha indicating
that it requires the least energy to obtain our doped monolayer,
while Si-BN had the largest Ef of 0.911 Ha.
C. Ozone adsorbed on monolayers

1. Atomic structures. We tested ozone on top of three
different locations for pure 44BN to nd the most energetically
favorable site for ozone adsorption. Fig. 3(a) O1 and O2 on top of
a pair of boron and nitrogen (BN-TBN), Fig. 3(b) O1 and O2 on top
of a pair of two boron (BN-TBB), Fig. 3(c) O1 and O2 on top of
a pair of two nitrogen (BN-TNN). Aer optimization, we found
that the most favorable location was BN-TBB with BN-TBN and
Fig. 3 Ozone adsorbed on puremonolayers in 3 different positions: top r
(a) BN-TBN, (b) BN-TBB, and (c) BN-TNN. 0 eV is the Fermi level. Color co
beige, blue, and red respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
BN-TNN being 2.002 and 5.001 hartree higher respectively.
Subsequently, in our later calculations, we treat 44BN doped
with two oxygens as a special case with the ozone molecule on
top of two borons closest to the dopants instead of the two
dopants. The other three cases, we positioned the ozone mole-
cule directly over the dopants. We considered different posi-
tions, but previous research has shown that the most stable
adsorption congurations occur above the dopants and this
conguration maximizes the adsorption energy.29

In Fig. 4, we depict the optimized atomic structures of our
doped (4 × 4)-BN monolayers. The top row and bottom row
represent the atomic structure before and aer optimization.
Fig. 4(a) C2 sub (4× 4)-BN (O3/C-BN). Fig. 4(b) Si2 sub (4× 4)-BN
(O3/Si-BN). Fig. 4(c) P2 sub (4× 4)-BN (O3/P-BN). Fig. 4(d) O2 sub
(4 × 4)-BN (O3/O-BN). In Fig. 4(a), O3 bonded to the monolayer.
ow shows atomic structures and bottom row shows band structures for
de as following: boron atoms, nitrogen atoms, and oxygen atoms are

RSC Adv., 2024, 14, 36538–36545 | 36541
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Fig. 4 Ozone adsorbed on doped monolayers before and after optimization: top row and bottom row shows atomic structure before and after
optimization respectively for (a) O3/C-BN, (b) O3/Si-BN, (c) O3/P-BN, and (d) O3/O-BN. Color code as following: boron atoms, nitrogen atoms,
carbon atoms, silicon atoms, phosphorus atoms, and oxygen atoms are colored beige, blue, black, white, yellow and red respectively.
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In Fig. 4(b), O3 bonded to the monolayer and was dissociated
into O and O2. In Fig. 4(c), O3 was dissociated into an O atom
bonded to the monolayer and a released O2 molecule. In
Fig. 4(d), O3 showed no adsorption. We successfully identied
the converged state for (O3/C-BN) and (O3/Si-BN). However, we
were unable to achieve convergence for (O3/P-BN) and (O3/O-
BN). As a result, we proceeded with the following calculations
(density of states, band structure, and charge transfer) for only
(O3/C-BN) and (O3/Si-BN).

2. Adsorption energy. Adsorption energy is needed to
assess whether physisorption or chemisorption occurs. To get
adsorption energy, we calculated the total energies of our
complex system, doped monolayer, and ozone molecule. Using
eqn (2), we were able to nd the exact values as listed in Table 4.
If Ead < −0.5 eV, chemisorption occurs and if Ead > −0.5 eV,
physisorption occurs.30 We observe that O3/Si-BN has the
strongest Ead of −8.074 eV indicating chemisorption and O3/C-
BN has an Ead of −0.272 eV indicating physisorption. BN-TBB,
BN-TBN, and BN-TNN indicate very little adsorption.

3. Band structure and total density of states. Band struc-
ture and total density of states provide information to help us
further understand the electronic properties of the complex
system and the interactions between the monolayer and ozone.
Table 4 Adsorption energy Ead (eV), distance betweenmonolayer and
ozone molecule measured from the closest side oxygen. This work
explores ozone adsorption on carbon, phosphorus, silicon, and
oxygen doped boron nitride. Results show that silicon doped BN yields
the strongest result with chemisorption of ozone. Phosphorus doped
BN also shows promising results. h (Å), band gap Eg (eV), and gap type
of selected monolayers

Monolayer Ead (eV) h (Å) Eg (eV) Gap type

BN-TBB −0.155 3.18 0 Metallic
BN-TBN −0.155 3.26 0 Metallic
BN-TNN −0.155 3.27 0 Metallic
C-BN −0.272 1.98 2.314 Indirect
Si-BN −8.074 2.57 3.393 Indirect

36542 | RSC Adv., 2024, 14, 36538–36545
Fig. 5 shows the atomic structure, band structure, and TDOS of
BN-TBB, O3/C-BN, and O3/Si-BN.

In Fig. 5(a), the band gap is noted to decrease from 4.252 eV
to 0 eV aer ozone adsorption shown in Tables 3 and 4
respectively. This indicates metallic nature. Furthermore, the
TDOS graph shows signicant electronic states at the Fermi
level 0 eV. This presence of states suggests that electrons can
move freely through the conduction band, facilitating electrical
conductivity.

In Fig. 5(b), the band gap is noted to decrease from 3.177 eV
to 2.314 eV aer ozone adsorption as shown in Tables 3 and 4
respectively. The TDOS graph reveals states around the set
Fermi level 0 eV. The presence of these straight lines indicates
at bands, which suggest localized electronic states at these
energies. The at bands at these specic energies likely result
from interactions with ozone and carbon dopants, and these
localized states are evident in both the band structure and
TDOS.

For Fig. 5(c), the band gap is noted to decrease from 3.393 eV
to 1.532 eV aer ozone adsorption as shown in Tables 3 and 4
respectively. We observe states around the Fermi level, set at
0 eV in the TDOS graph. This suggests that the electronic states
introduced by the silicon dopants are more localized near the
Fermi level and have a higher density of available electronic
states. These closely packed states can enhance the likelihood
of charge transfer or bonding interactions between the mono-
layer and the ozone, leading to higher Ead of −8.074 eV which
can be seen in Table 4.

4. Charge transfer. The charge transfer of O3 adsorbed on
doped boron nitride monolayers was calculated in order to
observe the change in electron density distribution caused by
interactions between O3 and the monolayers. We used eqn (3)
and the results for BN-TBB, O3/C-BN, and O3/Si-BN are depicted
in Fig. 6.

For Fig. 6(a), the gure shows ozone detached from pure (4×
4)-BN and analysis reveals no signicant bonding or charge
transfer between the ozone molecule and the monolayer. The
projected density of states (PDOS) shows minimal interaction
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ozone adsorbed onmonolayers: top row shows side view of atomic structures, middle row shows band structure, and bottom row shows
total density of states. 0 eV is Fermi level. (a) BN-TBB, (b) O3/C-BN, (c) O3/Si-BN.
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between the orbitals of the oxygen and boron atoms, and the
charge transfer results conrm that no substantial electron
redistribution occurs. As a result, there is no evidence of cova-
lent bonding between ozone and the boron nitride surface. This
can be explained by the large band gap of 4.252 eV in Table 3
and boron nitride's robust covalent bonds.31
Fig. 6 Top view and side view of charge transfer of ozone adsorbed onm
isovalue = 0.02 electron per bohr3, (c) O3/Si-BN isovalue = 0.01 electr
oxygen atoms, carbon atoms, silicon atoms are colored beige, blue, red
charge accumulation and charge depletion respectively and charge is tr

© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 6(b) shows ozone adsorbed onto C-BN. For C2-doped
(4 × 4)-BN, electrons are transferred within the ozone molecule.
There is minimal interaction between the monolayer and the
molecule. This is because carbon does not introduce states near
the Fermi level that can strongly interact with the orbitals of
ozone. As a result, there are no accessible energy states that
onolayers: (a) BN-TBB isovalue= 0.001 electron per bohr3, (b) O3/C-BN
on per bohr3. Color code as following: boron atoms, nitrogen atoms,
, back, and white respectively. The pink and green regions represent
ansferred from the green to the pink regions.
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Fig. 7 Projected density of states of (a) BN-TBB, (b) O3/C-BN, and (c) O3/Si-BN. The atomic orbitals in the right corner correspond to the atomic
structure in the top left corner.
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would allow for signicant electron exchange between the
monolayer and the molecule. This nding is consistent from
when we calculated for adsorption energy and conrms the
weak Ead of −0.272 eV between the monolayer and the ozone
molecule.

Fig. 6(c) shows ozone bonded to the Si2-doped (4 × 4)-BN.
For Si2-doped (4 × 4)-BN, there is much more charge transfer
between the monolayer and the two attached oxygens which
accumulates in the Si–O bonds. This can be explained by the
large electronegativity difference between Si (1.8) and O (3.5)
which allows for the electrons to be pulled towards oxygen. This
nding is uniform with our large Ead of −8.074 eV.

5. PDOS. PDOS provides a more detailed view of the elec-
tronic structure of a material, revealing how particular orbitals
contribute to the density of states. For BN-TBB, O3/C-BN, and O3/
Si-BN, we depicted the O1 and O2 atom in O3 shown in Fig. 1(a)
and the two dopants in the monolayer.

In Fig. 7(a), analysis revealed minimal interaction between
the boron and oxygen orbitals. The p orbital plot for the two
borons are similar, and the p orbital plot for the two oxygen
atoms were also almost identical. This indicates that this
conguration does not signicantly alter the electronic struc-
ture of either the boron or oxygen atoms. This is due to the
relatively stable and inert electronic structure of boron nitride,
which has a wide band gap. The lack of interaction and
hybridization supports why ozone doesn't bond to 44BN, and
the material's properties remain largely unaffected by the
presence of ozone in this scenario.

In Fig. 7(b), we observe minimal overlapping between the s
orbital from C1 and the p orbital from O2 suggesting some
hybridization and bonding between the monolayer and the
ozone molecule. This corresponds to the adsorption energy
−0.272 eV that we calculated. Compared to Fig. 7(a), where
there is no interaction and no adsorption, O3/C-BN's minimal
interaction supports physisorption.

In Fig. 7(c), we observe strong interactions between the
silicon atoms in the doped boron nitride and the oxygen atoms
from the adsorbed ozone. The overlapping of the p orbital from
O2 and p orbital of O1 suggests signicant hybridization of their
orbitals, leading to strong chemical bonding between silicon
and oxygen. This corresponds to the large Ead −8.074 eV that we
calculated. The proximity to the Fermi level highlights the high
36544 | RSC Adv., 2024, 14, 36538–36545
electronic activity associated with these atoms, implying that
they contribute actively to the material's electronic structure. As
a result, the system likely exhibits enhanced reactivity and
possibly improved conductivity. The strong bonding interaction
and electronic contribution from silicon and oxygen suggest
that silicon-doped boron nitride could have promising appli-
cations in catalytic processes or chemical sensing, given its
ability to effectively adsorb and interact with ozone. This
observation matches the ndings of Yadav who showed that Si
doping signicantly enhanced the sensing behaviour of BNNs
compared to pristine BNNs.32

D. General results

We investigated the adsorption of ozone on both pure boron
nitride and four dopedmonolayers: carbon, oxygen, silicon, and
phosphorus. Among the tested monolayers, boron nitride
doped with carbon exhibited the lowest formation energy at
0.072 hartree, indicating it is energetically favorable. Aer
optimization, we found that ozone adsorbed on Si2 sub (4 × 4)-
BN formed the most stable conguration, with an adsorption
energy of−8.074 eV, highlighting strong interaction with ozone.
Ozone adsorbed on P2 sub (4 × 4)-BN did not produce a stable
conguration, but it led to the release of an oxygen molecule.
Charge transfer and projected density of states (PDOS) analysis
showed that silicon-doped boron nitride demonstrated the
greatest charge transfer and the most hybridization with ozone.
This suggests a strong interaction between ozone and the
silicon atoms, making silicon doping particularly effective for
ozone adsorption. The band structure calculations further
revealed that ozone adsorbed on carbon-doped boron nitride
monolayer exhibited a band gap of 2.314 eV, while the silicon-
doped boron nitride monolayer had a slightly higher band
gap of 2.57 eV, indicating both doped systems retain semi-
conducting properties while interacting with ozone.

IV. Conclusion

Through rst-principles calculations based on DFT, this study
aimed to address the environmental and health challenges
posed by ozone in the troposphere by exploring its adsorption
on boron nitride (BN) monolayers doped with metal-free
elements. Our ndings reveal that different dopants result in
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06674j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
28

/2
02

5 
6:

50
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
varied behaviors of ozone adsorption and dissociation
compared to pure boron nitride. Carbon-doped boron nitride
exhibited physisorption with the entire ozone molecule weakly
bonded to the monolayer. Silicon-doped boron nitride, showed
a signicant increase in adsorption energy, achieving chemi-
sorption and effectively breaking the ozone molecule into O and
O2, both of which remained bonded to the monolayer, making
Si2 sub (4 × 4)-BN a promising candidate for ozone removal.
Phosphorus-doped BN led to the dissociation of ozone,
releasing O2 and bonding a single oxygen atom to the BN
monolayer. Oxygen-doped BN demonstrated little interaction
with ozone indicating it unt for ozone capture. While this
study is based on rst-principles Density Functional Theory
(DFT) calculations the energy values, lattice constants, and
structural properties obtained in this study are consistent with
previous theoretical works, which enhances condence in the
reliability of our computational model.

These ndings demonstrate the effectiveness of silicon-
doped boron nitride in removing ozone from the troposphere.
Given the high adsorption energy of the resulting oxygen
species, it is reasonable to conclude that the surface of the
doped boron nitride may be suitable for one-time use only. The
strong chemisorption indicates that regeneration of the surface
could be challenging. Therefore, the application of this material
may be limited to specic single-use scenarios. Additionally, the
results indicate the potential of phosphorus-doped boron
nitride to adsorb ozone and release an oxygen molecule.
However, further investigation is necessary to nd the fully
optimized structure and assess its capabilities in mitigating the
harmful effects of tropospheric ozone on both the environment
and human health. We hope this study will provide valuable
insights on improving ozone adsorption technologies using
doped boron nitride monolayers.

Data availability

All data for our study came from ABINIT calculations. All other
data used can be found in the References section of the
manuscript.
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