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glet and triplet oxygen on B-
doped graphene: adsorption and electronic
characteristics†

A. Sahithi and K. Sumithra *

The density functional calculations of electronic and structural properties of the adsorption of dioxygen on

boron-doped graphene surfaces are conducted using spin-polarized density functional theory methods,

including van der Waals correction. The results show significant differences in the adsorption

characteristics of singlet and triplet oxygen on boron-doped graphene surfaces. Both triplet and singlet

show only weak attraction to intrinsic and singly doped graphene. The singlet oxygen adsorption on

doped graphene shows fascinating features involving chemisorption with dioxetane ring formation with

appreciable charge transfer. In contrast, the triplet oxygen is only weakly physisorbed on the boron-

doped surfaces. Chemisorption of singlet oxygen occurs with noticeable charge transfer and leads to

almost featureless band structures, while the triplet oxygen physisorption proceeds with a well-defined

band structure. Chemisorption of the singlet oxygen is attributed to the enormous mixing of p* of

dioxygen and the p-orbitals of dopant and carbon. Because of the difference in adsorption

characteristics, chemically modified graphene can find use in detecting and trapping singlet oxygen,

which has potential applications in photodynamic therapy.
1. Introduction

Considerable attention has been focused on studies involving
monolayer graphene since its remarkable isolation in 2004.1 It
has facilitated new research on two-dimensional materials with
various novel properties and technological applications.2,3 It has
been reported experimentally that graphene could be a poten-
tial gas sensor with appreciable sensitivity, showing transport
property changes on exposure to gases like NO2 and NH3.4 It is
seen that the electrical and optical properties of graphene and
other similar 2D materials show deviations upon exposure to
gases.4–7 Understanding the adsorption characteristics of gases
on the surface is extremely important to envisage any two-
dimensional based sensor devices. Following the experimental
investigation4 with individual molecules, the adsorption of
small molecules like O2, CO, H2O, NO2, NO, NH3, etc. has been
explored8–12 to understand their inuence on the electronic
structure properties of pristine graphene.

Nonetheless, most gas molecules can only weakly physisorb
on pristine graphene.13–15 Such physisorptions cannot improve
the semi-conducting properties of graphene and therefore
forbid its potential use in gas sensors and other electronic
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devices. To enhance the sensitivity of gases towards the intrinsic
graphene, doping the surface with either n- or p-type dopants
are common and are expected to alter the electronic and
transport properties.5,13 Regular practice is to replace one or
more carbon atoms with either metal, transition metals, and
non-metals,16,17 or by decorating the surface extrinsically with
atoms.18 It is already established that B- or N-doped and B- and
N- co-doped graphene can signicantly improve the sensing of
gases like NO, NO2, NH3, and CO.13,17,19–21 Metal and transition
metal doped22,23 graphene are found to alter the electronic
structure drastically and, therefore, cannot be employed in
semiconductor devices. On the experimental front, several non-
metals doped graphene-based materials were synthesized
successfully with boron, nitrogen, etc.24,25

This section discusses an overview of oxygen adsorption on
intrinsic and B-doped graphene. Using the computational rst-
principles technique, Nakamura et al.26 found that oxygen atoms
selectively adsorb on intrinsic graphene, forming epoxide rings
andmodifying structural and electrical characteristics. There have
been a few experimental5,27–29 and theoretical attempts13,16,30–37 to
explore the sensing of molecular dioxygen, O2, on pristine and
doped graphene monolayers. Some earlier literature reveals
attempts to make oxygen sensors27,28 with monolayer graphene.
Such oxygen sensors were made at room temperature by chemical
vapor deposition, and rapid changes in the current were shown
when the sensors were exposed to different oxygen concentrations
at room temperature.27 Bagsican et al.29 employed temperatures
programmed terahertz (THz) emission microscopy (TPTEM) to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Different patterns of doping on 6.25% and 9.37% boron-doped
4 × 4 supercell of graphene in four different patterns indicated by the
names, (a) B2G-2 (b) B3G-1 (c) B3G-2 (d) B3G-3. The grey color
represents the carbon atoms, and the pink represents the boron
atoms.
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explore the local O2 adsorption and desorption dynamics on
graphene and tungsten disulde (WS2). They have found
adsorption energy of about −0.15 eV for oxygen molecules on
pristine graphene.

All the theoretical investigations predict only weak adsorp-
tions with molecular oxygen,16,30–37 and some studies indicate
increased oxygen sensitivity aer doping with silicon.30,33 It is
also suggested that Si-doped surfaces can be a metal-free cata-
lyst for oxygen reduction reactions (ORRs).33 Diffusion Monte
Carlo (DMC) calculations were also performed for O2 adsorption
on single-layer graphene31 to describe the adsorption's nature
accurately. They have obtained adsorption energy of −0.142 eV,
close to the experimental value of −0.15 eV.29 The adsorption of
O2 is also facilitated by topological defects and compressive
mechanical strain.36

With their pioneering work, Dai and colleagues found that
dioxygen adsorbs onto B-doped and N-doped (each with a single
atom of dopant) weakly. In contrast, it is more robust with tran-
sition metal doped surfaces.13,16 The adsorption of singlet oxygen
molecules onto aromatic hydrocarbon molecules like benzene,
naphthalene, and pyrene, employing ab initio MO calculations,
was also done previously.38 They have found dioxetane like
metastable structures on adsorption of singlet O2 onto hydrocar-
bons. Even though it is clear that the theoretical studies on triplet
dioxygen which is O2 in its natural state, 3Sg, were conducted on
graphene and singly B-doped graphene, the investigations on the
adsorption of singlet dioxygen, 1Dg, is hardly discussed irre-
spective of its importance. Additionally, the information on the
electronic structure in terms of band structures and density of
states (DOS) is not discussed previously in the literature for both
triplet and singlet oxygen.

All previous investigations show that triplet O2 is unreactive to
the surface. This theoretical investigation is the rst to discuss the
differences between the adsorption and electronic characteristics
of both singlet and triplet dioxygen. Additionally, this work
involves adsorption on graphene with various dopant concentra-
tions and surfaces with different doping patterns. Therefore, it is
vital to understand the scope of using boron-doped graphene to
capture singlet oxygen for its potential uses as nano-catalysts,
sensor platforms, and medical-related applications. Moreover,
a boron-doped graphene surface exposed to singlet dioxygen may
limit its use as a sensor for various other gaseous molecules.

2. Methodology

The adsorption and electronic characteristics are calculated
following density functional theory, using periodic boundary
conditions. The analyses with dioxygen, in both the spin states,
triplet, and singlet on doped graphene are performed with spin-
polarised density functional theory (DFT) calculations, using the
PBE generalized gradient approximation (GGA)39 exchange–
correlation functional. The density functional calculations are
carried out using the Vienna ab initio simulation package (VASP).40

as integrated with the MedeA® computational environment.41 We
used the PAW (projected augmented wave) potentials42 provided
with the latest VASP distribution and included the semi-core
states into the valence band.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The calculations are performed with single dioxygen placed
above the graphene surface. A supercell of 4 × 4 graphene
supercell (32 carbon atoms) represents an isolated graphene
sheet on which different substitutional doping concentrations
and surface congurations are considered. In order to eliminate
the periodic interaction between neighboring layers, the
supercell is extended with a lattice parameter of 15 Å along the
z-axis from the graphene to create the vacuum layer. Therefore,
the dopant concentration with one boron substituting a carbon
atom is 3.12%. The increased concentrations considered are
6.25 and 9.37%, with the dopants following different congu-
rational arrangements on the surface, as shown in Fig. 1. To
investigate the possibility of interactions of periodic image,
calculations of adsorption of singlet and triplet oxygen were
also done on a 5 × 5 graphene supercell.

To account for dispersion interactions, we used different
approaches like DFT-D2 and DFT-D3.43 The initial set of calcu-
lations employing the DFT and DFT-D3 functionals43 revealed
that van der Waals corrections are essential to describe surface
oxygen adsorption. To get the best geometries, we used DFT
theory with long-range dispersion correction in the DFT-D3
formulations of BJ damping.44 The adsorption energies ob-
tained are calculated as:

Eads = E0 [A@G] − E0 [G] − E0 [A], (1)

where E0 is the ground state energies of the adsorbate on the
graphene surface [A@G], graphene [G] (pristine graphene), and
adsorbate [A] (oxygen molecule), respectively, Eads is negative
when adsorption is exothermic.

Cut-off energy of 520 eV and Gaussian smearing with a width
of s = 0.025 eV for the occupation of the electronic levels are
used. A Monkhorst–Pack G-centered 9× 9× 1 k-point mesh was
used, and the total energy values converged below 0.01 eV Å−1.
The charge transfer difference Dr between the gas molecule and
graphene is calculated using the Bader charge analysis.45 Dr can
be calculated as the charge variation of gas molecules before
and aer the adsorption for oxygen employing eqn (2),
RSC Adv., 2023, 13, 20868–20875 | 20869
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Dr = r (O2/surface) − (r (surface) + r (O2)). (2)

3. Results and discussion

The results of electronic structure calculation of adsorption
dioxygen, O2, on graphene chemically doped surfaces are dis-
cussed in this section. The adsorption studies explore oxygen in
the paramagnetic triplet (3Sg) ground state and the diamagnetic
singlet (1Dg) state on a variety of B-doped graphene. The effect of
the surface doping concentrations, as well as congurations or the
patterns made by the dopants on the electronic band gaps, has
been discussed in our previous investigations.17,19 It has been re-
ported that the doping concentrations and the congurations lead
to appreciable variations in the electronic band gaps of the gra-
phene, even without the adsorption of gaseous molecules. Based
on the sub-lattice symmetry breaking, some congurations show
improved electronic aspects. This study considers doping with
boron atoms as it causes the least deformity to the two-
dimensional planar surface on substitutional doping. The
dopant concentrations studied are 3.12, 6.25, and 9.37%. The
pristine graphene is indicated as PG, and the singly doped gra-
phene with 3.12% boron is represented as BG. For 3.12% and
6.25% of dopant concentration the doped graphene surfaces are
designated as BG and B2G, whereas for 9.37%, there are three
patterns of doped surfaces, denoted as B3G-1, B3G-2, B3G-3. A few
of the doped surfaces that show increased band gaps with 6.25%
and all of 9.37% doping concentrations are shown in Fig. 1. The
remaining patterns of –B–C–B– denoted as B2G-2 and –B–C–C–B–
named as B2G-1 are shown in the ESI Fig S1.† The results of the
calculations on 5× 5 supercell are discussed in the ESI (Fig. S3–S8
and Tables S1 and S2†). The results of the calculation with 4 × 4
and 5 × 5 supercells do not differ much as can be seen from
Tables S1 and S2.† This indicates that our study with 4 × 4
supercell is sufficient to discuss about the adsorption and elec-
tronic properties for the doped systems considered in this study.

3.1. Adsorption of dioxygen

Although there are few studies on oxygen adsorption,13,16,36 the
effect of the spin nature of the molecule on the electronic
structure and the adsorption characteristics are not yet
considered. The majority of the previous studies deal with
Table 1 Represents the adsorption energy, distance of oxygen from surf
on graphene. Band gaps for the bare surface is given in parenthesis

System 3Sg on
Adsorption energy
(eV)

Dist
(Å)

PG −0.147 3.0
BG −0.265 2.93
B2G-1 −0.144 2.86
B2G-2 −0.138 2.9
B2G-3 −0.127 2.97
B3G-1 −0.374 2.9
B3G-2 −0.186 2.9
B3G-3 −0.367 2.78

20870 | RSC Adv., 2023, 13, 20868–20875
adsorption on pristine graphene surfaces, other graphene-
based materials,14 and a few on transition metal doped23,30

and on defective graphene.34,46 This article discusses the results
of the adsorption of dioxygen in both triplet and singlet states.
The adsorption studies are conducted for various dopant
concentrations and patterns. A few geometries optimized
congurations are given in Fig. 1. The results of the calcula-
tions, the adsorption energies, optimized distances, band gaps
wherever necessary, and charge transfers for the triplet ground
state and singlet are summarized in Tables 1 and 2, respectively.

Adsorption of the oxygen molecule on boron-doped gra-
phene surfaces is expected to improve both the adsorption and
electronic characteristics and thus may contribute to its
potential application as a sensor for this molecule. Both triplet
and singlet oxygen tend to physisorb onto the intrinsic gra-
phene surface at a distance of about 3 Å, as shown in Tables 1
and 2. The adsorption energy for triplet oxygen on intrinsic
graphene is found to be −0.147 eV, conrming weak phys-
isorption. This result agrees very much with the previous
experimental result29 of −0.15 eV and the earlier calculations of
−0.142 eV.35

Therefore, the DFT-D3 method, including the dispersion
correction, can be conveniently used to investigate adsorption
on boron-doped systems. In Table 1, the electronic band gaps
caused by triplet oxygen adsorption are also given. The corre-
sponding doped, bare adsorbent band gaps are shown in
parenthesis. With the triplet oxygen, the physisorptions are not
strong enough to cause appreciable changes in the electronic
band gaps. However, with surfaces ‘B3G-1’ and ‘B3G-3’, the
band gaps are slightly more than the bare doped surface, as
seen from Table 1. The equilibrium distances are around 2.9–3
Å with negligible charge transfers, suggesting physisorptions.
On doping with boron, the adsorption energies are improved for
certain surfaces by an amount of 0.05–0.07 eV because of the
following reasons.

First, p-type doping makes it easier for the oxygen molecule
to have the lone pair of electrons get attracted to the surface,
irrespective of the spin nature of the molecule. The adsorption
energies of triplet oxygen on various surfaces are slightly higher
in the case of triplet adsorption on the doped surface congu-
rations ‘B3G-1’ and ‘B3G-3’ compared to the other surface
congurations. Aer doping with boron, the unpaired p orbitals
on the surface are the most reliable sources of radical spins. The
ace, and the band gap and charge transfer of oxygen (triplet) adsorbed

ance
Band gap (eV)

Charge transfer
(e)

0 0.06
0.20 (0.14) 0.03
Flat line (0.21) 0.02
0.41 (0.37) 0.04
0.16 (0.15) 0.01
0.64 (0.57) 0.07
0.15 (0.16) 0.014
0.63 (0.58) 0.05

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The adsorption, equilibrium distance from the surface, and
charge transfer of oxygen (singlet) adsorbed on graphene. The length
of the B–O bond formed during chemisorption is also given

System 1Dg on
Adsorption energy
(eV)

Distance
(Å)

Charge transfer
(e)

PG −0.396 2.96 0.08
BG −0.718 2.20 0.22
B2G-1 −0.664 1.9 0.06
B2G-2 −1.222 1.53 0.32
B2G-3 −0.932 1.9 0.04
B3G-1 −1.747 1.52 0.55
B3G-2 −0.176 2.97 0.03
B3G-3 −1.504 1.54 0.63

Fig. 2 Shows the optimized geometries of respective triplet O2

adsorption on different modified graphene surfaces (a) O2(t)/B2G-2 (b)
O2(t)/B3G-1 (c) O2(t)/B3G-2 (d) O2(t)/B3G-3 ((t)- triplet states). The
grey color represents the carbon atoms, and the pink represents the
boron atoms and red color indicates oxygen.

Fig. 3 Shows the band structure and respective DOS of oxygen in
triplet state adsorbed on surfaces (a) O2(t)/B2G-2 (b) O2(t)/B3G-1 (c)
O2(t)/B3G-3 ((t)-triplet state of oxygen). The magenta and black
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radical spin nature contributes to intermolecular interactions
between graphene and oxygen molecules because of the high
reactivity of unpaired electrons on triplet oxygen. It leads to
a slightly larger band gap opening. The higher adsorption
energies of triplet oxygen in these two cases, i.e., B3G-1 and
B3G-3 systems with higher band gaps than other systems, are
attributed to equivalent site doping, resulting in sub-lattice
symmetry breaking. The optimized geometries of triplet
oxygen on various doped surfaces are shown in Fig. 2. All of
them exhibit physisorption at a distance of around 3 Å.

Comparing the adsorption energies of triplet and singlet
oxygen on the same type of surfaces in Tables 1 and 2, we see
that the singlet adsorptions are more stabilized. It leads to
chemisorption on the doped graphene surface except for the
pristine graphene (PG) and singly doped graphene (BG). By
analyzing the adsorption energies, it is found that the magni-
tude of the adsorption energies of singlet oxygen is appreciable,
compared to that of triplet oxygen adsorption, even on the
pristine graphene surface. The adsorption energy value is
−0.39 eV for singlet oxygen adsorption on pristine graphene
compared to −0.147 for triplet. The reason for the same is easy
to understand. The oxygen molecule in the triplet ground state
is more stable than the singlet by 1 eV (experiment value is 0.97
eV), and the bond distance is smaller than in singlet oxygen. As
the triplet oxygen is already in the lowest energy state, like other
diatomic species near bare graphene surface, it is only weakly
© 2023 The Author(s). Published by the Royal Society of Chemistry
physisorbed.29,35 On the other hand, singlet oxygen is reactive,
remains excited at higher energy, and therefore gets more
attracted towards the bare surface to get stabilized. The charge
transfer also indicates that there is stronger adsorption than in
the case of triplet oxygen.

The band structures and the corresponding density of states
of the relevant cases of triplet oxygen adsorption are shown in
Fig. 3. The effect of dopant concentration on the band gap is
discussed elaborately in our previous publications.17 However,
we do not see a one-to-one correspondence of band gap with the
dopant concentration and band gap does not necessarily vary
linearly with the dopant concentration. The band gap of O2(t)/
B2G-2 is 0.41 eV, close to the bare surface value of 0.37 eV.
Similar behavior can be observed for the other two cases, O2(t)/
B3G-1 and O2(t)/B3G-3 shown in Fig. 3. Though the band gaps
for the bare surfaces B3G-1 and B3G-3 show an increase in band
gaps, changes during adsorption of triplet oxygen are minimum
without any appreciable changes in the band structure. It is
clear that the p* orbitals are not taking part in any bond
formation except for a weak mixing with the p-orbitals on the
surface. The at bands near the Fermi indicate the contribution
from pz orbitals of the oxygen atoms creating bands above the
Fermi, indicating p-type nature. The band gaps (in Table 1) are
unaffected and remain similar to the bare surface.

It shows physical adsorption and is conrmed by the density
of states (DOS). The partial density of states (PDOS) for triplet
oxygen is drawn together with the total DOS. The state not
correspond to the PDOS of oxygen.

RSC Adv., 2023, 13, 20868–20875 | 20871
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Fig. 4 The band structure of triplet with the orbital contribution (a)
O2(t)/B2G-2 (b) O2(t)/B2G-2 mixed orbitals. The line above 0.5 eV
indicates oxygen pz and boron p orbitals.
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participating in bond formation appears as peaks slightly above
the Fermi. It is also possible to see slight mixing and contri-
bution from both p* orbitals and carbon and boron pz in Fig. 4.
The oxygen pz orbitals remain without much mixing, with
a small contribution from boron, and it appears as a straight
band near 1 eV.

Three effects are to be considered while understanding the
difference in the adsorptive behavior of triplet and singlet
oxygen: repulsive, attractive, and spin–spin interactions. The
triplet oxygen has two electrons occupying two p* antibonding
molecular orbitals with parallel spins, and is a biradical. The
same spin directions make it more repulsive. Attractive forces
emerge from the tendency of the kinetic energy between the
parallel spins moving apart. In the case of triplet oxygen, the
repulsive forces between the biradical oxygen and the doped
surface overcome the attractive interactions with the boron-
doped graphene surface.

Most singlet oxygen adsorptions proceed through a dioxe-
tane-like (with B–O bonds) ring formation except for the
conguration ‘B3G-2’, where two carbon atoms separate the
dopant borons. The B–O distances in the dioxetane ring ranged
from 1.52 to 1.54 Å. The geometry of the optimized structure is
shown in Fig. 5, and a detailed gure of the dioxetane ring
formed on one of the patterns (B3G-3) is shown in Fig. 5(d).

The at lines at around 0.59–0.85 eV correspond to the pz
orbital of oxygen. In this model, the p-orbitals of boron,
carbons, and p*-orbital of oxygen molecule interact for
Fig. 5 Shows the optimized geometries of respective singlet O2

adsorption on modified graphene surfaces (a) O2(s)/B2G-2 (b) O2(s)/
B3G-1 (c) O2(s)/B3G-2 (d) O2(s)/B3G-3 ((s)- singlet), (d1) rear view (d2)
front view (pink color represents boron, red for oxygen, and grey
represents carbon atoms of graphene).

20872 | RSC Adv., 2023, 13, 20868–20875
bonding. In the singlet oxygen adsorption, the electrons are
arranged according to the Pauli exclusion principle. Therefore,
it is more attracted to borons on the surface resulting in strong
physisorption or chemisorption. The ‘B3G-2’ congured surface
observed strong physisorption rather than chemisorption. In
this surface pattern, the borons are separated by two carbons.
Compared to the other congurations with a 9.37% dopant
concentration, the lower band gap is due to the non-equivalent
site doping in the B3G-2 surface conguration.

A study of adsorption of singlet oxygen onto aromatic
hydrocarbon molecules38 found that singlet oxygen has the
potential to chemisorb onto simple hydrocarbons. This attri-
bute can be compared with the reaction of singlet oxygen with
ethylene, where the dioxetane transition state is identied.47 A
similar reaction path cannot be located for dioxetane for the
triplet state of oxygen. In other words, the singlet oxygen does
tend to oxidize the corresponding surfaces. The singlet oxygen
is chemisorbed onto all surfaces except on intrinsic graphene
and ‘B3G-2’ with the formation of dioxetane rings.

All the band structures for singlet O2 adsorptions are
primarily featureless bands with ill-dened band gaps; a few are
shown in Fig. 6, along with the corresponding DOS. The partial
density of states (PDOS) of carbon and boron are added in the
DOS plots to understand the contribution. An appreciable
mixing of orbitals can be seen near the Fermi indicating strong
chemisorption. The featureless bands result from the intense
mixing of p-orbitals of boron, carbon, and molecular p* orbital
Fig. 6 Shows the band structure and corresponding DOS of oxygen in
singlet state adsorbed on surfaces (a) O2(s)/B2G-2 (b) O2(s)/B3G-1 (c)
O2(s)/B3G-3 ((s); singlet state of oxygen). The magenta, red and blue
represent the PDOS of carbon, oxygen and boron respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The band structure of singlet with the orbital contribution (a)
O2(s)/B3G-1 (b) O2(s)/B3G-1 mixed orbitals. The line above −0.5 eV
indicates oxygen pz and boron p orbitals.

Fig. 9 The charge density surfaces of (a) O2(t)/B3G-1 contour plot and
(b) O2(s)/B3G-1. The yellow color shows charge/electrons accumu-
lation, and the blue shows charge/electrons depletion. The difference
charge density contour surface of (c) O2(t)/B3G-1 and (d) O2(s)/B3G-1
are also given.
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of dioxygen formed from p-orbitals. The mixing is depicted in
Fig. 7 for singlet oxygen adsorption on the surface B3G-1. From
the density of states, it can be seen that the adsorbate orbitals
are undergoing appreciable orbital mixing with that of the
surface, especially with the vertical pz orbitals on boron, as can
be seen from Fig. 7 due to chemical bond formation.

On intrinsic graphene, attractive forces are insufficient to
form a dioxetane intermediate, even though such systems are
predicted to form on aromatic hydrocarbons without doping.38

The effect of singlet oxygen adsorption on one of the surfaces is
shown in Fig. 8. The total DOS of the B3G-3 surface before and
aer singlet oxygen adsorption is shown. The states near Fermi
are magnied to show the intense orbital mixings due to
chemisorption.

To visualize the difference in the charge transfers on
adsorption, the VESTA (visualization for electronic and struc-
ture analysis) soware is used.48 The charge density (Fig. 9a and
b) and the difference density plots (Fig. 9c and d) with color
coding shown in Fig. 9, respectively, explain both the phys-
isorption of triplet oxygen and chemisorption with dioxetane
ring formation in the case of singlet oxygen with the surface
B3G-1.

For various partitions of electronic charge densities of O2(s)/
B3G-1, the plane hkl (001) containing O–O–B bonds is
employed. The charge density difference between the adsorbed
complex, the surface, and the gas molecule O2 is computed
using eqn (2). Charge density rearrangement can be seen in the
case of chemisorptive adsorption. In comparison to the rest of
the surface, electron-decient patches may be seen near boron
Fig. 8 Shows the total DOS corresponding to the B3G-3 surface
before and after adsorption of singlet O2. (a1) Magnified image of DOS
near Fermi of B3G-3 surface (b1) magnified image of B3G-3 near Fermi
after O2 adsorption.

© 2023 The Author(s). Published by the Royal Society of Chemistry
atoms. The red color reects high charge density oxygen, the
green iso-charge surfaces represent 8.95e-06e Å−3 charge
buildup, and the bottom cyan color represents 0.55e Å−3 charge
depletion on the graphene surface. Furthermore, the charge
collected around the oxygen attracts it to the charge decient
area (cyan iso-surface, i.e., boron of graphene iso-surface),
contributing to the energy preference of oxygen to connect
with the specic borons doped in graphene. In this case, the
valence charge (cyan) around the boron atoms is drawn to the
oxygen atom (from the cyan toward the green iso-charge
surface), leading to the covalent bond formation (dioxetane
ring). O–O–B bonds with bonding states on top of the valence
bands.

The graphic depicts how the charge concentration is spread
among carbon atoms near the bond formation site with boron.
In Fig. 9a, the charge transfers between triplet oxygen and boron
are minimal, showing physisorption on the graphene surface of
conguration B3G-1. In the case of triplet oxygen, the contour
red color depicts the charge on oxygen. However, the charge
accumulation is much lower than in the case of singlet oxygen,
i.e., at 1.16e-05 of green color and bottom cyan color at 0.037,
depicting charge depletion on graphene due to boron atoms.
4. Summary and conclusion

The spin-polarized calculations reveal that the results vary
drastically upon considering triplet and singlet oxygen adsorp-
tion on doped surfaces. With the intrinsic graphene surface,
both types of oxygen show weak attractions, as is evident from
the previous investigations.38 The triplet oxygen is only physi-
cally adsorbed on all chemically doped surfaces, whereas singlet
oxygen undergoes chemisorption. Chemisorption of the singlet
follows with the dioxetane intermediate formation on the doped
surface. This result can be best understood from the orbital
structures of doped graphene and oxygen, in addition to the
various possible interactions. A considerable amount of orbital
mixing of the orbitals of singlet dioxygen and the orbitals of
boron and carbons in the vicinity of bond formation is seen.
The charge transfer is also appreciable, with charge density
accumulation near the surface conrming the bond formations.
It is interesting to see the different adsorption behavior with the
RSC Adv., 2023, 13, 20868–20875 | 20873
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different spin states of the adsorbate molecule. Though there
are theoretical evidence to support the spin states and their
occupancy on adsorption,15 the experimental evidence to
suggest the importance of the spin states are still in premature
state. Though there are few research on the effect of spin states
on the catalytic activity of transition metal oxides,49 the experi-
mental strategies to follow up the spin states are still under
study. Whether the change of spin states change the adsorption
conguration and reaction path are still unclear.
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