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1. Introduction

In-plane graphene/boron nitride heterostructures
and their potential application as toxic gas sensors

Jannatul Mawwa,? Siraj Ud Daula Shamim, ©® Shamima Khanom,?
Md Kamal Hossain @ *? and Farid Anmed?

After the successful synthesis of graphene/hexagonal boron nitride (h-BN) heterostructures, research
works have been carried out for their plausible real-world device applications. Such 2D nanosheets gain
great attention as they have shown promising gas sensing properties due to their high surface-to-
volume ratio and unique electronic properties between graphene and h-BN. Herein, we report a first-
principles density functional theory investigation of the structural and electronic properties of pristine
graphene (PG), pristine BN, and their in-plane heterostructures employing B3LYP and dispersion-
corrected van der Waals functional WB97XD with the 6-311G (d, p) basis set. We found that these
predicted nanosheets show good structural stability with favorable cohesive energy and the bandgap
gradually increases with the increase in the B—N concentration. We have also studied their adsorption
properties toward toxic gas molecules (SO, and CO). Among these heterostructures, G2BN2 exhibits
greater adsorption energy of about —0.237 eV and —0.335 eV when exposed to SO, and CO gas
molecules, respectively. The electronic properties such as HOMO and LUMO energies, HOMO-LUMO
energy gap, Fermi level, work function, and conductivity significantly changed after the adsorption of
SO, gas on the nanosheets except for PG, whereas these parameters remain almost the same after the
adsorption of the CO gas molecule. Mulliken and natural bond orbital (NBO) charge analysis reveals that
charge transfer occurs from gas molecules to the nanosheets except when SO, is adsorbed onto PG.
Although the adsorption energies for CO gas are slightly greater than those for SO, gas for these
nanosheets, all other investigations such as electronic properties, charge transfer analysis, molecular
electrostatic potential (MEP) map, and global indices predict that these nanosheets are good sensors for
SO, gas than CO gas molecules.

sensors, and piezoelectric detectors have been introduced by
several research groups.®™ From the previous studies, it has been

There are many toxic gases that exist in the environment such as
CO, SO,, CO,, NO, NH;, and SO;, which are produced by
motorized transportations, power plants, industries, biological
waste etc.' CO gas is extremely toxic, which is emitted from the
burning of fossil fuel, natural gas, and organic matter. It is
responsible for several respiratory diseases such as asthma,
inflammatory lung disease, and hypoxia.®” Sulfur dioxide (SO,) is
another noxious gas produced mainly from the combustion of
fossil fuels such as coal and oil (e.g., diesel powered vehicles) and
is responsible for the acid rain and respiratory and cardiovas-
cular problems such as bronchitis, asthma, and wheezing.® As
pollution-free air is a global demand, the detection of harmful
gases is compulsory. Therefore, various kinds of gas sensors such
as chromatographic detectors, electrochemical solid-state
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found that 2D materials and thin film materials are specifically
offer chemical sensing applications owing to their unique elec-
trochemical properties, good chemical and thermal stabilities,
and high surface-to-volume ratio.*”

Among 2D materials, graphene and its derivatives have
attracted an extensive attention as chemical gas sensors due to
their exceptional thermal conductivity,"* optoelectronic,**
thermal stability,'® and charge carrier mobility'® properties from
the bulk materials. Most previous theoretical and experimental
studies predicted that pristine graphene lacks sensitivity toward
adsorbed gas molecules.”*® But after the modification of gra-
phene by doping pentavalent and trivalent atoms or creating
defects, the electronic and adsorption properties are greatly
increased.’?* Liu et al. investigated the SO, gas sensing prop-
erties of intrinsic and modified graphene by the DFT theory and
reported that SO, weakly adsorbed on the intrinsic graphene
while defected and Al-doped graphene showed high reactivity
toward SO,.** Similarly N-, Al, and Si-doped graphenes exhibit
high reactivity compared to pristine graphene toward CO
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gas.”*?¢ Jiayu Dai et al. examined the adsorption behavior of
common gas molecules (H,, H,0, O,, CO,, CO, NO,, NO, SO,,
NH3;, and N,) over B-, N-, Al-, and S-doped graphene using DFT
theory. They predicted that Al-doped graphene would show
much more reactivity than B- and S-doped graphenes. Mehdi D.
et al. studied the adsorption of NO and NO, molecules over B-
and BN-co-doped graphene sheets where nitrogen atoms
around the boron atoms increase the adsorption property of
graphene.””

On the other hand, another 2D material, hexagonal boron
nitride (h-BN), commonly known as white graphene, has also
been widely studied as a sensor for gas and drug molecules.?**®
It exhibits excellent mechanical strength, high thermal/
chemical stability, and special thermal conductance analo-
gous to graphene but has different electronic properties from
graphene due to the wide range band gap of about 4.6 eV.>*' As
graphene and hexagonal boron nitride (h-BN) have similar
structural parameters such as honeycomb lattice structure,
comparable lattice constants, and atomic radius of B and N
similar to that of C, these two structures stack in a single layer,
forming a hybrid in-plane graphene/h-BN material.>* The het-
erostructures have drawn attention due to their interesting
electric and transport properties after the successful synthesis
by different research groups.>*~¢ These systems are widely used
in potential applications including sensing toxic gases due to
the high sensitivity and chemical reactivity.*”** Recently, in
2019, Souza et al. investigated the gas sensing properties of
graphene/h-BN heterostructure for NO, NO,, NH3;, and CO, gas
molecules by employing DFT and NEGF theories. They pre-
dicted that strong interaction occurs between the graphene/h-
BN heterostructure and NO, gases at the interface region.*”
Petrushenko et al. examined the adsorption energies for the
adsorption of gas molecules (CO, HCI, and H,) on pristine
graphene, h-BN, and graphene/h-BN heterostructure using DFT
and independent gradient model (IGM) theories.*

In this research work, we have reported a theoretical study on
the structural and electronic properties of pristine graphene
(PG), pristine BN (PBN), and their in-plane heterostructures-
G3BN1, G2BN2, and G1BN3. We have also studied the interac-
tion between toxic gas molecules (CO, SO,) with PG, PBN, and
their heterostructures by employing B3LYP and dispersion-
corrected van der Waals functional WB97XD with the 6-311G
(d, p) basis set. To understand the structural stability of the
nanosheets, cohesive energy and vibrational spectra were
investigated. The interaction between gas molecules and the
nanosheets was observed by calculating the adsorption energies
and desorption recovery time. To predict the electronic prop-
erties of the nanosheets, energy gaps, charge transfer abilities,
conductivity, work function, and dipole moment were also
investigated. For examining the chemical reactivity, the global
indices such as chemical potential, chemical hardness, elec-
trophilicity, and chemical softness were calculated.

2. Computational details

In this study, all calculations were performed by unrestricted
DFT theory due to its accuracy in structural, electronic, and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnetic properties. We have chosen two functionals, B3LYP
and WB97XD (Meta hybrid functional) with the 6-311G (d, p)
basis set, as implemented in the Gaussian 09 package. B3LYP is
more reliable and commonly used functional in case of
different nanostructures, whereas WB97XD is dispersion-
corrected van der Waals functional, which is suitable for
adsorption studies.*>** To estimate the structural stability, we
have investigated the cohesive energy per atom of the nano-
sheets using the following equation.**

Enzmosheet - XEC - yEB - ZEN - 14'EH
Total number of atoms

Ec = (1)
where Epanosheet; Ec, En, Ex, and Ey; are the total energies of the
nanosheets, carbon, boron, nitrogen, and hydrogen atoms,
respectively, and x, y, and z are the number of carbon, boron,
and nitrogen atoms, respectively. We have calculated the
adsorption energies for the CO and SO, gas molecules on the
nanosheets by the following equation.*

Eads = Etotal(Nanosheets + gas molecules) — Etotal(Nemosheets)

- Etotal(gas molecules) (2)

where Etotal(Nanosheets + gas molecules)s Etotal(Nanosheets)y and Etotal(gas
molecules) denote the total energy of the nanosheets with the

adsorbed gas molecules, nanosheets, and CO and SO, gas
molecules, respectively. The counterpoise technique is used to
correct the basis-set superposition error (BSSE) and calculated

by*®

Eads,corr = Liads + EBSSE (3)

where E,qs corr is the corrected adsorption energy and Eggsg is
the energy of the basis set superposition error.

The charge transfer from the nanosheets to the adsorbed gas
molecules was calculated by Mulliken charge analysis and NBO
analysis.*” To investigate the electronic properties, Highest
Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) energies were obtained for calcu-
lating the energy gap and Fermi level energy*®

E, = Erumo — Enomo (4)
E FE
Epp — ( H0M0-25- LUMO) (5)

where Eyymo and Exomo are the lowest unoccupied and highest
occupied molecular orbital energies, respectively, and we have
measured the chemical potential (u) using Janak's approxima-
tion in terms of the energies of HOMO and LUMO.*

1 (dE\ _ (Euowmo + Erumo)
=73 (azv) = ) (©)

Using Koopmans' theorem,* chemical hardness (n) is
measured by the following equation.

_ L(ow _ L(OEY _ (Euowo + Euowo) )
"=2\on) T 2\aN2) T >
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where N is the total number of electrons and E is the total energy
of the cluster.” Using the calculated value of chemical potential
(«) and hardness (), we have calculated the chemical softness
() and electrophilicity index (w), which is the ability of
a chemical system to accept electrons from the surroundings®
by the following equations.

S =129 (8)
w = ul2n ©)

To understand the electrophilic and nucleophilic region of
the nanosheets, MEP maps have been investigated.

3. Results and discussion

3.1. Optimized geometric structures

To study the two dimensional in-plane heterostructures, iso-
lated pristine graphene containing 8 hexagons with 28 carbon
atoms have been chosen as our model structures. Then, they
were modified by doping alternative B and N atoms in one, two,
three, and four zigzag rows, respectively, to form BN nano-
sheets. A comparative analysis was carried out among the five

(d)
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model nanosheets where two pristine structures, pristine gra-
phene (PG) and pristine boron nitride (PBN), and their three
heterostructures, one zigzag row doped BN (G3BN1), two rows
doped BN (G2BN2), and three rows doped BN (G3BN1) and
these model structures were used as gas sensors for toxic SO,
and CO gases. All the structures were optimized using the two
functionals, B3LYP and WB97XD with the 6-311G(d,p) basis set.
In our calculations, we found the global minimum structures
for both the functionals, although the total energy for these
nanostructures are quite similar for these functional. The

Table 1 Total ground state energies (E7), cohesive energies (Ec), and
dipole moment (D. M) of the nanosheets

Er (keV)

D.M
Nanosheets B3LYP WB97XD E¢ (eV) %E¢ (Debye)
PG —29.27 —29.26 —6.95 — 0.001
G3BN1 —29.19 —29.18 —6.65 4.3 0.25
G2BN2 —29.94 —29.93 —6.56 1.3 0.74
G1BN3 —29.86 —29.85 —6.31 3.8 0.93
PBN —30.60 —30.59 —6.06 4.0 1.86

Boron

. Nitrogen

Carbon

Hydrogen

Fig. 1 Top and side view of the optimized geometries of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN.
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Fig. 2 Illustration of decreasing (a) cohesive energy and increasing (b) energy gap of the nanosheets.

optimized geometry of these nanosheets are shown in Fig. 1. To
predict the structural stability, cohesive energies were calcu-
lated, as shown in Table 1. The cohesive energies are —6.95,
—6.65, —6.56, —6.31, and —6.06 eV for PG, G3BN1, G2BN2,
G1BN3, and PBN, respectively. More negative energies indicate
more structural stability. Thus, all the structures possess
favorable cohesive energies, which is confirmed by previous
studies.>*® The cohesive energies slightly decrease from PG to
PBN, i.e., PG > G3BN1 > G2BN2 > G1BN3 > PBN. The variation is
shown by the bar chart in Fig. 2.

The predicted equilibrium C-C bond lengths in PG varies
from 1.30 to 1.47 A, where the larger bond lengths are present in
the armchair edges than the zigzag edges. The maximum bond
lengths (~1.47 A) were found in the middle hexagons indicated
by red color and the average predicted bond length is 1.43 A.
After doping BN in zigzag rows in PG, the bond lengths slightly
increase due to the greater atomic radius of B (98 pm) and N (92
pm) than C (77 pm). The average B-C bond lengths are 1.55 A,
which is greater than that for C-C and B-N bonds. In case of
PBN, the average bond lengths are 1.44 A. However the calcu-
lated average C-C, C-B, C-N, and B-N bond lengths are in good
agreement with those in the previously reported studies.’”*®
After the adsorption of gases such as SO, and CO on the
nanosheets, the bond lengths slightly varied by about ~0.001 A,
as shown in Fig. 1 where black and red colors indicate the
decrease and increase in the bond lengths, respectively. As all
the optimized structures remain in the planar form with the
adsorption of SO, and CO gases, except for CO@G3BN1, and the

bond lengths and bond angles remain almost unchanged, these
nanosheets exhibit great structural stability, which make them
potential candidates for gas sensors. In the CO@G3BN1
complex, the doped BN layer in G3BN1 is slightly distorted due
to Coulombic repulsion between the O atom of CO and the N
atoms of the BN layer as these two atoms, O (3.5) and N (3.0), are
the most electronegative.

3.2. Vibrational frequencies

To verify the optimized geometries of the nanosheets corre-
sponding to the local minima, the vibrational frequencies were
examined. The maximum and minimum vibrational frequen-
cies are reported in Table 2 and the spectra are illustrated in
Fig. 3. As all the structures show vibrational modes in a wide
range of frequencies from 20 to 3500 cm ' with positive
frequencies except for SO,@G3BN1, CO@G3BN1, CO@G2BN2,
and CO@PBN systems (only one small negative frequency), this
prediction indicates good structural stability. After BN doping
on PG, the peak strength was greatly enhanced and followed the
trend PG < G3BN1 < G2BN2 < G1BN3 < PBN, which indicates
that the reactivity of the nanosheets increases with increasing
concentration of BN. In the vibrational spectra of PG, CO@PG,
and SO,@PG, dominant peaks were found in the region of 700-
1000 cm ™' for PG and CO@PG, and in the region of 700-
1500 cm ™' for SO,@PG, which are responsible for C-C bond
vibrational modes. Another prominent peak was found in the
region of ~3200 cm™ ", which is due to the vibration of C-H
bonds. A similar phenomenon occurs in all other nanosheets

Table 2 Mulliken charge and NBO analysis in (e), dipole moment (DM) in Debye, adsorption energy (E,q4s), and corrected adsorption energy

(Eads,corr) In €V, distance (d) in A of gas molecules from the nanosheets

PG G3BN1 G2BN2 G1BN3 PBN
Properties co SO, co SO, co SO, co SO, co SO,
Om 0.003 —0.010 0.003 0.005 0.009 0.003 0.007 0.027 0.008 0.023
Qneo 0.001 —0.022 0.003 —0.004 0.007 —0.012 0.015 0.021 0.013 0.018
DM 0.034 1.720 0.262 1.765 0.705 1.417 0.949 0.662 1.911 0.635
Epas —0.363 —0.312 —0.362 —0.273 —0.367 —0.355 —0.365 —0.321 —0.448 —0.326
Eads corr —0.336 —0.219 —0.334 —0.169 —0.335 —0.237 —0.330 —0.169 —0.412 —0.170
d 3.26 3.08 3.31 3.14 3.37 3.05 3.34 3.12 3.27 3.09

© 2021 The Author(s). Published by the Royal Society of Chemistry
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but an extra peak was generated in ~2500 cm ' due to the
drastically increase in the vibration and peak strength of B-H
bonds owing to their vibrational modes. The -calculated
minimum frequencies are 24.7, 10.93, 29.5, 30.8, and
25.23 cm %, and the maximum frequencies are 3239, 3640.3,
3675.8, 3679, and 3685.8 cm ™' for the PG, G3BN1, G2BN2,
G1BN3, and PBN nanosheets, respectively.

3.3. Adsorption of CO and SO, on the nanosheets

To understand the sensitivity and reactivity of the nanosheets
toward CO and SO, gases, we have investigated the corrected
adsorption energies using eqn (3) and the desorption recovery
times. Initially, a number of different adsorption sites were set
up on these nanosheets by carrying out Monte Carlo Simulation

View Article Online
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and taking the most stable structures and further relaxing to the
global minimum of the nanosheets with adsorbed CO and SO,
gases. In both the cases, CO and SO, gases molecules are placed
on the center of the all nanosheets, where the O and S atoms are
present on the hollow site of the hexagon and the top of the
atom, respectively. In case of SO,-adsorbed nanosheets, the
corrected adsorption energies are —0.219, —0.169, —0.237,
—0.169, and —0.170 eV with the nearest distance of 3.08, 3.14,
3.05, 3.12, and 3.09 A for PG, G3BN1, G2BN2, G1BN3, and PBN,
respectively. In case of CO-adsorbed nanosheets, for PG,
G3BN1, G2BN2, G1BN3, and PBN systems, the corrected
adsorption energies were found to be —0.336, —0.334, —0.335,
—0.330, and —0.412 eV with the adsorption distance of 3.26,
3.31, 3.37, 3.34, and 3.27 A, respectively. Adsorption energy
greater than —0.8 eV implies chemisorption while less than
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220 1000 |- 1 sl X
110 500 | h ﬂ 1 700} X
’ ' ' - op—tl LN oL
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Fig. 3 IR spectral analysis of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN with CO and SO, gas molecules.
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—0.6 eV indicates physical adsorption.*” Thus, all adsorption
energies are in the physisorption range and consistent with
previous reports.>***** As all the adsorption energies are nega-
tive, it indicates that there is an attractive interaction between
the nanosheets and toxic gases, and also the exothermic reac-
tion takes place thermodynamically.”® The obtained values
imply that CO shows high interaction energy with the nano-
sheets than the SO, gas molecule (Fig. 4 and 5).

The recovery time is exponentially related to the adsorption
energy and was predicted using the following equation of
transition theory.*®

View Article Online
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—lex —Ends
TP kT

where T is the temperature in K, K is the Boltzmann's constant
(~2 x 107 kcal mol™* K™'), and ¢ is the used frequency.
Experimentally, a sensor can be recovered by exposure to
vacuum UV light®* with frequency (10'* to 3 x 10 s ") and
temperature (298-350 K); we calculated the recovery time taking
¥ =10" s " and T = 298 K.*>"* According to the equation, the
recovery time increases in an exponential manner with the
increase in the adsorption energy.

(d)

Fig. 4 Optimized geometry of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN toward SO, gas.
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As the adsorption energies of the nanosheets toward the CO
gas molecules are higher than that of the SO, gas molecules, the
recovery times are higher for CO gas than the SO, gas mole-
cules. The recovery times are found in the microsecond range,
which are about ~0.6 to 0.8 us for PG, G3BN1, G2BN2, and
G1BN3 toward CO gas and ~17.7 ps for PBN for CO. In case of
SO, gas adsorption, the recovery times are found in the nano-
second range, which are estimated to be ~0.9 to 1 ns for G3BN1,
G1BN3, PBN, and 7 ns and 14.6 ns for PG and G2BN2 nano-
sheets, respectively. As a comparison, the recovery time has
been reported to be about ~10~°® to ~10~? seconds for different
gas molecules (NH3, NO, CO, CO,, CH,) adsorbed on C2N.*

3.4. Charge transfer

In our study, we also analyzed the charge transfer from the gas
molecules to the nanosheets by Mulliken populations and NBO
analysis, and the predicted net gain or loss of charge of the
adsorbed gas molecules are shown in Table 2. The charge

View Article Online
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transfer analysis of intermolecular and intramolecular systems
predicts the electronic properties, adsorption, and stability of
a system.>*

Fig. 6 and 7 show the Mulliken population color map where
red color indicates the enrichment of charge density while the
green color denotes the loss of charge density. As the electro-
negativity of the constituent atoms are in the order O>N>S>C
> B, O and N act as electron acceptors while other atoms act as
electron donors, which are clearly seen in the color map. For
pristine graphene, the calculated net charge transfer of SO, is
—0.01e and —0.022¢ based on Mulliken and NBO analysis,
respectively, i.e., SO, gas molecule gains charge from the gra-
phene nanosheet. But after modifying graphene by B and N, the
nanosheets gain charge from gas molecules due to the presence
of electron deficient B element on the nanosheets. The other
values of net charge transfer of SO, to the G3BN1, G2BN2,
G1BN3, and PBN nanosheets are +0.005e, +0.003e, +0.027¢e, and
+0.023e respectively. Thus, charge transfer greatly increases

Fig. 5 Optimized structures of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN toward CO gas.
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Fig. 6 Mulliken charge distribution of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN nanosheets with adsorbed SO, gas molecule, where
o o

the red color indicates electron acceptor and green color indicates electron donor.
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Fig. 7 Mulliken charge distribution of (a) PG, (b) G3BN1, (c) G2BN2, (d) G1BN3, and (e) PBN nanosheets with adsorbed CO gas molecule where
red color indicates electron acceptor and green color indicates the electron donor.
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when graphene is modified to PBN from PG. Similar phenom-
enon has been found in the case of CO adsorption on the
nanosheets. The net values of charge gained from CO gas
molecule to PG and PBN are 0.003e and 0.008e based on Mul-
liken analysis, and 0.001e and 0.013e based on NBO analysis,
respectively. Therefore, Mulliken charge population and NBO
analysis clearly interpreted that these nanosheets are more
favorable for the adsorption of SO, gas molecule than the CO
gas molecule.

3.5. Electronic properties

We have investigated the molecular orbital energies, energy
gap, and density of states (DOS) spectra for better under-
standing the electronic structures as well as the adsorption
process of CO and SO, gas molecules on the nanosheets. The
predicted HOMO and LUMO energies of PG are —6.20 eV and
—1.33 eV, respectively, with an energy gap of 4.87 eV. The
change in the energy gap, Fermi level energy, HOMO energy,
and LUMO energy with the increase in the BN layer in the in-
plane graphene heterostructures are illustrated in Fig. 8. After
doping BN on graphene, the HOMO energies gradually increase
while the LUMO energies gradually decrease. Hence, the energy

—&— Nanosheets
—&— Nanosheets@CO
—h— Nanosheets@SO,

s
<
S0 7r
6+
5+
4 1 L 1 1 1 1
PG G3BN1 G2BN2 G1BN3 PBN
Nanosheets
(a)
-6.0
[ Nanosheets |
-6.4 } - Nanosheets@CO
’ [ ] Nanosheets@SO,

Egomo (V)
4
a*

PG G3BN1

G2BN2 GIBN3 PBN

Nanosheets

©

Fig. 8
the in-plane graphene heterostructures.
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gap drastically increased to about 21.7%, 36.3%, 53.9%, and
107.8% from PG to G3BN1, G2BN2, G1BN3, and PBN, respec-
tively. According to HOMO energy, higher the HOMO energy,
higher the reactivity of a molecule.®® But after adsorption of SO,
on the nanosheets, the energy gaps remain same for PG but are
greatly reduced to about 2.3%, 5%, 15.8%, and 27.4% for
G3BN1, G2BN2, G1BN3 heterostructures, and PBN, respectively.
Thus, it indicates the increase in the reactivity and conductivity
of the nanosheets after the adsorption of SO, gas molecules.
The electrical conductivity of the semiconductors is related to E,
by the following equation.

-E,
oo exp ( 3 KT)
where ¢ and K are the conductivity and Boltzmann's constant,
respectively. This equation states that with the decreasing
energy gap Eg; the electrical conductivity increases
exponentially.

In case of CO gas molecules, the energy gaps slightly reduced
by about 0.1-0.2%, which predicted that these nanosheets are
not very sensitive for CO gas molecules. Fig. 9 shows the
comparison of the DOSs spectra without (left column), with SO,

-3.4
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(d)

Illustration of changing (a) energy gap, (b) Fermi level energy, (c) HOMO energy, and (d) LUMO energy with the increase in the BN layer in
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Fig. 9 DOSs spectra without (left column), with SO, (middle column), and with CO (right column) nanosheets.

(middle column), and with CO (right column) nanosheets. We

interaction between the adsorbed gas molecules and the

also calculated the dipole moment, which predicts the polarity nanosheets. For all the nanosheets, the dipole moment

of the nanosheets, i.e., higher dipole moment means higher
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Table 3 HOMO energy (EHOMO), LUMO energy (ELUMO), HOMO-
LUMO energy gap (Eg), Fermi level energy (Eg), work function (¢) in eV,
change in HOMO-LUMO energy gap (%AE), and work function (%A¢)
with respect to the nanosheets

Nanosheets  Epomo FErumo Eg % AE, Ep 17} % Ag
PG —6.20 —1.33 4.873 — -3.76 3.76 —
G3BN1 —7.08 —1.15 5.932 — —4.11 411 —
G2BN2 —-7.26 —0.62 6.64 — -3.94 394 —
G1BN3 -7.57 —0.07 7.49 — —3.82 3.82 —
PBN —8.69 1.44 10.13 — —-3.63 3.63 —
PG@SO0O, —6.31 —1.45 4.867 0.1 —3.88 3.88 3
G3BN1@SO, —-7.14 —1.34 5.80 2.3 —4.24 4.24 3.2
G2BN2@SO, —-7.45 —1.15 6.30 5.9 —4.30 4.30 9.14
G1BN3@SO, -7.70 —1.39 6.32 15.8 —4.54 4.54 18.8
PBN@SO, —8.70 —1.35 7.35 27.4 —5.02 5.02 38.3
PG@CO —6.22 —1.35 4.868 0.10 -3.79 3.79 0.6
G3BN1@CO -7.10 —-1.17 5.93 0.03 —4.14 4.14 0.5
G2BN2@CO —7.28 —0.65 6.63 0.2 -3.97 3.97 0.7
G1BN3@CO —-7.58 —0.08 7.50 0.03 —-3.83 3.83 0.2
PBN@CO —8.69 1.43 10.12 0.04 —3.63 3.63 0.1

to the enhancement of the reactivity of the nanosheets. The
work function ¢ is another key parameter for the sensor, which
implies the amount of energy required to eliminate the electron
from the Fermi level to the outside of the material. It is
a surface-dependent property that describes the surface
behavior of the nanosheets after the adsorption of gas mole-
cules. The change in the work function greatly alters the con-
ducting properties of the nanosheets after adsorption upon the
nanosheets’ surface.

The work function is defined as ¢ = V1) — Ep, where
Vel =) I8 the electron electrostatic potential energy far from the
surface of the material and is assumed to be zero. Thus, one can
write work function ¢ = —Ep, and the calculated values and the
change in the work functions are illustrated in Table 3. The
calculated values reveal that the work function is significantly
altered after the adsorption of SO, gas molecules and increases
with increasing dopant BN concentration. The values change by
about 3%, 3.2%, 9.14%, 18.8%, and 38.3% for PG, G3BN1,
G2BN2, G1BN3, and PBN nanosheets after the adsorption of
SO, gas. But for the adsorption of CO gas molecules, the values
change very slightly by about ~0.5%, which is consistent with
the change in the energy gap.

3.6. Molecular electrostatic potential map

Molecular electrostatic potential (MEP) maps represent the
nucleophilic, electrophilic, and neutral regions of the systems
and help visualize surface charge density distribution. The
calculated MEP maps are illustrated in Fig. 10. Here, the red
and blue colors indicate the negative (electrophilic region) and
positive (nucleophilic region) charge. It is clearly seen that in
PG, the maximum negative electrostatic potential is located over
the C atoms throughout the whole surface except at the center
of hexagonal ring but when it was modified by B and N, the
positive and negative, i.e., the nucleophilic and electrophilic
regions are located on the B and N atoms, respectively, which
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agree with our charge distribution analysis. Strong positive
charges are found around the nanosheets where H atoms are
located. In the SO, gas molecule, the positive and negative
electrostatic potentials occur on the S and O sites, respectively,
while in the CO gas molecule, the positive charges are localized
in between the C and O atoms and negative charges are located
at the two ending sites of C-O bond. After the adsorption of SO,
and CO on the nanosheets, significant charge transfer occurs
between the adsorbates and the adsorbents, which can be
clearly found in the MEP map.

3.7. Global indices

The global indices such as global hardness, softness, and
electrophilicity help understand the reactivity for CO and SO,
adsorption on the nanosheets; these parameters were calcu-
lated and are summarized in Table 4. Higher global hardness
indicates the higher stability toward deformation in the pres-
ence of electric field and it has an opposite relation with global
softness. Thus, with decreasing hardness, the stability of the
system decreases but the reactivity of the system increases,
which plays an important role in gas sensors. In our study, the
hardness and softness remained almost the same when CO and
SO, gas molecules were adsorbed upon the PG nanosheets. But
after the adsorption of SO, on the G3BN1, G2BN2, G1BN3, and
PBN nanosheets, these parameters decreased significantly
while the softness of the systems increased considerably. The
values of hardness were reduced from 2.97, 3.32, 3.75, and
5.06 eV to 2.90, 3.15, 3.16, and 3.68 eV for SO, adsorption upon
G3BN1, G2BN2, G1BN3, and PBN nanosheets, respectively.

The increase in the electrophilicity and chemical potentials
of these systems also predict the increase in the reactivity after
the adsorption of SO, gas molecules. The values of chemical
potentials increased from 4.11, 3.94, 3.82, and 3.62 eV to 4.24,
4.30, 4.54, and 5.03 eV for SO, adsorption upon G3BN1, G2BN2,
G1BN3, and PBN nanosheets, respectively. Therefore, these
nanosheets are highly suitable for sensing SO, gas molecules. In
case of CO, these parameters almost remain unchanged, which
shows that these nanosheets show poor interaction with CO gas
molecules; these predictions were also found from the energy
gap and work function analysis. We also investigated Koop-
mans' ionization potential and electron affinity, which are
shown in Table 4. The higher the value of ionization potential,
the more is electronic stability of the structure. On the other
hand, a lesser value of electron affinity indicates a more elec-
tronically stable structure.®”

4. Conclusion

In our study, the geometric structures, adsorption ability, elec-
tronic properties, and chemical stability of PG, PBN, and their
heterostructures G3BN1, G2BN2, and G1BN3 were investigated
by employing B3LYP and WB97XD functionals with the 6-311G
(d, p) basis set. We found that these predicted nanosheets show
good structural stability with favorable cohesive energy and the
band gap gradually increases with increasing doping concen-
tration of BN. We studied these model nanostructures for their

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 MEP of (a) PGN, (b) G3BNL1, (c) G2BN2, (d) G1BN3, and (e) PBN with adsorbed SO, gas molecule (left column) and CO gas molecule (right
column). The MEP surfaces are defined by 0.0004 electron per bohr® contour of the electronic density.

gas sensing properties toward toxic SO, and CO gases. After the
adsorption of SO, gas molecule on the nanosheets, the elec-
tronic properties such as HOMO and LUMO energies, HOMO-
LUMO energy gap, Fermi level, work function, and conductivity
change greatly, except for PG, but change slightly after the
adsorption of CO gas molecule. This phenomenon predicts that

© 2021 The Author(s). Published by the Royal Society of Chemistry

these nanosheets (except PG) are more sensitive for SO, than CO
gas molecules. The adsorption energies were found to be in the
physisorption range, which are favorable for gas sensors, as
confirmed from previous studies. Among these hetero-
structures, G2BN2 exhibits greater adsorption energy of about
—0.237 eV and —0.335 eV for SO, and CO gas molecules,

RSC Adv, 2021, 11, 32810-32823 | 32821
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Table 4 Chemical potential, hardness, softness, electrophilicity, ionization potential, and electron affinity in eV

Nanosheets Chemical potential Hardness Softness Electrophilicity Ionization potential Electron affinity
PG 3.77 2.44 1.22 17.29 6.204 1.331
G3BN1 4.11 2.97 1.48 25.1 7.08 1.148
G2BN2 3.94 3.32 1.66 25.74 7.258 0.616
G1BN3 3.82 3.75 1.87 27.41 7.573 0.074
PBN 3.62 5.06 2.53 33.2 8.685 1.443
PG@SO, 3.88 2.43 1.22 18.32 6.314 1.447
G3BN1@SO, 4.24 2.9 1.45 26.05 7.138 1.342
G2BN2@SO0, 4.3 3.15 1.58 29.17 7.454 1.15
G1BN3@SO0, 4.54 3.16 1.58 32.58 7.7 1.385
PBN@SO, 5.03 3.68 1.84 46.45 8.703 1.352
PG@CO 3.78 2.43 1.22 17.4 6.215 1.347
G3BN1@CO 4.13 2.97 1.48 25.29 7.095 1.165
G2BN2@CO 3.96 3.31 1.66 25.99 7.275 0.647
G1BN3@CO 3.83 3.75 1.88 27.44 7.576 0.075
PBN@CO 3.63 5.06 2.53 33.37 8.693 —1.431

respectively. We also calculated the desorption recovery time by
taking ¥ = 10" s7' and T = 298 K. The recovery times were
found in the microsecond range (~10"° s) for the nanosheets
toward CO gas and in the nanosecond range (~10° s) for the
nanosheets toward SO, gas. The Mulliken and NBO charge
analyses reveal that charge transfer occurs from the gas mole-
cules to the nanosheets except for SO,@PG. From our calcu-
lated electronic and adsorption properties, these nanosheets
demonstrate promising gas sensing properties toward SO, and
CO gas molecules.
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