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Highly sensitive work function type room
temperature gas sensor based on Ti doped hBN
monolayer for sensing CO,, CO, H,S, HF and NO. A
DFT study
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The adsorptions of toxic gas molecules (CO,, CO, H,S, HF and NO) on pristine and Ti atom doped
hexagonal boron nitride (hBN) monolayer are investigated by density functional theory. Weak
physisorption of gas molecules on pristine hBN results in micro seconds recovery time, limiting the gas
sensing ability of pristine hBN. However Ti atom doping significantly enhances the adsorption ability. Ti
atom best fits to be doped at B vacancy in hBN with lowest formation energy (—3.241 eV). Structural
analysis reveals that structures of gas molecules change after being chemisorbed to Ti doped hBN
monolayer. Partial density of states analysis illustrates strong hybridization among Ti-3d, gas-2p and BN-
2p orbitals, moreover Bader charge transfer indicates that gas molecules act as charge acceptors. Ti
doped hBN monolayer undergoes transition from semiconductor to narrow band semiconductor with
adsorption of CO,, H,S and NO, while with CO and HF adsorption it transforms into metal. The change
of conductance of Ti doped hBN monolayer in response to adsorption of gas molecules reveals its high
sensitivity, however it is not selective to HF and NO gases. The recovery times of gas molecules

desorption from monolayer are too long at ambient condition however it can significantly be shortened
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Accepted 14th November 2022 by annealing at elevated temperature with UV exposure. Since recovery time for NO removal from

monolayer is still very long at 500 K with UV exposure, Ti doped hBN monolayer is more suitable as
a scavenger of NO gas rather than as a gas sensor. It is thus predicted that Ti doped hBN monolayer can
be a work-function type CO,, CO, H,S and HF sensor and NO gas scavenger.
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1. Introduction

Over the past few years, fossil fuel combustion, industrial pro-
cessing and fast urbanization have caused the rapid and
excessive emission of toxic and hazardous gases which threaten
the human health and sustainability."” Hydrogen sulfide (H,S)
is a corrosive, flammable and no-color gas. It smells bad just
like rotten eggs which can poison the nervous system of human
body readily. Personnel of chemical safety and solid waste
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management use to set minimum limit of alarm detectors at 5-
10 ppm of H,S exposure.®> Carbon monoxide (CO) is inodorous,
un-irritant, colorless and non-annoying gas which means it is
very difficult for anyone to sense. CO can easily cause hindered
oxygen delivery and cellular oxygen uptake.* Carbon dioxide
(CO,) is the notorious gas which directly and indirectly damages
the planet and increases global warming.® Hydrogen fluoride
(HF) is widely used for cleaning and etching of industrial
products. Due to its strong corrosive properties, a water diluted
form of HF (i.e. hydrofluoric acid) is commercially available as
anti-rusting and stain removing product. Gumi-4 industrial
complex mishap reported in five fatalities and 18 severe injuries
as result of HF leakage during its transfer between tanks in
2012.° Nitrogen monoxide (NO) is another toxic gas which can
cause ozone damage, acidic rain and greenhouse effect.”
Keeping the above mentioned facts and hazards in mind it is
dire need to detect, monitor and remove toxic gases for safe and
cleaner environment. In this regard, robust gas sensor that has
selective, sensitive, rapid and reliable response in harsh envi-
ronment is paramount.
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Two dimensional (2D) materials e.g. graphene,® black phos-
phorene,® germanene and silicene,' aluminum nitride (AIN)
and indium nitride (InN),"* transition metal dichalcogenide
(TMD)*>** and hexagonal boron nitride (hBN) monolayer** are
now regarded as gas sensing materials due to their high surface
to volume ratio, structural diversities and tunable opto-
electronic properties. However, these materials are still practi-
cally immature to totally rely on due to certain complications
and limitations. No dangling groups and zero band gap of
intrinsic graphene hinder its practical applications of gas
sensing.” Poor selectivity and sensitivity in harsh environment
i.e. high temperatures is the bottleneck for practical applica-
tions of gas sensing of most 2D materials.® Therefore it is
crucial to hunt for a material which should have fast response,
good sensitivity and selectivity, total recovery and reliable
operation at high temperatures. hBN commonly known as
“white graphene” is one of the leading 2D material with distinct
properties like higher thermal conductivity, high temperature
structural stability and wide band gap making it robust gas
sensing material used in harsh environments.” In a recent
study, hBN sheet is seemed to be a good biosensor. A a-glucose
molecule physisorbed on hBN sheet with —0.71 to —0.91 eV
adsorption energy. The final structure remained highly stable
and the good thing was that the electronic property of phys-
isorbed system has shown semiconducting nature.'®* However,
findings extracted from previous literature manifest that
intrinsic hBN based gas sensors have no satisfactory results i.e.
instantaneous recovery, slow response and poor selectivity.'*->*
The reason behind is the weak interactions of hBN monolayer
with gas molecules due to inherent chemical inertness of hBN.
Therefore researchers have countered this problem and
enhanced the gas sensing by surface activation through,**?*
foreign element doping®° and defect engineering.””*® It has
been proved that metal decoration on 2D materials can signif-
icantly enhance the gas adsorption affinity of 2D materials.***"
Ramirez-de-Arellano et al. have checked the CO interaction with
hBN monolayer by six models; B-vacancy hBN, N-vacancy hBN,
Ti doped in N-vacancy, Ti doped in B-vacancy, Pt doped in N-
vacancy and Pt doped in B-vacancy. hBN monolayer with B
and N vacancy could not hold CO molecule whereas, Ti and Pt
doped at N-vacancy and B-vacancy held CO molecule by chem-
isorptions with 1.69 eV, 1.53 eV, 1.16 eV and 2.10 eV adsorption
energies respectively.*® In another study, the authors have
doped Ti at Stone Wales defect (Tigw) site and at N-vacancy
(Tiny) site in hBN monolayer to adsorb N, gas for production
of ammonia (NHj3). Reaction energy barrier for NH; production
has greatly decreased as result of both Tisw and Tiy, doping
structures. Further, Ti doping enhanced the catalytic activity by
decreasing the band gap of hBN monolayer.?> Recently in a DFT
study, five types of gas molecules (H,, N,, CO, NO and CO,) were
adsorbed on twelve metals (Ag, Au, Co, Cr, Cu, Fe, Mn, Na Pd, Pt,
Ti and V) doped hBN monolayer systems. Metal atoms doped at
B-vacancy site bonded strongly to sheet than doped at N-vacancy
site. Ti doped hBN system found to be the structurally strongest
system with a 12.9 eV binding energy. NO and CO gases were
captured most easily by Pt doped hBN system.** Anota E. C.
activated the boron nitride nano-sheet by replacing basic
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hexagon of boron nitride nano-sheet with homo-nuclear atoms
(boron) at its center. Concentration of higher negative charge
appeared at triangular and pentagonal structures due to boron
atoms population. Negative charge concentration attracted
various molecules and enhanced the drug sensing affinity.**

It is well known that high quality 2D hBN have been
successfully prepared by molecular beam epitaxy (MBE),
chemical vapor deposition (CVD) and metal-organic chemical
vapor deposition (MOCVD).>** The electronic and magnetic
properties of hBN can greatly be altered by transition metal
atoms doping. Avoiding noble atoms, a commonly used 3d
transition metal atoms doping can activate the surface in a cost
effective and non-toxic way. Even though (TiO,), cluster is used
as host material for trapping H,, CO and CO, molecules, the Ti
atom site was found to be most preferred adsorption site rather
than O atom site. This shows that Ti atom among other inline
elements has more trapping affinity.*® It has been concluded
from above literature that Ti decorated hBN monolayer has
been found good catalyst and gas storage material.*”*®* However,
no study has been reported using Ti doped hBN monolayer as
gas sensing material for CO,, CO, H,S, HF and NO. Therefore,
a detailed study containing structural and electronic properties
of gas adsorbed systems is an urgent need.

In this work, at first we have investigated the gas sensing
(adsorption) ability of pristine hBN for above toxic gases (CO,,
CO, H,S, HF and NO). The adsorption ability is evaluated by
adsorption energy, adsorption distance and recovery time
whereas the sensitivity is evaluated by the variation in electronic
properties and work function. Since the scope of this study is
sensing the toxic gas molecules, therefore variation in band gap
(electronic property) before and after gas adsorption is taken as
key result. Therefore we have used HSE06 functional for elec-
tronic properties calculations to precisely calculate the band
gap energy. The weak physisorption of gas molecules on pris-
tine hBN led to desorption within microseconds. The change in
electronic properties of pristine hBN in response to weak
physisorption of gas molecules is not anticipated due to very
short recovery time. Therefore, Ti atom was doped in three
different defect sites in pristine hBN to find the most energetic
system for activation of the surface for gas sensing. Ti doped at
B vacancy site was found to be the most energetically stable
system, hence selected as final gas sensing material (Ti doped
hBN monolayer). To further verify the suitability of Ti doped
hBN monolayer as gas sensor in high temperatures, thermo-
dynamic stability of selected system was also evaluated by first
principle molecular dynamics (FPMD) at 300, 500, 1000 and
1200 K for 3500 fs simulation time. FPMD analysis showed that
there was no any significant distortion in structure at 1000 K.
After all, we investigated the adsorption ability (gas sensing) of
Ti doped hBN monolayer for CO, CO,, H,S, HF and NO gas
molecules by first principle calculations. Moreover, the struc-
tural stability of our systems can be corroborated by findings of
a study, where authors have confirmed that neither vacancy
defect nor elemental doping leads to structural instability.
However point defects shorten the band gap of the boron
nitride.* The gas sensing ability of Ti doped hBN monolayer is
verified by structural, electronic, sensitivity and application

© 2022 The Author(s). Published by the Royal Society of Chemistry
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feasibility analyses. The structural properties are supported
with adsorption energy, adsorption distance whereas electronic
properties are carried with partial density of states (PDOS) and
Bader charge transfer.*” The sensitivity and selectivity analysis is
evaluated by electronic band structures and work function.
Application feasibility of Ti doped hBN monolayer is supported
with FPMD simulations at room temperature and recovery
times at room temperature, 400 and 500 K with visible and UV
exposures. We found that pristine hBN cannot sense the gas
molecules, however doping of Ti atom in hBN could greatly
enhance the sensing ability of hBN to all five gas molecules. Ti
doped hBN monolayer aced as sharp responsive, highly sensi-
tive and selective with less recovery time toxic gas sensor.

2. Computational details

All the calculations were carried out with spin polarized DFT
calculations using Vienna ab initio simulation package (VASP).*!
Generalized gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) functional was used to describe the exchange
correlation potential.*> A plane wave basis set was employed
within the framework of projector augmented wave (PAW)
method.* The energy cut-off was taken to be 460 eV for wave
function expansion. The convergence criteria for energy and
structural relaxation on each atom were set to 10 ° eV and
0.02 eV A%, In order to get satisfactory convergence of all
structures, a 9 x 9 x 1 Monkhorst-Pack k-point grid was
employed to sample the Brillouin zone (BZ).* To consider weak
van der Waals (vdW) interactions, Grimme's DFT-D2 approach
was applied.*® Chances of interaction of periodic images were
discarded by inserting 18 A space in z-direction. Bader charge
analysis was employed to calculate the charge distribution and
charge transfer between hBN monolayer, doped Ti atom and
toxic gas molecule.*® All the structures and charge density
difference (CDD) diagrams were visualized with VESTA.*

3. Results and discussion

3.1. Structures of pristine hBN, isolated gas molecules and
adsorption of gas molecules on pristine hBN monolayer

3.1.1. Structural analysis of pristine hBN monolayer. A 4 X
3 x 1 supercell of hBN monolayer was modeled as basic

Fig. 1
atoms respectively.
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structure which contains 12 B and 12 N atoms as shown in
Fig. 2a. After structural relaxation, the resultant structure of
hBN has planar geometry like graphene and bond length of B-N
is 1.418 A. It is also found that hBN monolayer has semi-
conducting characteristic with direct band gap of 5.17 eV, which
is closely comparable to previous work.**** It indicates that
calculation method is valid for this system to further carryout
other calculations.

3.1.2. Structures of isolated gas molecules. Before verifying
the gas sensing performance of pristine hBN and Ti doped hBN
monolayer, the structures of isolated gas molecules are opti-
mized as shown in Fig. 1. The obtained bond lengths of CO, (O-
C and C-0), CO (C-0), H,S (H-S and S-H), HF (H-F), NO (N-O)
gas molecules are 1.19, 1.43, 1.38, 0.91 and 1.16 A respectively.
The bond angles, O-C-O of CO, and H-F-H of H,S gas mole-
cules are 180° and 92.1° respectively. These values of structural
parameters of gas molecules in our work are consistent with
previous reports.**-*

3.1.3. CO,, CO, H,S, HF and NO adsorption on pristine
hBN monolayer. To explore the gas sensing property of hBN
monolayer, we studied the adsorption of CO,, CO, H,S, HF and
NO gas molecules on pristine hBN monolayer. Various
adsorption sites (B top, N top, B-N bridge) are selected as input
geometries. The gas sensing performance of any gas sensing
material can be assessed at first instant by adsorption energy
(E.qs) i.e. interaction strength of gas sensing material with gas
molecules, charge transfer (Ag), variation of electronic property
and recovery time (7). The expression for calculating the
adsorption energy (E.qs) is as following.

Eads = Egas+hBN - EhBN - Egas [1)
where Egaqinen, Enpny and Eg,s are representing the total energies
of optimized systems of gas molecule adsorbed on pristine hBN
monolayer, pristine hBN monolayer without gas molecule and
gas molecule only respectively.

The recovery time is meant the time required for any gas
molecules to fully dislodge from adsorbent, which is calculated
by expression (2). The values of adsorption energies of gas
molecules adsorbed on pristine hBN monolayer are 0.16, 0.21,
0.34, 0.27 and 0.19 eV for CO,, CO, H,S, HF and NO respectively.
These small values of adsorption energies prove that the gas

138
(c) Q \
1
\ /
) 138\~ 92.1°
N O
1.16

Isolated molecules of (a) CO,, (b) CO, (c) H,S, (d) HF and (e) NO. Red, brown, yellow, blush and light green balls denote O, C, S, H and F
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Fig. 2 Top and side views of (a) pristine hBN monolayer and optimized structures of (b) Ti_Vy-hBN, (c) Ti_Vg-hBN and (d) Ti_Vsw-hBN. Green,

light gray and light blue balls denote B, N and Ti atoms respectively.

molecules are physisorbed. Further, Bader charge analysis
shows that CO,, CO and NO donate very small charge of 0.011,
0.014 and 0.013e to hBN monolayer, while H,S and HF withdraw
0.071 and 0.067e from hBN monolayer respectively. From
transition state theory,* the recovery time () of a gas sensor is
the time required for analytes to be desorbed from the surface,

is
KaT
t=v, e\ " (2)

Here, T is the test temperature in K, Kp is Boltzmann constant
(8.62 x 107° eV K ') and Ey,, is potential barrier for desorption
of gas molecules. Since adsorption and desorption of gas
molecules are opposite processes to each other, thus the value
of adsorption energy E,qs can be substituted in Eyy,. v, indicates
the attempt which is 10" Hz at room
temperature.®

frequency,

34188 | RSC Adv, 2022, 12, 34185-34199

The values of recovery time at room temperature with visible
light exposure (10'> Hz attempt frequency) are 4.82 x 10~ ',
3.361 x 107°, 5.088 x 10~ 7, 3.420 x 10~ ® and 1.551 x 10~°
seconds for CO,, CO, H,S, HF and NO gas molecules respec-
tively. Such microsecond recovery time is too small (instanta-
neous desorption) to make electronic properties of hBN
monolayer alter. Therefore pristine hBN monolayer cannot be
supposed to be a practical gas sensor of above gases at room
temperature. Further, the values of adsorption energy (E.qs),
adsorption distance (D), charge transfer (Ag) and recovery time
(r) of most stable structures of gas molecules adsorbed on
pristine hBN monolayer are tabulated in Table 1.

3.2. Ti doping at N vacancy, B vacancy and Stone Wales
defect in hBN monolayer

As discussed in previous section, low adsorption energy, small
charge transfer and microsecond recovery time of gas molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results of most stable structures of CO,, CO, H,S, HF and NO gas molecules adsorbed on pristine hBN and Ti doped hBN monolayer.
E.qgs (in eV) is adsorption energy of gas molecules adsorbed on pristine and Ti doped hBN monolayer. D (in A) is the adsorption distance, the
shortest distance between atom of gas molecule and monolayer. Aq (in €) are the number of electrons transfer between gas molecules, pristine
hBN and Ti doped hBN monolayer. Negative sign indicates charge transferred to gas molecules whereas positive sign indicates charge trans-
ferred from gas molecules. Eq (in eV) is band gap. @ (in eV) is the work function

Pristine hBN

Ti doped hBN monolayer

System Eags (€V) D (A) Aq (e) Eags (eV) D (A) Aq (e) Eq4 (eV) @ (eV)
Ti-hBN — — — — — — 2.61 5.31
CO, 0.16 2.91 +0.011 —1.32 2.09 —0.18 0.98 4.82
CO 0.21 2.86 +0.014 —1.66 2.01 —0.21 0 4.70
H,S 0.34 2.24 —0.071 —1.20 1.88 —0.16 0.33 4.88
HF 0.27 2.51 +0.067 —-0.81 2.16 —0.10 0 4.91
NO 0.19 2.84 —0.013 —1.82 2.10 —0.28 0.11 4.48

adsorbed on pristine hBN monolayer conclude that pristine
hBN has negligible sensitivity of above gas molecules. It is also
well known that appropriate surface modification by 3d tran-
sition metal atom decoration greatly enhance the gas adsorp-
tion ability of 2D materials.>* Therefore we have decorated the
hBN monolayer with titanium (Ti) atom. Since Ti is a 3d tran-
sition metal and there exist a problem of metal aggregation due
to strong d-d interaction of transition metal (TM) atoms when
2D materials are decorated with them. To solve this problem, it
is proposed to anchor the TM atom through defect in host
material.***® Therefore we have doped the Ti atom by creating
defects in hBN monolayer as Ti doped at N vacancy (Ti_Vx-
hBN), at B vacancy (Ti_Vz-hBN) and at Stone Wales defect
(Ti_Vgw-hBN) systems. For this purpose we ejected an
adjacent N atom, B atom and both N and B step by step from 4
x 3 x 1 supercell of hBN monolayer to form N vacancy (Vn-
hBN), B vacancy (Vg-hBN) and Stone Wales defect (Vsw-hBN).
After creating vacancy in hBN monolayer, we embedded Ti atom
on the vacancy site and allowed the structures to relax. The
relaxed structures no longer sustained the same bond lengths
as shown in Fig. 2b-d. The Ti atom forms three bonds in V-
hBN and Vy-hBN structures with adjacent B and N atoms and
four bonds in Vgy-hBN with adjacent B and N atoms. As Ti atom
protrudes upwards higher than the plane of hBN monolayer,
the bonded N and B atoms also stretch upwards, making the
overall formation a bit more stable like buckled structure.

To determine the structural stability of doping structure, we
calculated the formation energies (Ef by using following
expression.

Er = ETingN — Mt T mup + 0N — Epristine hBN (3)

Here, Erinhpn, Epristine hn are total energies obtained from
a supercell calculation with and without Ti doping hBN
monolayer. wri, nup and nuy are chemical potentials of Ti, B
and N atoms respectively, whereas n is the number of atoms of B
and N.

To evaluate the bonding strength of Ti atom with hBN
monolayer, the binding energy (E},) was calculated by employing
following expression.

Ey, = Etingny — Ev — E7y (4)

© 2022 The Author(s). Published by the Royal Society of Chemistry

where Eripngn, Ey and Er; are representing the total energies of
optimized systems of Ti doped hBN monolayer, defective hBN
(nitrogen atom vacancy Vy, boron atom vacancy Vg, Stone Wales
vacancy Vsw) and Ti atom respectively.

The binding energy and charge transfer between dopant
atom and monolayer can be used to assess the structural
stability of a 2D material. Binding energy (E}), net Bader charge
and bond lengths of pristine hBN, Ti_Vyn-hBN, Ti_Vg-hBN and
Ti_Vsw-hBN systems are listed in Table 2. The average bond
lengths of B-N surrounding the dopant site in Ti_Vn-hBN,
Ti_Vg-hBN and Ti_Vgw-hBN systems are 1.416, 1.411 and 1.395
A respectively, which are smaller than 1.420 A in pristine hBN. It
shows that the doping of Ti atom causes the overall structures
somehow corrugated. The bond lengths of three B atoms in
Ti_Vn-hBN system are Ti-Bg = 1.912, Ti-B, = 1.924 and Ti-B;;
=1.928 A. Similarly, the bond lengths of three N atoms in Ti_Vy-
hBN are Ti-N; = 1.876, Ti-N, = 1.891 and Ti-Ng = 1.897 A.
These bond lengths of Ti-B and Ti-N are longer than bond
length of B-N of pristine hBN before doping which shows the
protrusion of the Ti atom. On other side, the bond lengths of B
and N atoms in Ti_Vgw-hBN system are larger than B-N,

Table 2 The formation energy (E¢), binding energy (Ey), net Bader
charge (e), bond length of Ti, Band N in Vy-hBN, Vg-hBN and Vsy-hBN

Net Bader Bond length

System E¢(eV)  Ep(eV) charge (¢) (A

Pristine hBN — — N —-1.97 B-N 1.420
B +1.97

Ti_Vx-hBN —0.891 —5.45 Ti —1.254 B-N 1.416
Bs +0.471 Ti-Bs  1.912
B, +0.631 Ti-B,  1.924
B,;  +0.631 Ti-B,; 1.928

Ti_Vp-hBN —3.241 —12.7 Ti +1.157 B-N 1.411
N; -1.40  Ti-N;  1.891
N, -139  Ti-N, 1.876
Ng -1.33  Ti-Ng  1.897

Ti_Vsw-hBN —-1.765 —9.89 Ti +1.505 B-N 1.395
B, +0.766  Ti-Bg  2.137
By +0.644 Ti-By;,  2.142
N;  -2.102 Ti-N;  1.830
Ny  —2.087 Ti-Ng  1.820
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however protrusion of Ti atom takes place comparatively
shorter.

Bader charge analysis shows that net Bader charges on three
B atoms bonded to Ti atom in Ti_Vn-hBN system decreases from
+1.97e of pristine hBN to +0.471, +0.631 and +0.631e. The
decrease in net Bader charges on B atoms after Ti atom is doped
show that Ti has transferred 0.71e to B atoms, finally making Ti
has +1.254¢ net Bader charge. In the case of Ti_Vy-hBN system,
the three N atoms bonded to Ti atom have accumulated 0.81e
charge after Ti doping. The net Bader charge on Ti atom appears
as +1.157e which is lesser than net Bader charge on B atom in
pristine hBN. For Ti_Vgw-hBN system, after Ti atom is doped,
0.46¢ charges have transferred from Ti atom to bonded B and N
atoms, finally making Ti atom has +1.505e net Bader charge.
The net Bader charges on B atoms bonded to Ti atom have
decreased from +1.97 to +0.766 and +0.644e. While the two N
atoms bonded to Ti atom have accumulated the charge and net
Bader charges on N atoms have increased from —1.97 to —2.102
and —2.087e. It is worth noting here that due to more charge
transfer from Ti atom to N atoms as compared to B atoms, the
bond lengths of Ti-N are shorter than Ti-B.

As shown in the Table 2, the calculated formation energies of
Ti_Vnx-hBN, Ti_Vp-hBN and Ti_Vsw-hBN systems are 0.891,
—3.241 and —1.765 eV respectively. This suggests that Ti atom
can easily be doped at B atom site compared to N and BN site.
This result is consistent with results of a study in which it is
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proved that doping at B vacancy is more energetically stronger
than N vacancy and BN vacancy.””*® Further, the values of
binding energies and charge transfer in Ti_Vy-hBN, Ti_Vg-hBN
and Ti_Vgw-hBN systems are —5.45, —12.7 and —9.89 eV and
0.71, 0.81 and 0.46e respectively. Since Ti_Vg-hBN system has
lowest formation and binding energies and there are a bit more
charges transfer than the other two systems. It is therefore
Ti_Vg-hBN system is selected as final structure and is consid-
ered in the subsequent calculations for the gas sensing. Lastly,
Ti_Vp-hBN system is hereby referred as Ti doped hBN mono-
layer for rest of the work.

3.2.1. First principle molecular dynamics of Ti doped hBN
monolayer. To verify the feasibility of Ti doped hBN monolayer
(Ti_Vg-hBN) as gas sensing material for harsh environments, we
investigated the thermodynamic stability. For this we have
performed the first principle molecular dynamic (FPMD)
simulations by using Nose-Hoover thermostat algorithm. The
total energies of Ti doped hBN monolayer calculated at 300, 500,
1000 and 1200 K temperatures are shown in Fig. 3. The final
structures after 4 ps simulation time are also displayed as
insets. From Fig. 3 it is clear that total energy of Ti doped hBN
monolayer during FPMD up to 1000 K keeps oscillations within
a small range, indicating that the crystal structure of Ti doped
hBN monolayer remains thermodynamically stable till 1000 K
temperature. Further, at a temperature of 1200 K, the total
energy of Ti doped hBN monolayer oscillates comparatively in
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Fig. 3 The fluctuation of total energy of Ti doped hBN monolayer during FPMD simulations at (a) 300, (b) 500, (c) 1000, (d) 1200 K. The insets in
(a—d) are the top and side views of final structures after 4 ps simulation time.
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a wider range and the structure begins to distort when
temperature rises above 1200 K. The final structure and total
energy profiles under 1200 K indicate that Ti doped hBN
monolayer can be used as gas sensor in elevated temperatures.

3.3. Adsorption of CO,, CO, H,S, HF and NO molecules on Ti
doped hBN monolayer

The adsorption structures of different gas molecules adsorbed
on Ti doped hBN monolayer are considered systematically. To
get the most energetically stable structures, several possible
adsorption configurations were analyzed and each was fully
relaxed. The adsorption energy of gas molecules adsorbed on Ti
doped hBN monolayer is calculated by following expression.

E.4s = EgasrtineN — E1inBN — Egas (5)
where Egqgimingn, Eringny and Eg,g are representing the total
energies of optimized systems of gas molecule adsorbed on Ti
doped hBN monolayer, Ti doped hBN monolayer without gas
molecule and gas molecule only respectively.

The most stable structures of gas molecules adsorbed on Ti
doped hBN monolayer are portrayed in Fig. 4. The obtained
adsorption energy (E,qs), adsorption distance (D) and charge
transfer (Aq) between gas molecule and Ti doped hBN mono-
layer are listed in Table 1. The calculated adsorption energies of
CO,, CO, H,S, HF and NO gas molecules adsorbed on Ti doped
hBN monolayer are —1.32, —1.66, —1.20, —0.81 and —1.82 eV
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respectively. The negative values of adsorption energies indicate
that adsorption of gas molecules on Ti doped hBN monolayer
occur through exothermic reaction and energetically favorable.

3.3.1. Structural analysis of CO,, CO, H,S, HF and NO
molecules on Ti doped hBN monolayer. The gas molecules were
addressed on top of impurity site (Ti atom top). It was done due
to protrusion of Ti atom above the hBN monolayer surface that
can adsorb the gas molecules more easily. Furthermore, various
adsorption configurations were considered to analyze the
interaction between Ti doped hBN monolayer and gas mole-
cules. C atom of CO, over Ti (CO,), any O atom of CO, over Ti
(CO,), similarly for CO molecule (CO) and (CO), any H atom of
H,S molecule on Ti (H,S), S atom on Ti (H,S), H atom of HF on
Ti (HF), F on Ti (HF) and N atom over Ti (NO), O on Ti (NO) were
considered as input geometries. Similar strategy is made in ref.
59 and 60 to search the most stable structure with minimum
energy. Among all input geometries, the most energetically
stable structures of CO,, CO, H,S, HF and NO gas molecules
adsorbed on Ti doped hBN monolayer are shown in Fig. 4. All
the gas molecules are chemisorbed on Ti doped hBN mono-
layer, which is concluded by their adsorption energies (E.qs),
charge transfer (Aq) values above 0.80 eV, 0.10¢ respectively and
adsorption distance (D) generally around 2 A. Further we found
that the values of adsorption energy of CO,, CO, H,S, HF and
NO on Ti doped hBN monolayer are negative, indicating that
the adsorption of these gas molecules on Ti doped hBN
monolayer is energetically favorable (see Table 1). In Fig. 4, it

Fig.4 Most stable structures of Ti doped hBN monolayer exposed to (a) CO,, (b) CO, (c) H,S, (d) HF and (e) NO molecule. Green, light gray, light
blue, red, brown, yellow, blush and light green balls denote B, N, Ti, O, C, S, H and F atoms respectively.
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can be clearly seen that the gas molecules adsorbed on Ti doped
hBN monolayer locate mostly on protruded Ti atom. For CO,
molecule, O atom is bonded to the Ti atom with O-Ti bond
length of 2.09 A, while the straight structure of CO, changed to
angled one with O-C-O 144.1°. Similar deformation of CO,
structure is noticed when adsorbed on TM functionalized 2D
materials in previous reports.**** The O-C and C-O bond
lengths of CO, increase from 1.19 to 1.26 and 1.22 A, indicating
strong interaction between CO, molecule and Ti doped hBN
monolayer. As for CO, the adsorption distance is measured to be
2.01 A. The adsorbed CO molecule is nearly vertical to the plane

View Article Online
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of Ti doped hBN monolayer. The bond length of C-O decreases
to 1.18 A, shorter than that of isolated CO 1.43 A. In regard to
H,S, the molecule gets adsorbed above the Ti atom with H atom
inclined to Ti atom. The bond length of S-H elongated to 1.62 A,
longer than that of isolated H,S 1.38 f&, while the bond angle
decreases to 89.4°. HF molecule prefers to be adsorbed at
a position horizontal to hBN plane with a small slope and the
bond length of H-F stretches from 0.91 to 0.973 A. The small
bond length variation implies that there is comparatively weak
interaction between HF and Ti doped hBN monolayer. For NO
molecule, the gas molecule stays horizontal to Ti doped hBN
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monolayer with O atom just 2.12 A above the Ti atom. The bond
length of N-O increases to 1.24 A, longer than that of isolated
NO 1.16 A.

The atomic radii of B, N, Ti, C, O, H, S and F are 0.87, 0.56,
1.76,0.67, 0.48, 0.53, 0.88 and 0.42 A respectively.®* According to
Table 1, the adsorption distances between Ti and CO, (Ti-0O),
CO (Ti-0), H,S (Ti-H), HF (Ti-F) and NO (Ti-N) are 2.09, 2.01,
1.88, 2.16 and 2.10 A respectively, while the sums of corre-
sponding atomic radii are 2.24, 2.24, 2.29, 2.18 and 2.32 A
respectively. It can be concluded that the calculated values of
adsorption distance are less than the sums of corresponding
atomic radii, suggestive of covalent bond between Ti and gas
molecules. Hence, it is proved that all the gas molecules are
chemisorbed to Ti doped hBN monolayer.

3.3.2. PDOS and charge transfer analysis of CO,, CO, H,S,
HF and NO molecules on Ti doped hBN monolayer. To eluci-
date the mechanism of gas molecules adsorption on Ti doped
hBN monolayer, the spin polarized PDOS is presented in Fig. 5.
The Fig. 5a clearly shows that the C 2p and O 2p orbitals of CO,
have multiple overlaps with Ti 3d at —4.0, —0.1, 1.5 in spin up
and at —3.8, 0.5, 3.8 eV in spin down. The spin up and spin
down states of CO, and Ti doped hBN monolayer are not
symmetric, hence the spin splitting of DOS occurs and thus CO,
adsorbed on Ti doped hBN monolayer exhibited magnetic
nature. The obtained total magnetic moment of the system is
0.706 ug. For the CO molecule, as shown in Fig. 4b, the C 2p and
O 2p orbitals of CO have certain hybridization peaks with Ti 3d
at —5.8, —0.1, 1 eV in spin up and at —5.2, 1 eV in spin down.
The spin up and spin down states are asymmetric and the ob-
tained total magnetic moment of the system is 0.741 ug. In H,S
adsorbed system, the H 1s and S 2p orbitals of H,S have two
hybridization peaks with Ti 3d at —0.1 eV in spin up and at 0.5,
1.7 eV in spin down. The spin splitting of DOS of H,S and Ti
doped hBN monolayer occurred resulting in obtained total
magnetic moment of 0.684 ug. As for the adsorption of HF
molecule, the H 1s and F 2p orbitals of HF are localized and
have hybridization peak at Fermi in spin up and at 0.5 eV in spin
down. Fewer hybridization peaks of HF and Ti doped hBN
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monolayer indicate comparatively small charge transfer and
adsorption energy. The spin up and spin down states are un-
identical and the obtained total magnetic moment is 0.698 ug.
Upon adsorption of NO molecule, the DOS of N 2p and O 2p are
highly delocalized and run across the Fermi. There are multiple
orbital overlaps of N 2p and O 2p of NO with Ti 3d at —1.5, —0.1,
1.6, 3 eV in spin up and at 0.1, 1.0, 2.0, 3.1 €V in spin down. The
overlap area is wider than that of CO,, CO, H,S and HF mole-
cules adsorbed systems. This phenomenon shows that the
interaction of NO molecule with Ti doped hBN monolayer is the
strongest, which supports the large charge transfer and
adsorption energy value. The spin up and spin down states are
asymmetric and the obtained total magnetic moment of the
system is 1.546 ug.

From Fig. 5 it can also be noticed that the DOS of all gas
molecules mainly hybridize with DOS of Ti atom only. Ti atom
acts as charge transferring agent, which enhances the interac-
tion between gas molecules and hBN monolayer. Further, there
are only spin up non-zero DOS around the Fermi for all gas
molecules adsorbed systems except NO adsorbed system. Thus
NO adsorbed system show metallic nature while others show
semi metallic.

To understand the charge transfer between gas molecules
and Ti doped hBN monolayer quantitatively and visually, we
discussed the Bader charge transfer with charge density differ-
ence (CDD) diagrams. The charge density difference is calcu-
lated by following expression and calculated diagrams are
presented in Fig. 6.

Ap = Pgas+Ti-hBN — PTi-hBN — Pgas (6)

where pgasii-ngn is the charge density of gas molecule adsorbed
Ti doped hBN system, pri.npn is the charge density of Ti doped
hBN system and pg,s is the charge density of isolated gas
molecule. The yellow region represents the charge gain whereas
blue represents the charge loss. For CO, adsorption, the charge
loss region mainly locates on the Ti atom, while charge gain
region is on O atom of CO, molecule, illustrating that O atom
gains 0.18e lost by Ti atom. As to CO molecule, the charge gain

Fig. 6 Charge density difference (CDD) diagrams of (a) CO,, (b) CO, (c) H,S, (d) HF and (e) NO molecule adsorbed Ti doped hBN monolayer
systems. Cyan and yellow colors represent charge loss and charge gain. Isovalue is taken as 0.003 e A™%.
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region is concentrated at O atom of CO molecule whereas the

Ti atom to O atom of CO molecule. For H,S, the charge loss
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region is primarily around H and S atoms. Charge loss region
charge loss region is on Ti atom. The 0.21e are transferring from mainly occurs on Ti atom. This means H,S molecule accepts the
0.16e donated by Ti atom. For HF adsorption, the charge gain

(2) CO,--Ti-hBN (b) CO--Ti-hBN
e 3 oy
Sl
N i 2 e 3
1 o
"""""""""""""" g 0 —_—
2
L i E a1+ i
- == | 3 -
— —— — 4 B P e, —
r M K r r M K r
(c) H,S--Ti-hBN 5 (d) HF-Ti-hBN
h/
i / . :_//'— %/y\_
L i 1 L i
........................... £
&
L 121+ ]
m
L " 2F i
/<R e
Ea— \Q 4 \_/—%%
r M K T M K r
(¢) NO--Ti-hBN (f) Ti-hBN
3 . —
e ————
C - 2 EEaa— e —
L . 1 .
........................... e
3
\/,\g 2 .
Aém 3 /— o 4
/ _\
s - S——
r M K I M K r
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region is around the F atom. The charge loss is region is mainly
on Ti atom, suggesting that HF molecule has gained 0.10e
charge lost Ti atom. In NO adsorption, there is large charge gain
region around the N and O atoms. The charge loss region is
primarily on the Ti atom, indicating that NO has gained 0.28e
charge donated by Ti atom.

From Fig. 6, it can be seen that the charge loss region is Ti
atom centered whereas the charge gain region is on the adsor-
bed gas molecules. This confirmed the quantitative results of
Bader charge analysis that adsorbed gas molecules accept the
charge from Ti doped hBN monolayer.

3.3.3. Sensitivity and selectivity analysis of Ti doped hBN
monolayer. The sensitivity of the semiconducting materials are
mostly judged by their electric conductivity (¢), which changes
with adsorption of gas molecules, which further can be calcu-
lated with following expression.

g = ATS/ZC(ng/ZKBT) (7)

where A is a constant, T is the temperature, E, is the band gap
and K is Boltzmann's constant, therefore electric conductivity
depends on term e"/25 at a certain temperature. A change of
band gap will cause the change of electric conductivity of the
material when it is exposed to gas molecule, manifesting the
sensitivity of a gas sensing material. The band structures of
CO,, CO, H,S, HF, NO adsorbed Ti doped hBN monolayers and
Ti doped hBN monolayer (Ti-hBN i.e. without gas exposure) are
presented in Fig. 7. Compared with Ti-hBN, we found that CO,
adsorption produces an impurity state in valence band very
close to Fermi thereby reducing the band gap from 2.6 to
0.98 eV. CO adsorption induces impurity states at Fermi energy,
the impurity states cross to valence band through Fermi and
disappear the band gap. In case of H,S, there appear two
impurity states above and below the Fermi at 0.15 and —0.18 eV
in conduction and valence band respectively. The appearance of
these impurity states narrows down the band gap to 0.33 from
2.6 eV. HF exposure, also produces the impurity states on the
Fermi similar to CO, hence there remains no band gap in this
case. NO adsorption introduces the impurity states above and
below the Fermi similarly to H,S adsorption, thereby reducing
the band gap from 2.6 to 0.11 eV. The calculated values of band
gaps (E,) of CO,, CO, H,S, HF and NO gas molecules adsorbed
on Ti doped hBN monolayer are listed in Table 2. The band gap
variation (AEg) for CO,, CO, H,S, HF and NO adsorbed
complexes are 62.3, 100, 87.3, 100, 95.7%. Since there is wide
difference of band gaps before and after gases exposures,
therefore the change in electric conductivity of substrate surely
occurs in larger margin.

Further, work function (@) is often used to assess the
sensitivity of a material when a gas sensor is used as work
function type gas sensor, which works based on Kelvin
method.*>* The Kelvin method is performed by evaluating the
@ of a sensing material before and after gas exposure using
Kelvin oscillator tool.®* The variation of the & of sensing
material during gas exposure operation would reflect the
sensitivity of the sensing material. The calculated values of ¢ of
Ti doped hBN monolayer with and without gas molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry
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adsorption are summarized in Table 1. We found that the
chemisorptions of CO,, CO, H,S, HF and NO on Ti doped hBN
monolayer significantly alter the value of @ (5.31 eV) of Ti doped
hBN monolayer to 4.82, 4.70, 4.88, 4.91 and 4.48 eV respectively,
whereas the value of @ for HF adsorption changes to 5.10 eV.
The variations of ¢ after CO,, CO, H,S, HF and NO gas
adsorptions are as 9.2, 11.4, 8.0, 7.5 and 15.6%. The variations
of @ in response to CO,, CO, H,S, HF and NO gas adsorptions
prove that Ti doped hBN monolayer is highly sensitive to all five
gases.

The difference in variation of band gaps for CO and HF gases
is zero, so Ti doped hBN monolayer is not selective to these
gases ie. Ti doped hBN monolayer cannot differentiate the
sensing of CO and HF. For H,S and NO, the variations are 86
and 95% respectively, so selectivity for these two gas molecules
is moderate. However the variation of band gap for CO, is
62.3%, which indicates that Ti doped hBN monolayer is highly
selective to CO, gas.

3.4. Application feasibility of Ti doped hBN monolayer as
gas sensor

In order to manufacture a practically efficient and high
performance gas sensor, the gas adsorption mechanism should
be such that the gas can stay on sensor surface to get sensed
effectively and be dislodged from the sensor surface without
ruining it. In first instant, the gas molecule must remain
adsorbed on gas sensing material at room temperature. After
successful detection of gas, the gas sensor should recover itself
with short recovery time. Secondly, from FPMD simulations of
Ti doped hBN monolayer in section 3.3.3 prove that there is no
any structural distortion even 1000 K upto 3.5 ps simulation
time. So it is therefore assured that Ti doped hBN monolayer is
thermodynamically stable.

3.4.1. Analysis of ability of Ti doped hBN monolayer for gas
sensing at room temperature. To verify the suitability of Ti
doped hBN monolayer in real time application, we have checked
its ability of gas sensing at room temperature. Thermodynamic
stability of gas sensing material is prerequisite for this purpose.
For this, we have carried out the FPMD simulations of gas
molecules adsorbed systems at 300 K. Total energies as a func-
tion of time of gas adsorbed systems are presented in Fig. 8.
After 3.5 ps simulation time, the pictures of resultant structures
are displayed as insets in Fig. 8. It is found that no any gas
molecule escape from the substrate with increasing simulation
time. Ti doped hBN monolayer holds the gas molecules at room
temperature. Further, the oscillations of total energy are in the
quite small range. This suggests that gas molecules stay
adsorbed on Ti doped hBN monolayer at room temperature.

3.4.2. Analysis of recovery time of Ti doped hBN monolayer
after gas adsorption. Recovery time of gas sensor is one of the
key indicators to evaluate the reusability of a gas sensor. At
room temperature (300 K), the values of t for gas molecules
adsorbed on Ti doped hBN monolayer are achieved, 1.46 x 10",
7.539 x 10", 1.416 x 108, 40.03 and 3.641 x 108 s, for CO,, CO,
H,S, HF and NO respectively. The recovery time for HF gas is 40
seconds at 300 K with visible light exposure, which is not too

RSC Adv, 2022, 12, 34185-34199 | 34195
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Fig. 8 The fluctuation of total energy of (a) CO,, (b) CO, (c) H,S, (d) HF and (e) NO adsorbed Ti doped hBN monolayer systems during FPMD
simulations at 300 K. The insets in (a—d) are side views of final structures after 3.5 ps simulation time.

long. Therefore HF gas can easily be desorbed from the surface =~ Whereas, the recovery times required for full desorption of CO,,
of Ti doped hBN monolayer and Ti doped hBN monolayer can  CO, H,S and NO gas molecules from Ti doped hBN monolayer at
be repeatedly used for sensing HF gas at room temperature. 300 K are so long. This means that long recovery time precludes
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Table 3 Recovery time (1) in seconds of CO,, CO, H,S, HF and NO adsorbed on Ti doped hBN monolayer at 300, 400 and 500 K with visible light

and ultra violet exposure

(s)

at 300 K, visible

z(s),

400 K, visible

z(s),

500 K, visible

System light light light 7 (s), 300 K, UV light 7 (s), 400 K, UV light 7 (s), 500 K, UV light
Ti doped hBN-CO,  1.46 x 10" 4.214 x 10* 19.865 1.46 x 107 42.147 1.986 x 102

Ti doped hBN-CO  7.539 x 10"® 8.071 x 10° 5.304 x 10* 7.53 x 10" 8.071 x 10° 53.04

Ti doped hBN-H,S  1.416 x 10° 1.298 x 10° 1.232 1.416 x 10° 1.298 1.232 x 107°

Ti doped hBN-HF ~ 40.039 1.590 x 107> 1.446 x 10°* 4.00 x 102 1.590 x 107> 1.446 x 1077

Ti doped hBN-NO  3.641 x 10'® 8.357 x 10" 2.167 x 10° 3.641 x 10" 8.357 x 107 2.167 x 10°

the repeatable use of Ti doped hBN monolayer as gas sensor,
however the recovery time of gas sensor can be shortened
significantly by annealing it at high temperature with ultra
violet radiation. Based on expression (2), if adsorption energy
E.qs is kept constant, either an increasing temperature or
attempt frequency (UV light exposure 10" Hz) or both can cause
the reduced recovery time. It was also verified that ultra violet
radiations assist the quick recovery of the sensor.® Therefore, in
order to have the quick recovery of Ti doped hBN monolayer, we
analyzed the recovery time by annealing at 400 and 500 K in
avacuum (visible light) or UV exposure. The calculated values of
recovery time at 300, 400 and 500 K in vacuum and UV exposure
are presented in Table 3. By annealing at 400 K in vacuum could
not reduce the recovery times of CO,, CO, H,S and NO gas
molecules significantly, however at 500 K in vacuum CO, and
H,S gas molecules can be desorbed within 19.8 and 1.23
seconds respectively. The desorption of CO gas molecules from
Ti doped hBN monolayer can be done in reasonable time of 53
seconds by annealing at 500 K with UV exposure. Although the
recovery time is significantly shortened by annealing at high
temperature and UV exposure, the recovery time is still long
enough for NO gas molecule. It takes 6 hours to fully desorb
from surface of Ti doped hBN monolayer. Therefore Ti doped
hBN monolayer is very suitable as a scavenger for NO gas.

Conclusions

We explored the adsorptions of toxic gas molecules (CO,, CO,
H,S, HF and NO) on pristine and Ti atom doped hBN monolayer
based on first principle calculations. The adsorption of gas
molecules on pristine hBN is by physisorption owing to their
small adsorption energy and charge transfer. The weak
adsorption of gas molecules on pristine hBN results in micro
seconds recovery time. Such instantaneous desorption from
surface indicates the pristine hBN's poor gas sensing affinity. Ti
atom was doped into hBN at N vacancy, B vacancy and BN
(Stone Wales) defect. When Ti atom is doped at B vacancy, the
doping system is found to be most stable. Further FPMD
simulation proved thermodynamic stability of Ti doped hBN
monolayer up to 1000 K. After Ti atom doping, the adsorption
energy of gas molecules increases considerably, resulting in
chemisorption. The outermost orbitals of Ti atom, atoms of gas
molecules and boron and nitrogen show strong hybridization in
PDOS plots confirming the strong interaction of gas molecules

© 2022 The Author(s). Published by the Royal Society of Chemistry

with Ti doped hBN monolayer. Bader charge analysis reveals
that Ti atom donates charge to gas molecules. The electronic
properties of Ti doped hBN monolayer greatly change after gas
molecules adsorption. The band gap of Ti doped hBN mono-
layer narrows to 0.91, 0.36 and 0.13 from 2.61 eV with CO,, H,S
and NO adsorptions respectively while it changes to zero gap
(metallic) with CO and HF adsorption. Such large change in
band gap and work function indicates that Ti doped hBN
monolayer is highly sensitive to these gases. However, due to
same variation of work function in response to HF and NO gas
adsorptions, Ti doped hBN monolayer is said to not selective to
adsorptions of these two gases. Furthermore, reusability of
sensor is evaluated by recovery time of gas molecules desorp-
tion. The gas molecules except NO can be desorbed by
increasing temperature to 500 K with UV radiation within
reasonable recovery time. The desorption of NO molecule takes
6 hours even at 500 K with UV exposure, that is why Ti doped
hBN monolayer is better to be a scavenger of this gas rather than
gas sensor. Overall, Ti doped hBN monolayer is predicted to be
promising material for gas sensor of CO,, CO, H,S and HF and
scavenger for NO gas.
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