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ABSTRACT: Using first-principles calculations, the structural, elec- PP T S

tronic, and optical properties of CO,, CO, N,O, CH,, H,, N,, O,, NH;, oo ¢ / w \ 2=
acetone, and ethanol molecules adsorbed on a diazine monolayer were P ‘“u \& g‘o -

studied to develop the application potential of the diazine monolayer as e Wl ——
a room-temperature gas sensor for detecting acetone, ethanol, and NH;. s

We found that these molecules are all physically adsorbed on the diazine bos
monolayer with weak adsorption strength and charge transfer between =

the molecules and the monolayer, but the physisorption of only NH;, S, ——a
acetone, and ethanol remarkably modified the electronic properties of ‘E‘ N S ]
the diazine monolayer, especially for the obvious change in electric i —=
conductivity, showing that the diazine monolayer is highly sensitive to =
acetone, NHj;, and ethanol. Further, the adsorption of NHj, acetone, ] ———

and ethanol molecules remarkably modifies, in varying degrees, the
optical properties of the diazine monolayer, such as work function, absorption coefficient, and the reflectivity, whereas adsorption of
other molecules has infinitesimal influence. The different adsorption behaviors and influences of the electronic and optical properties
of molecules on the monolayer show that the diazine monolayer has high selectivity to NHj;, acetone, and ethanol. The recovery time
of NH;, acetone, and ethanol molecules is, respectively, 1.2 us, 7.7 us, and 0.11 ms at 300 K. Thus, the diazine monolayer has a high
application potential as a room-temperature acetone, ethanol, and NH; sensor with high performance (high selectivity and

sensitivity, and rapid recovery time).

1. INTRODUCTION

Since worldwide air pollution through contamination by a
variety of gases that are toxic, harmful, flammable, and
explosive, such as volatile organic compounds (VOCs),
ethanol (C,H4O), formaldehyde (HCHO), nitrogen oxides
(NO,), acetone (C3;H4O), ammonia (NH;), sulfur oxides
(SO,), and carbon monoxide (CO), is one of the major threats
to human life and the environment, detecting and sensing
polluting gases plays a crucial role in controlling of the
chemical processes in industries, indoor air quality supervision,
space missions, and medical and environmental monitoring.
Hence, designing and researching novel gas-sensor materials
with high sensitivity and selectivity has paramount importance
in the detection and monitoring of polluting gases in the
modern era.'~” In the past decades, a tremendous amount of
two-dimensional (2D) nanomaterials,’~'® such as graphene
and related 2D crystals, phosphorene, transition metal
dichalcogenides, and MXenes, have been extensively used as
gas-sensing materials owing to their ultrahigh specific surface
area, strong surface activities, high mobility, excellent thermal
and electrical conductivities, and high chemical and thermody-
namic stability.

© 2021 The Authors. Published by
American Chemical Society
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Previous studies had shown that pure graphene is not
suitable as a gas sensor due to the lack of a band gap, but that
modification with doping and defects can improve observably
the gas-sensing performance of graphene.”*'"'*~*° Recently,
the excellent structural, electronic, mechanical, and thermody-
namic properties of graphyne (i.e., nanoporous graphene), and
graphene analogs including intrinsic uniformly distributed
pores, thereby producing membranes with a large surface area,
have made it an appealing candidate for use in gas sensors and
gas separation.”’ ' For example, Shaban et al.”’ designed a
2D nanoporous graphene oxide (NGO) using the modified
Hummer method and the spray pyrolysis technique, and found
that NGO shows high selectivity and rapid response to sense
CO,, H,, and C,H, gases. Recently, Barone and Moses>” used
molecular units (benzene, single heteroatom heterocycles,
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Figure 1. (a) Optimized configuration of the diazine monolayer, (b, c) the corresponding band structure and partial density of states (PDOS),
respectively. The bond lengths between the C atoms are given as red lines with arrows in angstrom. The blue, gray, and white balls represent N, C,

and H atoms, respectively. The Fermi level energy is set to zero.
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Figure 2. Top and side views of the most stable structures of the diazine monolayer with molecular adsorption: (a, b) ethanol; (c, d) acetone; and
(e) NH;. The molecule—monolayer system is labeled by the molecule name. The red balls represent O atoms.

borazine, 1,3-diazine, and 1,3,5-triazine) as building blocks to
design a variety of nanoporous graphene-like monolayers, and
further investigated their structural properties and stabilities
using density functional theory (DFT) methods. Their results
indicated that diazine monolayers, which are formed by
seamlessly connected diazine molecules, have the highest
stability among all studied compounds and have wide-band-
gap semiconductor characteristics. In the most stable structure
of the diazine monolayer, the C and N atoms have similar
bonding characteristics with the C,N monolayer, which is
composed of two benzene rings bridged by pyrazine rings in
which two nitrogen atoms face each other,' %3738 and the
structural difference between the diazine and C,N monolayers
is that one C atom binds to a H atom and thereby forms sp*
hybridization in the diazine monolayer. As reported in a
previous work,”” as the diazine monolayer has advantages such
as ultrahigh specific surface area and semiconducting proper-
ties with wide band-gap width, it is expected that the diazine
monolayer, which would be similar to the C—-N 2D
nanomaterials,'”~>%**~*" has promising potential applications
in ion batteries, (photo-) catalysts, gas capture and storage, gas
sensors, and so on. More interestingly, it had been
demonstrated that the C,N monolayer as a gas sensor has
excellent gas-sensing properties such as high sensitivity and
selectivity for detection of gaseous pollutants.'”'®*> The fact
that the analogous structure C,N is a good candidate for a gas
sensor indicates that the diazine monolayer can be expected to
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show excellent gas-sensing performance. Therefore, following
the progress of investigations on C,N, monolayers as gas-
sensing materials,'” 2% as well as given the facts such as the
unique geometric structure, stability, and semiconducting
properties of the diazine monolayer, it is highly expected
that the diazine monolayer will be a promising potential for
applications in gas-sensing materials.

In this study, using first-principles calculations based on
DFT, we investigated the application potential of the diazine
monolayer as a gas sensor for detection of toxic gases. To this
end, we studied systemically the adsorption behaviors, and
electronic and gas-sensing properties of molecules (CO,, CO,
N,O, CH,, H,, N,, O,, NH;, acetone, and ethanol) on the
diazine monolayer in terms of their adsorption energy, charge
transfer, changes in band structures and density of states
(DOS), work function, and optical properties. Our results
indicate that the diazine monolayer as a room-temperature
acetone, ethanol, and NH; sensor has high selectivity and
sensitivity and rapid recovery time. Further, the adsorption of
three molecules remarkably modifies the optical properties of
the pure diazine monolayer, such as work function, absorption
coefficient, and reflectivity, whereas adsorption of the other
molecules has infinitesimal influence. It is noted that since
Barone et al. predicted the stable structure of the diazine
monolayer in 2019, it is not like other C—N monolayers such
as C,N and GC;N,""7?%37*" which have received much
attention due to their properties and applications after their
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Figure 3. ELF plots (a—c) and electron density difference (d—f) for the most stable configurations for (a, d) ethanol; (b, e) acetone; and (c, f)

NHj; adsorbed on the diazine monolayer, respectively.

Table 1. Adsorption Energy (E,4), Charge Transferred from the Monolayer to Molecule (AQ), the Shortest Distance between
the Molecule and Monolayer (D), Band-Gap Widths (Eg), Work Function (®), and the Recovery Time (7) for the Structures
of Ethanol, Acetone, and NH; Adsorbed on the Diazine Monolayer

system E,q (eV) AQ (e)
ethanol-1 —0.479 —0.145
ethanol-2 —0.329 —0.052
acetone-1 —-0.413 —0.093
acetone-2 —-0.410 —0.076
NH; —0.362 —-0.077

D (A) E, (eV) D (eV) 7 (s)

1.254 1.387 5.687 1.1 x 107*
1.382 1.958 6.068 34 x 1077
1.774 1.371 5.578 7.7 X 107¢
1.735 1.444 5.632 8.7 X 107°
1.339 1.415 5.660 12 X 107°

prediction and synthesis. To our knowledge, there are few
reports on the investigations of the properties and applications
of the diazine monolayer. We hope that our work could further
motivate people to pay close attention to the properties,
potential applications, and experimental synthesis and
verification of this material.

2. RESULTS AND DISCUSSION

We investigated firstly the 2 X 2 X 1 supercell mode of the
diazine monolayer with and without molecular adsorption, as
shown in Figure la. After full optimization, we found that the
calculated lattice parameters of the optimized diazine
monolayer are a = 7.08 A and b = 7.37 A, and the angle
between the lattice vectors is 58.7°. There are two bond
lengths for C—C bonds: one is 1.40 A in the diazine six-
membered rings, and the other is 1.48 A in the C—C bonds
bridging the diazine six-membered rings, which are shown in
Figure la. The lengths of the C—N and C-H bonds are 1.34
and 1.09 A, respectively. The diazine monolayer is a
semiconductor with a direct band-gap value of 1.953 eV at
generalized gradient approximation Perdew—Burke—Ernzerhof
(GGA-PBE) level as shown in Figure 1b, which is smaller than
that obtained with the HSE functional,®* as the GGA-PBE
functional often underestimates the band gaps of materials.
Further, it can be seen from the DOS as shown in Figure 1c
that the contribution of the 2p states of N and C atoms has a
strong influence on the valence band and conduction band.
These results are also in good agreement with previous
reports.32

To study the gas-sensing performance of the diazine
monolayer, we then investigated the adsorption behaviors of
the molecules (CO, CO, N,0, CH, H,, N, O, NH,,
acetone, and ethanol) on the diazine monolayer. The
optimized most stable configurations of each molecule
adsorbed on the diazine monolayer are shown in Figures 2

and 3, and the related results are listed in Tables 1 and 2,
respectively. We firstly explored the adsorption of ethanol,

Table 2. Adsorption Energy (E,q,), Charge Transferred from
the Monolayer to Molecule (AQ), the Shortest Distance
between the Molecule and Monolayer (D), Band-Gap
Widths (E,), Work Function (®), and the Recovery Time
(7) for the Structures of the Molecules Adsorbed on the
Diazine Monolayer

system Eg (eV) AQ (e) D (A) E, (eV) @ (eV) 7 (s)

CO,  —0.230 0.003 2051 1948 6150 73 x 107
Cco —0.149 0.001 2269 1957 6150 32x 107"
N,O —0213 0.019 2181 1953 6150 3.8 x 1077
CH, —0211 -0077 1629 1955 6150 3.5x107°
H, -0.075  —0.021 2183 195  6.150 18 x 107"
N, —0.129 0.007 2022 1964 6150 1.5x 107"
0, 0.303 2.984

acetone, and NH; on the diazine monolayer, and the most
stable configurations are shown in Figure 2. For ethanol
adsorption, we found that the ethanol molecule is located at
the top of the monolayer pores, which is energetically favorable
with an E4 of —0.479 eV and results in charge (0.14S e)
transfer from the diazine monolayer to the ethanol molecule,
leading to the positively charged ethanol molecule. Further, the
adsorption strength of ethanol on the diazine monolayer
decreases when the ethanol molecule deviates from the top site
of the monolayer pore (see Figure 2b), as the second stable
structure for ethanol adsorption has an E 4 of —0.329 eV. We
also found that the acetone and NH; molecules are also
located at the top of the monolayer pores to form the most
favorable configurations as shown in Figure 2c,e, with an E_ 4
of —0.413 and —0.362 eV, respectively. The adsorption of
acetone and NH; molecules leads to very little transfer of
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Figure 4. Variation in the total energy (Ha) of the most stable configuration of (a) ethanol; (b) acetone; and (c) NH; adsorbed on the diazine

monolayer as a function of time at 300 K.

charges between acetone and the NH; molecule and diazine
monolayer, that is, 0.093 and 0.077 e charge is transferred from
the diazine monolayer to acetone and the NH; molecule,
respectively, which is very different from the case of ethanol
adsorption. This may indicate that the small transferred charge
between the monolayer and acetone and the NH; molecule
would have little influence on the electronic properties of the
diazine monolayer due to acetone and NH; adsorption.
Moreover, it is found that ethanol adsorption results in the
largest charge transfer among the considered molecules and
also has the largest adsorption strength, indicating that the
transferred charge between ethanol and the diazine monolayer
plays an indispensable role in the adsorption process of ethanol
on the monolayer. Further, it is different from the ethanol
adsorption in that the acetone adsorption sites deviating from
the top of pore do not induce any obvious change in
adsorption strength (Table 1). In addition, we found that the
three molecules are not bonded with the diazine monolayer
and induce an unapparent charge transfer as shown in Table 1.
Based on these analyses, it may be concluded that these three
molecules are all physisorbed on the diazine monolayer. To
clarify the physisorption of molecules on the monolayer, we
also investigated the electron localization function (ELF),
which is an efficient method to understand the features of
chemical bonding, the lone electron pairs (nonbonding
electron pairs), and (non)covalent interactions between the
molecules and the monolayer,"”” ** and the results of the
analysis of the characteristics of chemical bonding for the
molecule adsorption system are similar to those of the
noncovalent interactions analysis.””*" The ELF function has
values between 0 and 1, which represents delocalization and
the perfect localization features of the covalent bonding or the
lone electron pairs, respectively. The ELF plots for the
adsorption of the considered three molecules are presented in
Figure 3a—c. We found that the ELF values between the atoms
of three molecules and the nearest atoms of the diazine
monolayer are all less than 0.5, nearly tending to zero,
indicating that no chemical bonds between those molecules
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and the diazine monolayer are formed, that is, there are
noncovalent interactions between the three molecules and the
diazine monolayer, which is positive evidence for the
physisorption of NHj, acetone, and ethanol molecules on the
diazine monolayer. Further, the electron density differences
(EDD) of the most stable structures for NH;, acetone, and
ethanol adsorbed on the diazine monolayer were calculated
and are illustrated in Figure 3d,e, which provides us some
positive information on the electron-available or -depleted
regions. The red and blue regions represent, respectively, the
increase and decrease of the electron density in Figure 3d,e.
The existence of electron occupancy locations throughout the
molecule—monolayer systems could be confirmed via the
positive value of EDD (0.05 A™®). When ethanol adsorbs on
the diazine monolayer, a very few electrons are transferred
from the molecule to the monolayer; however, few electrons
can be transferred between the diazine monolayer and NH;
(acetone) molecule, which is in good agreement with the
Hirshfeld charge analysis. In order to study the thermodynamic
stability of the diazine monolayer with NHj, acetone, and
ethanol adsorption, we carried out molecular dynamics (MD)
simulations in the framework of the Born—Oppenheimer
concept (BOMD) within the NVT ensemble for the most
stable structures of NH;, acetone, and ethanol adsorbed on the
diazine monolayer. The temperature was controlled using a
Nosé—Hoover chain thermostat. We set simulations of S ps
with a time step of 1 fs at a constant temperature of 300 K.
Figure 4 shows the vitiation of the total energies for the
structures during the simulations. We found that there is no
structural deformation for the most stable structures of NHj,
acetone, and ethanol adsorbed on the diazine monolayer after
S ps. Furthermore, the total energies of the most stable
structures of NH,, acetone, and ethanol adsorbed on the
diazine monolayer vibrate in a very small energy range during
the simulations, which provides the evidence for the thermal
stability of the calculated structures.

We also investigated the effects of molecule adsorption on
the structural properties of the pure diazine monolayer. We

https://doi.org/10.1021/acsomega.1c00432
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Figure 6. Top and side views of the optimized most stable structures of the diazine monolayer with molecular adsorption: (a) CO,; (b) CO; (c)
N,O; (d) CHy; (e) Hy; (f) Ny; and (g) O,. The molecule—monolayer systems are labeled by the molecule name.

found that the bond lengths of C—C, C—N, and C-H bonds,
and the angles of C—C—C, N-C-C, C—N-C, and H-C-C
in the pure diazine monolayer were nearly unchanged due to
the adsorption of molecules. More importantly, the diazine
monolayer still keeps the planar structure after molecule
adsorption. These results indicate that the physisorption of
NHj;, acetone, and ethanol molecules hardly results in any
structural deformation for the diazine monolayer, indicating
that the diazine monolayer keeps structural stability even after
molecule adsorption, which is a key requirement for gas
sensing. We noted that all possible adsorption sites for NHj,
acetone, and ethanol molecule adsorption on the diazine
monolayer were considered in this work; however, we just
obtained the most stable physisorption configurations for these
molecules on the monolayer, and no chemisorption states for
these molecules on the diazine monolayer were found, which is
very similar to the cases of molecule adsorption on the C,N (x
= 2, 3) monolayers."’ >

To gain more insight into the interactions between the
molecules (NH,;, acetone, and ethanol) and the diazine
monolayer, we calculated the electronic structures of the
most stable structures for the three molecules adsorbed on the
diazine monolayer. It is well known that the GGA-PBE
functional underestimates the band gap of materials, but it still
considerably describes the characteristics of electronic
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structures. The band structures and density of states (DOS)
combined with local DOS (LDOS) projected for the molecules
are presented in Figure S. In comparison with the DOS and
band structure of the pure diazine monolayer, we found that
the adsorption of ethanol, acetone, and NH; molecules
produces certain impurity states that are located in the band
gap and makes the Fermi level cross these states. The gas
adsorption thus decreases the original band gap. As discussed
below, the feature of narrowing the band gap is important for
application in gas sensors. For ethanol adsorption as shown in
Table 1, we found that the values of the band gap and
transferred charge decrease as the adsorption strength
decreases. We further explored the adsorption of CO,, CO,
N,O, CH,, H, N,, and O, molecules on the diazine
monolayer; the most stable structures of each molecule
adsorbed on the monolayer are shown in Figure 6 with the
calculated results summarized in Table 2. For O, adsorption,
the O, molecule has an unfavorable E 4 of 0.303 eV and the
adsorption process is endothermic, which suggests that the
diazine monolayer is highly inert toward O, gas in ambient
conditions, which is very similar to the adsorption of O,
molecule on ZnO* and GaN* nanowires, and the GaN
monolayer.”” For the other molecules, the adsorption energies
are all larger than —0.24 eV and the charge transfers are quite
small, which indicates that the adsorption strength for these
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pristine and gas-molecule-adsorbed diazine monolayer. DI, AC, ET, and NH represent the system of the pure diazine monolayer, acetone, ethanol,

and NH; adsorption on the monolayer, respectively.

molecules is so weak that they may have no influence on the
electronic properties of the diazine monolayer. As expected, it
can be seen from Table 2 that the adsorption of CO,, CO,
N,O, CH,, H,, and N, molecules barely changes the electronic
and optical properties of the diazine monolayer. Further, it can
be seen from Tables 1 and 2 that ethanol, acetone, and NH,
adsorption has the largest adsorption strength (i.e., the largest
absolute value of adsorption energy) and shows the most
obvious changes of band gaps among all of the considered
molecules, indicating that the larger adsorption strength would
result in a larger change in the band gaps of the monolayer.

Then, we studied the application potential of the diazine
monolayer as a good gas sensor for ethanol, acetone, and NH;
detection. For the gas-sensing properties, we mainly analyzed
the stability, work function, sensitivity, selectivity, and recovery
time of the diazine monolayer in the sensing process. Previous
studies have demonstrated that the diazine monolayer is
energetically and dynamically stable. In addition, adsorption of
the molecules does not induce any structural deformation in
the monolayer (see Figures 2 and 6), further indicating its
stability.

The work function (®), which is described as ® = E,,. — Eg,
where E,,. and Ey are the vacuum energy and Fermi energy,
respectively, is an important parameter to evaluate the
potential of materials as gas sensors.'”'”*' The calculated
work function of the diazine monolayer is 6.150 eV. The work
functions of the molecules on the monolayer are listed in
Tables 1 and 2. The adsorption of ethanol, acetone, and NH;,
leads to the values of @ for the diazine monolayer decreasing
to 5.687, 5.578, and 5.660 eV (ie., 7.5, 9.3, and 7.2%
variation), respectively. However, the work function remains
almost unchanged for the physical adsorption of CO,, CO,
N,O, CH,, H,, and N, molecules on the diazine monolayer.
These results indicate that the selective adsorption of ethanol,
acetone, and NHj can efficiently tune the work function of the
diazine monolayer, which endows it a promising potential for
work function-type gas sensors. Further, the change in the
electric conductivity of materials before and after molecule
adsorption can be used to evaluate the sensitivity of the
materials to a certain gas. The electric conductivity (o) is

described as o exp(%)fg where E; is the band gap, k

Boltzmann’s constant, and T the temperature. The change in
band gap for the most stable configurations of ethanol,
acetone, and NH; adsorption on the diazine monolayer is from
1.953 eV of the pure diazine monolayer to 1.387, 1.371, and
1.415 eV, respectively, that is to say, the variation of band gap

is 29.0, 29.8, and 27.6% for ethanol, acetone, and NH;
adsorption, respectively. The remarkable change in band gap
inevitably leads to the obvious change in electric conductivity
due to ethanol, acetone, and NH; adsorption, indicating that
the diazine monolayer as a gas sensor has a high sensitivity for
detection of ethanol, acetone, and NH; gases. On the contrary,
the very weak physisorption of CO,, CO, N,O, CH,, H,, and
N, molecules alters hardly the band gap of the diazine
monolayer, which indicates that the diazine monolayer has
quite low sensitivity (or insensitivity) to these gases.

Further, as discussed above, the weak physisorption of CO,,
CO, N,O, CH,, H,, and N, molecules does not change
basically the electronic and optical (work function) properties
of the diazine monolayer, but the adsorption of ethanol,
acetone, and NH; has various degrees of influence on the
electronic properties of the diazine monolayer, which indicates
that the diazine monolayer is highly selective for ethanol,
acetone, and NH; gas, and can easily distinguish these three
gases from the compounds of CO,, CO, N,0, CH,, H,, and
N,. Further, we could use the optical properties of ethanol,
acetone, and NH; on the diazine monolayer to differentiate
them from each other, as the adsorption leads to different
optical properties. We thus calculated the optical properties
such as reflectivity, the real and imaginary dielectric functions,
and absorption coefficient, which are shown in Figure 7. It is
found from Figure 7 that there are new peaks added in the
reflectivity, real dielectric function, and absorption coeflicient
curves, which are mainly located at about 5.5 X 10* cm™ in the
deep ultraviolet (UV) region (about 7.0 eV), due to the
adsorption of acetone, indicating that we can differentiate
acetone from ethanol and NH; by measuring the newly added
peaks in the optical properties mentioned above. More
interestingly, the adsorption of ethanol, acetone, and NHj;
can effectively change the maximum peaks and the height of
the peaks (which are mainly located at about 15.9 eV) for the
reflectivity, real dielectric function, and absorption coeflicient
in various degrees. For example, the value of the maximum
peak absorption for the acetone—diazine system is the largest
(7.66 x 10* cm™" at 15.92 eV), followed by the absorption
peak of ethanol (7.50 X 10* cm™ at 15.94 eV), NH, (7.20 X
10* cm™ at 15.90 eV), and then the pure monolayer (7.03 X
10* cm™" at 15.96 eV). In general, the strength of influence on
the optical properties of the diazine monolayer is decreased in
the the order acetone, ethanol, and NH;. These results indicate
that acetone, ethanol, and NH; gases can be easily
distinguished one from each other via measuring the optical
properties of the diazine monolayer before and after acetone,
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ethanol, and NH; adsorption, further confirming that the
diazine monolayer as gas sensor has high selectivity.
Moreover, the recovery time is also a very important
parameter for a good gas sensor, as a long recovery time
indicates that desorption of molecules from the gas-sensing
materials could be very difficult, and thereby limits the reuse of
the materials. Thus, we used the equation 7 = 1,~! e %/} to
estimate the recovery time (7). In the equation, v, is the
molecule-attempted frequency. We assume that the attempted
frequencies of all molecules have the same order of magnitude
as the NO, molecules (10'% s at 300 K).*”*° The calculated
recovery time of the molecules at room temperature (300 K)
are listed in Tables 1 and 2. The calculated recovery time of
the diazine monolayer for acetone, ethanol, and NH; is 7.7 us,
0.11 ms, and 1.2 us, respectively, which indicates that the
recovery time at room temperature is quite short. Thus, the
diazine monolayer can be used as a reusable sensor at room
temperature for detection of acetone, ethanol, and NH,.
Further, to have a comparable insight into the sensing
properties of the diazine monolayer for NHj, acetone, and
ethanol detection, we compared the considered diazine
monolayer with other NHj, acetone, and ethanol sensors
reported in literature.'”'*?>>'~>* For NH, sensors, based on
the generalized analysis of the adsorption energy, transferred
charge, the changes in electronic properties, sensitivity,
selectivity, and recovery time at 300 K for diazine, C,N,
C;N, and C;N, monolayers, we found that the diazine
monolayer generally has higher NHj;-sensing performance
than C,N,"” C;N,'”** and C;N,’" monolayers and most of the
metal oxides and conducting polymers.* Since there are no
reports on the acetone- and ethanol-sensing performance of
C,N, C;N, and C;N, monolayers, we just compared the
diazine monolayer sensor with other acetone and ethanol
sensors reported in the review literature.”””' We found that the
sensing performance (such as working temperature, recovery
time, sensitivity, and selectivity) of the diazine monolayer for
acetone and ethanol detection is much better than that
reported in literature reviews.”””' Therefore, based on the
analysis of sensitivity, stability, selectivity, and recovery time, it
is concluded that the diazine monolayer holds a promising
potential for use as a room-temperature gas sensor for
detecting molecules including acetone, ethanol, and NH;.

3. CONCLUSIONS

In conclusion, to fully explore the application potential of the
diazine monolayer as a room-temperature gas sensor for
detecting acetone, ethanol, and NHj, the adsorption behaviors,
electronic properties, and optical properties of CO,, CO, N,0O,
CH,, H,, N,, O,, NHj;, acetone, and ethanol molecules on the
diazine monolayer were investigated using DFT calculations.
We found that all of the abovementioned molecules are
physically adsorbed on the diazine monolayer with small
adsorption energy and transferred charge. The adsorption of
NHj;, acetone, and ethanol dramatically modified the electronic
and optical properties of the diazine monolayer, such as the
obvious change in electrical conductivity and work function,
while the adsorption of the other molecules could not tune the
electronic and optical properties of the diazine monolayer,
indicating that the diazine monolayer is highly sensitive and
selective for NHj, acetone, and ethanol detection. Further,
acetone, ethanol, and NH; gases can be easily distinguished
from one another via measuring the optical properties of the
diazine monolayer before and after adsorption. The calculated
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recovery time of the diazine monolayer for acetone, ethanol,
and NH; is 7.7 ps, 0.11 ms, and 1.2 us, respectively, which
indicates that the recovery time at room temperature is quite
short. Therefore, based on the analysis of the sensitivity,
stability, selectivity, and recovery time, it is concluded that the
diazine monolayer has a promising potential for application in
room-temperature gas sensors for detecting molecules
including acetone, ethanol, and NH;.

4. COMPUTATIONAL DETAILS

All calculations were carried out using DMOL? code”*° based
on spin-polarized density functional theory (DFT). The
exchange-correlation energy was calculated using the general-
ized gradient approximation (GGA) within the Perdew—
Burke—Ernzerhof (PBE)>’ functional. The DFT+D method
with the Grimme scheme was adopted to consider the van der
Waals forces.”®” The double numerical atomic orbital
augmented by d-polarization functions (DNP basis set) and
density functional semi-core pseudopotentials (DSPP)*’ was
used to describe the electron—ion interaction. The Brillouin
zone was defined by the Monkhorst—Pack scheme with a mesh
size of 10 X 10 X 1.°" The electron density difference (EDD)
and the Hirshfeld charge method were used to analyze the
charge distribution. The convergence values for the displace-
ment, energy, and maximum force in structural optimization
are 0.005 A, 1.0 X 1075 Ha, and 0.002 Ha/A, respectively. A
real-space global orbital cutoff radius of 4.5 A was chosen for
the calculations. A vacuum space of 20 A was used to avoid
interactions between two periodic units. In this work, we used
a 2 X 2 X 1 supercell mode of the diazine monolayer, and in
order to confirm whether the size of the 2 X 2 X 1 supercell for
the diazine monolayer is large enough to avoid the interaction
between adsorbed molecules, we also investigated the 3 X 3 X
1 supercell of the diazine monolayer with acetone and ethanol
adsorption. We found that the results such as adsorption
strength, transferred charge, and electronic and optical
properties for acetone and ethanol adsorption on diazine
monolayers of different sizes (2 X 2 and 3 X 3) are all the
same, indicating that the 2 X 2 X 1 supercell mode of the
diazine monolayer is large enough to prevent interactions
between adjacent molecules, given the fact that the distances
between molecules are all greater than about 11 A in the 2 X 2
X 1 supercell mode.

Further, in order to assess the adsorption strength, the
adsorption energy (E,4) was calculated as E,4 = Eypal — Einono
— E.. where E, is the total energy of each molecule
adsorbed on the diazine monolayer, E, ., and E, are the total
energies of the pristine diazine monolayer and the isolated
molecule, respectively. Under this definition, a negative
adsorption energy portends that the adsorption process is
exothermic and energetically favorable.
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