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Outstanding Performance of Transition-Metal-Decorated Single-
Layer Graphene-like BC,N Nanosheets for Disease Biomarker
Detection in Human Breath
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ABSTRACT: In the present work, we report highly sensitive and selective nanosensors constructed with metal-decorated graphene-
like BC(N employing nonequilibrium Green’s function (NEGF) formalism combined by density functional theory (DFT) toward
multiple inorganic and sulfur-containing gas molecules (NO, NO,, NH;, CO, CO,, H,S, and SO,) as disease biomarkers from
human breath. Monolayer sheets of pristine BC,N and Pd-decorated BC(N were evaluated for their gas adsorption properties,
electronic property changes, sensitivity, and selectivity toward disease biomarkers. The pristine BC¢N nanosheets exhibited sharp
drops in the bandgap when interacted with gases such as NO, while barely affected by other gases. However, the nanosecond
recovery time and low adsorption energies limit the gas sensing applications of the pristine BC(N sheet. On the other hand, the Pd-
decorated BC¢N-based sensor underwent a semiconductor to metal transition upon the adsorption of NO, gas molecules. The
conductance change of the sensor’s material in terms of I-V characteristics revealed that the Pd-decorated BC4N sensor is highly
sensitive (98.6—134%) and selective (12.3—74.4 times) toward NO, gas molecules with a recovery time of 270 s under UV radiation
at 498 K while weakly interacting with interfering gases in exhaled breath such as CO, and H,O. The gas adsorption behavior
suggests that metal-decorated BC4N sensors are excellent candidates for analyzing pulmonary disease and cardiovascular biomarkers,
among other ailments of the stomach, kidney, and intestine.

B INTRODUCTION and phosphorene,'’ among others, are being increasingly
researched today.

The possibility of producing n-type and p-type semi-
conducting graphene by substituting C atoms with nearest-
neighbor N and B atoms seems like a tantalizing approach
toward the realization of nanodevices.'”"” Boron and nitrogen
can form strong covalent bonds with carbon owing to their
atomic size and being the nearest neighbor to carbon in the
periodic table. Carbon nitrides (C;N) and boron carbides

Graphene, a two-dimensional (2D) honeycomb lattice of
monolayer carbon atoms,' has triggered intensive research
interest due to its outstanding electrical transport, optical, and
thermal properties.” Considered as a basic building block to all
other dimensionalities, multiple graphene sheets can be
stacked together to create three-dimensional (3D) graphite.
A graphene sheet can be rolled up to form one-dimensional
(1D) carbon nanotubes or can be wrapped up to produce zero-
dimensional (0D) fullerenes.’ Nevertheless, the applications of
pristine graphene in post-silicon nanoelectronics and sensors Received: November 10, 2020 U8
are limited due to its zero-energy bandgap. To overcome this Accepted:  January 25, 2021
limitation, different approaches for modifying the electronic Published: February 5, 2021
structure of graphene have been proposed such as doping,*’

decoration by transition-metal atoms,®~® etc. On the other

hand, new 2D semiconductor materials such as MoS,,” WS,,"°
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(BC;) show semiconducting behavior and retain the
mechanical properties of Kgraphene due to the covalent network
of C and N or B atoms.'* More excitingly, the semiconducting
hexagonal layered structures with different stoichiometries can
be formed by mixing B, C, and N elements." Recently, BC(N
(borocarbonitride) as a transition structure between the C3N
and BC; lattices was directly synthesized using a two-step
borylation reaction.'® Despite having a geometric structure
almost identical to graphene, BC4N exhibits semiconducting
characteristics with a direct bandgap of 1.28 eV."”'® Tt is
expected that the electronic properties of BC4N structures can
be engineered thanks to the donor behavior of N atoms and
acceptor behavior of B atoms.'” Furthermore, due to the high
concentration of C atoms, BC¢N retains the physical properties
of graphene and offers high carrier mobility, mechanical
properties, and high thermal conductivity, making it a
promising material for nanoelectronics and sensor applica-
tions.”” Despite its excellent physical properties, there is a very
limited understanding of how BC4N interact with gases in
pristine and metal-decorated configurations for detecting
disease biomarkers from human breath.

There are many components in exhaled breath, which can be
classified as volatile organic compounds (VOCs), inorganic
compounds, volatile sulfuric compounds (VSCs), and other
compounds that can be used to identify disease states.”'
Recent reports have shown the possibility of testing human
breath for the detection of serious illnesses like different types
of cancers and lung, kidney, and Alzheimer’s diseases, to name
a few.”” Carbon-based nanomaterials have been extensively
investigated toward breath analysis.”>”>° Here, potential
applications of graphene-like single-layer pristine BC4N sheets
and their metal-decorated counterparts could be useful as
arrays of room temperature gas sensors for smartphone breath
analysis. The advantages of graphene-like semiconducting
materials and their metal-decorated counterparts include
nanodevice configuration that can have exceptional sensitivity
and selectivity to few molecules, fast response in milliseconds
to seconds, quick recovery, an ability to program the devices,
and low cost using batch manufacturing.”” Past work has
shown that BC; nanotubes have the capability of detecting
various hazardous gases such as CO.*® C,N was also
introduced as a platform for the sensing of NO, with good
sensitivity and selectivity.”” Moreover, it was reported that
doping impurities such as Al and Si in BC; structures could
improve the adsorption of molecules like formaldehyde
(H,C0).*°

Our work introduces a simple metal (palladium, Pd)-
decorated BC(N system as molecular sensors for room
temperature breath analysis. Taking advantage of local charges
induced by B and N atoms and the catalytic effect of the metal
atoms, pristine BC(N and metal (Pd)-decorated BC4N were
investigated in different inorganic and sulfur-containing gas
molecules in exhaled breath such as NO, NO,, NH;, CO, CO,,
H,S, and SO, comprehensively using first-principles methods
based on nonequilibrium Green’s function (NEGF) formalism
in combination with density functional theory (DFT). We
found that pristine BC¢N selectively detects NO, gas
molecules owing to the measurable alteration in its electronic
transport properties after gas exposure. It was discovered that
the decoration of the BC4N sheet by Pd atoms could
simultaneously improve the selectivity and sensitivity toward
the NO, gas molecules. A 12 to 70 times enhancement in
selectivity toward NO,, over CO, and humidity was achieved,
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conclusively indicating that metal-decorated BC¢N is a
promising material for detecting breath biomarkers.

B RESULTS AND DISCUSSION

We first studied the structure of pristine monolayer graphene-
like BC4N. The energy-minimized configuration of BC4N and
its hexagonal unit cell with a lattice constant of 4.99 A is shown
in Figure la, where a C hexagon (6 atoms) is linked to an N

Energy (eV)

Side View
-GG 0

(a)

Figure 1. (a) Top and side view of the pristine hexagonal BC¢N sheet
and its unit cell. (b) Band structure plot of pristine BC4N.

atom and a B atom. The optimized structure of graphene-like
BC¢N has planar geometry (sp® hybridization). The C—C
bond length is 1.42 A, the C—B bond length is 1.47 A, and the
C—N bond length is 1.45 A. As can be seen in Figure 1b,
BC¢N is a direct bandgap semiconductor (Eg = 1.228 eV), in
excellent agreement with the literature.'®*"** We note that the
AIMD and phonon spectrum simulations performed in ref 33
at 300 K showed thermal and dynamic stabilities of the BC,N
sheet.

A 3 X 3 supercell was used to model and analyze the
interaction between the 2D BCyN sheet and the gas molecules.
Various adsorption sites (above C hexagons, B-N—C
hexagons, a C—C bond, a C—B bond, a C—N bond, and C,
B, and N atoms) and different molecular orientations
(perpendicular or parallel to the BC¢N surface) were studied.
In addition, for diatomic molecules such as CO and NO in the
perpendicular configuration, the O atom can point to or away
from the surface of BCN. For triatomic molecules (CO,, NO,,
SO,, H,S, and H,0) and a tetratomic molecule (NH;) in
perpendicular configuration, the O atoms (in CO,, NO,, and
SO,) and the H atoms (in NH;, H,S, and H,0) could point
up or down. Therefore, a number of configurations were
considered as input geometries and fully optimized. The
interaction strength between sensing materials and analytes
was evaluated by calculating adsorption energies. The negative
adsorption energy is indicative of exothermic adsorption, and
the more negative value of adsorption energy refers to the
stronger interaction between the adsorbate and the adsorbent.
The most stable adsorption geometries were selected for
further studies (see Figure 2).

Upon exposure to CO and NO, they both adopt a vertical
configuration to the C hexagon of BCyN. The interaction
distance (shortest atom—atom distance between gas molecules
and the BC(N sheet) for the CO—BC(N structure was
estimated to be 2.84 A, which is the distance between the O
atom of CO and BC(N (O—C), and the shortest distance
between the N atom of NO and BC,N (N—C) was calculated
to be 249 A. A CO, molecule was adsorbed in a parallel
orientation above the B—C bond, where the shortest distance
between the O atom of CO, and BC(N (O—C) was found to
be 2.95 A. The NO, and H,S gas molecules preferred to be

https://dx.doi.org/10.1021/acsomega.0c05495
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Figure 2. Most stable adsorption geometries of the pristine BC4N sheet exposed to (a) CO, (b) CO,, (c) NO, (d) NO,, (e) NH;, (f) H,S, (g)
SO,, and (h) H,O. Pink, gray, blue, red, yellow, and white balls represent B, C, N, O, S, and H atoms, respectively.

adsorbed in vertical orientations. NO, was placed above the
B—C bond with the O atom pointing down, and the shortest
distance between the O atom of NO, and BC,N (O—C) was
2.56 A. In addition, H,S was positioned above the N atom of
BC4N with the H atom pointing down, and the shortest
distance between the H atom of H,S and BC(N (H—C) was
2.40 A. Upon interaction of NH; with the BC¢N sheet, the N
atom of the molecule pointed down toward the B—C—N
hexagon, where the shortest distance between the N atom of
NH; and BC,N (N—N) was found to be 3.27 A. Finally, SO,
and H,O were absorbed in a parallel configuration with respect
to BC¢N. SO, was located above the C atom with the shortest
distance (S—C) of 2.79 A. Also, H,O was placed above the N
atom with the shortest distance between the O atom of H,O
and BC,N (O—N) of 2.88 A.

The atomic radii of B, C, N, O, S, and H atoms are 0.87,
0.67, 0.56, 0.48, 0.88, and 0.53 A, respectively.34 The minimum
distance between the BC4N sheet and CO (C—0), CO, (C—
0), NO (C-N), NO, (C-0), NH; (N-N), H,S (C-H),
SO, (C=S), and H,0 (O—N) were found to be 2.84, 2.95,
2.49,2.56, 3.27, 2.40, 2.79, and 2.88 A, respectively. Moreover,
the sums of corresponding atomic radii are 1.15, 1.15, 1.23,
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1.15, 1.12, 1.2, 1.55, and 1.04 A, respectively. Therefore, the
minimum distances between the BC(N sheet and the
molecules are greater than the sums of corresponding atomic
radii, suggesting that gas molecules and BC4N sheet
interactions are governed by physisorption.

The values of adsorption energies for gas molecules upon
interaction with pristine BC,N were found to be —0.22,
—0.225, —0.311, —0.26S5, —0.264, —0.26, —0.483, and —0.258
eV, for CO, CO,, NO, NO,, NH;, H,S, SO,, and H,O,
respectively. These small adsorption energies confirm that all
gases are physisorbed; however, they are adequate to endure
thermal disturbance at room temperature (KzT 2 25 meV).
Due to lack of chemical interactions, CO, CO,, NO, NHj, and
H,0 molecules correspondingly donate a small charge of
0.012, 0.015, 0.071, 0.026, and 0.015 e to the BC,N sheet.
Though, NO,, H,S, and SO, molecules withdraw a small
charge of 0.071, 0.044, and 0.073 e from the BC(N sheet,
respectively.

As can be seen from Figure 2, the BC4N sheet experienced a
slight deformation after the adsorption of analytes. The

. . . 6
deformation energies can be calculated usmg35’3
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Table 1. The Gas Molecule Adsorption Energy (E,;) on the Adsorbent in eV, the Interaction Distance (D) between the Gas
Molecules and the Adsorbent Surface in A, Charge Transfer (Q) between Gas Molecules and the Adsorbent in ¢, the Energy
Bandgap (Eg) in eV, Recovery Time (7) in Different Conditions in s, Deformation Energy (Eg) in eV, and Magnetic Moment

(m) in py
system Eq (eV) D (A) Q (e) E, (V) 7 (s) @ T =298 K (visible light) 7 (s) @ T = 498 K (UV light)  Eg (eV) m (up)
pristine BC,N 1.228 0.00
pristine BC,N-CO -0220 284  —0012 1.226 5.35 x 1070 1.68 x 107 0.14 0.00
pristine BC,N-CO, —0.225 295 —0.015 1.221 6.37 X 1077 1.88 x 107 023 0.00
pristine BC,N-NO —0.311 2.49 —0.071 0.000 1.84 x 1077 14 x 1078 0.15 0.96
pristine BC,N-NO, —0.265 2.56 0.071 1.138 3.06 x 1077 4.79 x 107 0.21 0.95
pristine BC,N-NH; —0.264 327 —0.026 1.225 291 x 107* 427 x 107 0.073 0.00
pristine BC4N-H,S —0260 240 0.044 1.222 2.54 X 107% 427 x 107 0.15 0.00
pristine BC,N-SO, —0.483 2.79 0.073 1.179 145 x 107* 7.69 X 1072 026 0.00
pristine BC,N-H,O ~ —0258  2.88 —0.015 1.222 231 x 107% 4.07 x 107 0.14 0.00
Pd-BC(N 2.13 1.08 0.00
Pd-BC(N-CO -223 1.93 —0.207 1.116 5.13 x 10 3.68 X 10° 0.071 0.00
Pd-BC¢N-CO, —0.64 2.15 0.046 1.070 7.87 X 1072 3.31x 1071 —0.006 0.00
Pd-BC{N-NO -2.11 1.92 —0.127 0.000 5.77 X 10% 2.51 x 10° 0.13 0.84
Pd-BC(N-NO, —-1.82 2.12 0.175 0.000 6.34 X 10" 2.7 x 10* 0.036 0.94
Pd-BC(N-NH, -1.61 220  —0315 1.040 2.03 X 10" 2.19 —0.004 0.00
Pd-BC(N-H,S -1.67 2.38 —-0.310 1.027 2.0 x 10' 8.61 —0.003 0.00
Pd-BC¢N-SO, —-1.28 2.38 —0.061 0.768 425 X 10° 8.75 X 107* 0.107 0.00
Pd-BC¢N-H,0 —-1.14 228 —0.212 1.098 1.68 x 107 3.19 X 107° 0.06 0.00
Eief = Epg/BeN+Molecle — E pasBe,N (1) (NO,) molecule contributes strongly at (around) the Fermi

where Epg/pcN + Molecule a0d E ™ pg/pcn are the total energies of

the gas molecule with pristine BC(N or the gas molecule-Pd-
BC4N complex and the pristine BC(N or Pd-BCyN sheet
without a gas molecule (a molecule was removed from the
optimized pristine BC{N or gas molecule-Pd-BC4N complex
geometry, and total energy was computed), respectively. The
E,.¢ data are tabulated in Table 1. A comparison between
deformation energies with adsorption energies obtained for gas
molecules on the pristine BCcN sheet shows that structural
distortion plays a significant role for pristine BC4N sheets.

The electronic band structures for all gases+pristine BC{N
sheets are plotted in Figure S1 (Supporting Information). The
energy bandgaps for CO, CO,, NH;, H,S, and H,0-BC(N
were found to be 1.226, 1.221, 1.225, 1.222, and 1.222 eV,
respectively. Hence, the electronic properties of pristine BC,N
were slightly changed upon interaction with CO, CO,, NH;,
H,S, and H,O gas molecules (8 meV decrease in the pristine
BCN energy bandgap). However, the adsorption of SO,, NO,
and NO, introduces one, three, and one flat impurity band
inside the bandgap. As a result, the bandgap of the pristine
BCyN sheet drops 49 and 90 meV after interaction with SO,
and NO,, respectively. Interestingly, the NO-pristine BCsN
structure has a zero-energy bandgap, indicative of metallic
behavior. The spin-polarized calculations showed that only
adsorption of NO/NO, on pristine BC4N induces a magnetic
moment of 0.96/0.95 uB (see Table 1).

To get a better understanding of gas molecule adsorption on
pristine BC¢N, the density of states (DOS) of the pristine
BC(N sheet along with different gas molecules is plotted in
Figure S2 (Supporting Information). The disappearance of the
DOS of CO, CO,, NH;, H,S, and H,0 molecules around the
Fermi level suggests that the gas molecules do not alter the
electronic properties of BC4N, supporting the weak interaction
between them and the sheet. For SO,-BC4N, the presence of a
peak attributed to SO, above the Fermi level results in a
reduction of the pristine BC,N energy bandgap. The NO
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level, causing an electronic band dispersion around the Fermi
level. These results agree well with the obtained electronic
band structures. The detailed data of adsorption energies, the
net charge transfer, the interaction distances, and the energy
bandgap values for different systems are presented in Table 1.

As mentioned before, the low adsorption energies and the
small charge transfer suggest that the interaction between
molecules and pristine BC4N is relatively weak, governed by
vdW forces. In an attempt to improve the sensitivity of the
BC¢N sheet, its surface was decorated by a metal atom (Pd).
By trying different adsorption sites, it was revealed that the
most favorable site for Pd is above the C atom with an atomic
distance of 2.13 A. The most stable configuration of Pd-
decorated BC¢N alongside its band structure is shown in
Figure 3a,b. The Pd adsorption energy on the BC4N sheet was
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Figure 3. (a) Top and side view of the Pd-decorated BCyN sheet. (b)
Band structure plot of the Pd-decorated BC4N sheet. (c) DOS plots
for pristine BC4N and Pd-decorated BC¢N sheets.
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Figure 4. Most stable adsorption geometries of the Pd-decorated BC4N sheet exposed to (a) CO, (b) CO,, (c) NO, (d) NO,, (e) NH;, (f) H,S,
(g) SO,, and (h) H,O. Cyan, pink, gray, blue, red, yellow, and white balls represent Pd, B, C, N, O, S, and H atoms, respectively.

calculated to be —2.28 V. As can be seen, the Pd-BC(N sheet
is a direct bandgap semiconductor (E 1.080 eV). To
examine the thermal stability of the Pd-BC(N monolayer,
AIMD simulation was performed at 300 K (Figure S3a
(Supporting Information)). The total energy fluctuations in
the order of 0.01 eV at 300 K without significant distortion
confirm its thermal stability. The phonon spectrum was also
examined in order to examine the dynamical stability of the
Pd-BC,N sheet (Figure S3b (Supporting Information)). The
absence of imaginary frequencies (energies) implies dynamical
stability.

Figure 3c compares the DOS curves of the Pd-decorated
BC4N sheet with the pristine BC¢N sheet. One can see that the
bandgap of pristine BC4N is reduced by 148 meV after
decoration with a Pd atom, resulting in a conductivity
enhancement of the system. Furthermore, new peaks emerged
in DOS of BC¢N after decoration by Pd atoms at the energy
range of —1.60 to —0.60 eV and 0.90 to 1.2 eV, attributed to
the d and s orbitals of the metal atom, respectively. The
electron configuration of Pd is [Kr] 4d.'"> The valence
electrons attributed to the d orbital of a transition metal
define the strength of the metal’s bond. One can see that from
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Figure 3c, the orbital hybridizations between the Pd d orbital
and the C p orbital (in the valence band) and the Pd d orbital
and the C s orbital (in the conduction band) confirm the
existence of a covalent bond between Pd and C atoms. Besides
that, the sum of atomic radii (2.36 A) of Pd (1.69 A) and C
(0.67 A) is larger than the Pd—C distance in the Pd-BC,N
sheet (2.13 A), validating that the chemical bond is formed
between Pd and C atoms.

The structures with the lowest energy after interaction of
considered gas molecules with Pd-decorated BC,N are
depicted in Figure 4. It should be mentioned that the gas
molecules were initially placed above the Pd atom with
different orientations as discussed before for pristine BC¢N.
For CO and NO molecules, they both adopted a parallel
configuration with respect to Pd, where CO with an E4 of
—2.23 eV was tilted, and the C atom was bonded with Pd.
Meanwhile, the N atom of NO was bonded with Pd with the
same orientation as CO with an E 4 of —2.11 eV. The shortest
distances of CO and NO gas molecules with Pd-BC,N were
estimated to be 1.93 A (C—Pd) 1.92 A (N—Pd), respectively.
The CO, molecule was aligned parallel to BC4N, and C was
bonded with Pd with an E 4 of —0.64 eV. The shortest distance
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Figure S. Plots of electronic band structure for the Pd-decorated BC¢N sheet exposed to (a) CO, (b) CO,, (c) NO, (d) NO,, (e) NH;, (f) H,S,

(g) SO, and (h) H,O.

between CO, and Pd-BC¢N was 2.15 A (C—Pd). NO, adopted
a perpendicular orientation, where O was bonded to Pd with
an E4 of —1.82 eV, and the shortest distance between the O
atom of NO, and Pd was 2.12 A (O—Pd). NH; preferred a
parallel orientation with an E4 of —1.61 eV and the shortest
distance of 2.20 A (N—Pd). H,S was orientated perpendicular
with respect to BC¢N with the shortest distance of 2.38 A (S—
Pd) and an E,4 of —1.67. SO, adopted a parallel orientation
regarding the BC¢N surface with an E 4 of —1.28 eV, and the
shortest distance between the S atom of SO, and Pd was 2.38
A. Despite all other molecules, H,0 was not bonded with Pd
with an E_j of —1.14 eV and adopted a parallel orientation with
the shortest distance of 2.28 A (O—Pd). It is worth mentioning
that for CO, NO, and CO, adsorption configurations, Pd was
bonded with the B atom of BC4N after optimization with the
binding distances of 2.29, 2.29, and 2.30 A, respectively.
Moreover, Pd was bonded with both C and B atoms of BC,N
after interaction with NO, with binding distances of 2.21 and
223 A, respectively. However, Pd remained in the same
position and bonded to the C atom of BC(N after interaction
with NH;, H,S, SO,, and H,O molecules with the binding
distances of 2.13, 221, 2.16, and 2.11 A, respectively.
According to our calculations, there is a net charge of 0.207,
0.127, 0.315, 0.31, 0.061, and 0.212 ¢, donated from CO, NO,
NH;, H,S, SO,, and H, O, respectively, to the Pd atom. On the
other hand, the net charges of 0.046 and 0.175 e were
transferred from Pd to CO, and NO,, respectively. Based on
eq 1, the deformation energies for the Pd-BC¢(N sheet after
interaction with gas molecules were also calculated. The
detailed data of deformation energies and adsorption energies
with the binding distances and charge transfer for different
adsorption configurations of molecule-Pd-BC¢(N are provided
in Table 1. The deformation energies for these Pd-BC,N
samples after interaction with molecules were found to be
between 0.003 and 0.13 eV. The smaller values of deformation
energies for Pd-BC,N compared to pristine BC{N can be
attributed to the presence of the Pd atom. While the surface of
the BC4N sheet was distorted in the interaction area upon
adsorption of the molecules, in the case of Pd-BC¢N, the Pd
atom as a capturing center interacts with the molecules,
causing the Pd—C bond to get distorted. Table S1 (Supporting
Information) lists the Pd—C bond lengths before and after
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interaction with gas molecules. It is clear that the Pd—C bond
length was decreased in almost all cases due to the interaction
between the gas molecule and the Pd atom. It is worth
mentioning that C—C, C—B, and C—N bonds are somewhat
augmented upon the interaction of the gas molecules with Pd-
BC4N because of the deterioration of the strength of the Pd—C
bond.

To have a better understanding of the adsorption behaviors
of molecules on Pd-BC¢N, their electronic band structures are
provided in Figure S. The energy bandgaps for CO-, CO,-,
NH,;, H,S-, SO,-, and H,0-Pd-BC(N obtained were 1.116,
1.07, 1.04, 1.027, 0.768, and 1.098 eV, respectively. In other
words, the energy bandgap of Pd-BC4N changes by 36, 10, 40,
53, and 18 meV after interaction with CO, CO,, NH;, H,S,
and H,O, respectively, indicating that the molecule adsorption
yields trivial effects on the band structure near the Fermi level.
For SO, adsorption, the energy bandgap of Pd-BC¢N reduces
to 0.768 eV (312 meV change). The electronic properties of
Pd-BC(N undergo significant changes after NO and NO,
adsorption. The energy bandgaps of NO- and NO,-Pd-BC,N
were found to be zero, suggesting metallic behavior. The
decoration of BC(N with Pd does not result in spin
polarization. The NO and NO, gas molecules cause a
magnetic moment of 0.84 and 0.94 uB in Pd-decorated
BCyN, respectively, which are slightly less than those obtained
for pristine BC4N.

The projected DOS (PDOS) of the molecules on Pd-BC,N
is presented in Figure 6 to help shed light on the adsorption
mechanism. When the gas molecules and the Pd atom interact,
orbital hybridization between Pd 4d and the s and p orbitals of
the gas molecules happens, meaning that the PDOS of two
orbitals appears in the same energy. For CO, CO,, NH;, H,S,
and H,0-Pd-BC¢N, no overlapping peaks were observed near
the Fermi level, suggesting no significant bandgap change
caused by gas molecule adsorption. However, the hybridization
of the Pd d orbital and the p orbital of N in NO (O in NO,)
can be confirmed owing to the overlapping peaks in their
PDOS. In comparison with pristine BC4N, the DOS of Pd-
decorated BC¢N for NO (NO,) displays a large peak above
(at) the Fermi level, implicating a substantial change in
electronic properties of the Pd-BC¢N sensor and a semi-
conductor—metal transition. The large peaks around the Fermi
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Figure 6. DOS plots for the Pd-decorated BC4N sheet exposed to (a)
CO, (b) CO,, (¢) NO, (d) NO,, (e) NH;, (f) H,S, (g) SO,, and (h)
H,O0.

level indicate that the conductivity of the Pd-BC(N system is
significantly increased because of NO or NO, adsorption.
These findings agree well with the electronic band structure
results. In the case of Pd-BC¢N-SO,, an overlapping peak was
found at +0.5 eV caused by Pd d orbital and S p orbital
hybridization. This sharp peak is attributed to the flat band in
the Pd-BC(N-SO, band structure.

Furthermore, the electron density of Pd-decorated BC(N
toward different gas molecules is displayed in Figure 7. An
orbital overlap can be observed between CO, NO, CO,, NO,,
NHj;, H,S, and SO, gas molecules and the Pd atom, showing
the existence of chemisorption. The atomic radii are 0.87, 0.67,
0.56, 1.69, 0.48, 0.88, and 0.53 A for B, C, N, Pd, O, S, and H
atoms, respectively.”* According to Table 1, the minimum
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Figure 7. Electronic total charge densities for the Pd-decorated BC,N
sheet exposed to (a) CO, (b) CO,, (c) NO, (d) NO,, (e) NH;, (f)

H,S, (g) SO,, and (h) H,O. Pd, cyan; B, pink; C, gray;
red; S, yellow; H, white.

N, blue; O,

distances between Pd and CO (Pd—C), CO, (Pd—C), NO
(Pd—-N), NO, (Pd-0), NH; (Pd—-N), H,S (Pd-S), SO,
(Pd—S), and H,0 (Pd—0) are 1.93, 2.15, 1.92, 2.12, 2.20,
2.38, 2.38, and 2.28 A, respectively, while the sums of
corresponding atomic radii are 2.36, 2.36, 2.25, 2.17, 2.25,
2.57,2.57, and 2.22 A, respectively. It can be deduced that the
minimum distance between the Pd atom and the atom in all
gas molecules except H,O is less than the sums of
corresponding atomic radii, suggestive of a covalent bond
between Pd and the gas molecules. Hence, the water molecule
is only physisorbed on the surface.

To assess and analyze the performance of a gas sensor, three
important indicators should be considered, including recovery
time, sensitivity, and selectivity. To achieve a gas sensor with
high performance, short recovery time, high sensitivity, and
selectivity are required. From conventional transition state
theory, the recovery time (7) of a sensor, which is the time
taken for the target gas to be desorbed from the surface, is®’

v = vy ‘exp(—E,q/ksT) @)

Here, T is the temperature, and kg is the Boltzmann constant.
v, is the attempt frequency, which is the vibration frequency of
single bonds between the molecule and the surface. This
frequency is related to the chemical reactions, which can be
described with transition state theory and collision theory.*

Considering the transition state theory, the attempt frequency
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can be assumed constant. Nevertheless, when taking into
account collision theory, space or volume is an underlying
factor that can affect the frequency of collision for a given
molecule. Here, for simplification purposes, the attempt
frequency was considered constant. The values of the recovery
time of the systems are listed in Table 1. In visible light (v, =
10" Hz) and at room temperature (T = 298 K), the 7 values
for pristine BCgN structures were achieved, 5.35 X 107°, 6.37
X 107% 1.84 X 107%, 3.06 X 107, 2.91 x 1078 2.54 x 1078,
1.45 X 107 and 2.31 X 1078 s, for CO, CO,, NO, NO,, NH,,
H,S, SO,, and H,O adsorption, respectively. It is worth
mentioning that the nanosecond recovery time is too short for
realizing detection in a real experiment because the sensor
cannot hold the gas molecules. This is attributed to the small
obtained adsorption energies for the gas molecule-pristine
BC4N sheet. As a result, pristine BC4N cannot be considered
as an option for the detection of the above gases.

For Pd-decorated BC¢N structures, the 7 values at room
temperature under visible light were 5.13 X 10%, 7.87 X 1072,
5.77 X 10%, 6.34 X 10%, 2.03 x 10'%, 2.0 x 10", 4.25 X 10,
and 1.68 X 107 s, for CO, CO,, NO, NO,, NH;, H,S, SO,, and
H,O, respectively. As expected, a short full recovery was not
attained because of the high adsorption energies of gas
molecules on Pd-BC4N. Based on eq 2, increasing the
temperature and the attempt frequency at constant adsorption
energy will reduce the recovery time. It was reported that
ultraviolet (UV) radiation facilitates the sensor’s recovery by
reducing the desorption barrier.” Therefore, a combination of
UV illumination and annealing treatment was used to improve
the recovery process. The recovery time for considered
structures at 298, 398, and 498 K under visible and UV light
has been calculated (see Table S2 (Supporting Information)).
It was found that a combination of UV exposure and annealing
at 498 K results in a reasonable recovery time for the Pd-BC(N
sensor. The achieved 7 values, for adsorption of CO, CO,, NO,
NO,, NH;, H,S, SO,, and H,O from the Pd-BC¢N sheet at a
temperature of 498 K under UV exposure (v, = 10" Hz), were
found to be 3.68 x 10° 3.31 X 107, 2.51 x 10%, 2.7 x 10?,
2.19, 8.61, 8.75 X 107% and 3.19 X 107" s, respectively.

Next, in order to track the conductance change, transport
calculations in terms of the I-V characteristics of the sensors
were obtained. Since the structure of BC¢N is anisotropic, the
electronic transport study was calculated along with both
armchair and zigzag directions, as shown in Figure 8. The left
and right electrodes were assumed to be periodic in x and y
directions and were connected to the central region in the z-
direction (transport direction). The electrode sizes for
armchair (zigzag) directions were selected to be 14.76 A X
8.52 A (17.05 A x 4.92 A). Additionally, the sizes of the
central region for armchair and zigzag were selected to be
14.76 A x 25.57 A and 17.05 A X 14.76 A, respectively.

When bias voltage in excess of the threshold voltage is
applied to the sensor, the valence band maximum (VBM) of
the left electrode meets the conduction band minimum
(CBM) of the right electrode, and the device allows current
to flow. From Figure 8, no current passed through the device
until the bias voltage surmounts 1.2 V. By introducing the gas
molecules in the central region, except for NO and NO,, no
significant change was observed in the current transport
through pristine or Pd-decorated BC(N, indicative of low
sensitivity of the sensor toward the CO, CO,, NH;, SO,, H,S,
and H,O molecules. To get a better sense of the changes in the
I-V curves of the sensors after gas adsorption, the sensor’s
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sensitivity was calculated. Sensitivity, the variation in
conductance, can be expressed as follows

Ggas -

G

pure

pure

X 100

3)
Here, Gy, and Gy, are the conductivity of a gas molecule-
adsorbed BC(N sheet and an isolated BC4N sheet (Pd-BC,N
sheet), respectively. From Figure 8, first, the conductance (I/
V) for different configurations was obtained, and then, the
sensitivity for both armchair and zigzag directions (including
pristine and Pd-decorated BC¢N) at bias voltages of 1.4, 1.6,
1.8, and 2.0 V was calculated. Figure 9ab compares the
sensitivity of pristine and Pd-decorated structures in the
armchair direction at a bias voltage of 1.6 V and the zigzag
direction at a bias voltage of 1.4 V. At 1.6 V in the armchair
direction (Figure 9a), 73.6 and 42.1% sensitivities were
observed for sensing NO and NO, gas molecules by the
pristine structure, respectively. In addition, at the same voltage,
for Pd-decorated BCyN, sensitivities of 134 and 98.6% were
achieved for NO and NO,, respectively. Similarly, at 1.4 V in
the zigzag direction (Figure 9b), sensitivities of 16.4 and 16.9%
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Figure 9. Sensitivity for the pristine and Pd-decorated BC4N sheet with adsorbed CO, CO,, NO, NO,, NH;, H,S, SO,, and H,O for (a) armchair
and (b) zigzag directions. Selectivity of (c) NO and (d) NO, over other considered gas molecules for pristine and Pd-decorated BC¢N sheets.

were obtained for the pristine structure for sensing NO and
NO,, respectively. Although, at the same voltage, for Pd-
decorated BC4N, sensitivities of 59.6 and 71.3% were achieved
for sensing NO and NO,, respectively. It is evident that the
sensitivity of BC¢N toward NO, gas molecules has been
improved by Pd decoration.

From Figure 8, highly anisotropic I-V responses along with
armchair and zigzag directions can be observed. The current
decreased from the zigzag to armchair direction at the scale of
~10 pA at a 2 V bias voltage after gas exposure. The
anisotropic transport properties of BC(N originated from its
anisotropic electronic band structure. As can be seen in Figure
S4 (Supporting Information), both the valence band maximum
(VBM) and the conduction band minimum (CBM) are
notably dispersed along the '—K direction (reciprocal space),
which is the zigzag direction in real space. However, along the
[—M direction (reciprocal space), which is the armchair
direction in real space, the VBM and CBM are nearly flat.
Since the effective mass is proportional to the inverse of the
curvature of the band dispersion, the zigzag direction with flat
bands shows a higher current. Ergo, the results of the I-V
profiles of Pd-BC4N under gas exposure become remarkably
differentiable along the armchair direction as compared with
those along the zigzag.

To quantify the selectivity of considered molecules, a
comparative analysis was done. For this purpose, the ratios of
the sensitivity of NO and NO, to other gases were calculated
and are shown in Figure 9¢,d. Since the values of sensitivity for
NO, in the armchair direction are higher than those in the
zigzag direction, here, we reported the selectivity in the
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armchair direction. The sensitivity ratios of NO (NO,) to CO,
CO,, NH;, H,S, SO,, and H,O for the Pd-decorated BC,N
sheet as a channel material were found to be 68.4 (50.3), 74.4
(54.7), 167 (12.3), 684 (50.3), 332 (24.4), and 204 (15),
respectively, implying that NO, selective detection can be
accomplished. Except for NH;, Pd-BC(N offered a better
selectivity for NO, detection in comparison with pristine
BC,N.

Table S3 (Supporting Information) compares the adsorption
energy and the performance of the 2D-based sensors for the
detection of inorganic and sulfur-based gas molecules. One can
notice stronger interactions between the gas molecules and the
Pd-decorated BC4N sheet in comparison with 2D materials
such as graphene,40 ermanene,”’ phosphorene,42 MOSZ,43
silicene,** borophene,” BC,,* etc. The performance of gas
sensors for most of the 2D materials was not reported. For
BC,, the interaction of CO and NH; on the BC; surface
caused 4.63 and 16.7% variations for the bandgap,
respectively.*® Therefore, the Pd-BC¢N-based sensor performs
very well regarding its sensitivity and selectivity, which
surpasses many 2D sensors.

In summary, in order to produce an efficient sensor, the
adsorption should be strong enough to keep the analytes on
the sensing material’s surface and weak enough to allow the
analytes to be dislodged from the surface without ruining it.
Although pristine BC¢N shows a decent sensitivity and
selectivity for NO,, detection, the nanosecond recovery time
and low adsorption energy limit its gas sensing applications
because the sensor cannot hold the gas species for an accurate
conductance measurement in a real experiment. To overcome
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the limitations of Eristine BCgN, in the past, we investigated
defective BC,N*' in VOC gases, and here, we have
investigated metal-decorated BC4N in inorganic and sulfur-
containing gases. Our results show that Pd-BC¢N exhibited
excellent sensitivity (98.6—134%) and high selectivity (12.3—
74.4 times) toward NO, gas molecules accompanied by large
adsorption energies. We found that both armchair and zigzag
configurations of pristine and Pd-BC4N show high sensitivity
and selectivity to NO, gas molecules. We also disclosed that
the Pd-decorated BC4N sensor could recover in 270 s under
UV radiation at 400 K. Furthermore, our findings demonstrate
that the gas sensing performance’s judgment only from
calculated adsorption energy would not have led to a reliable
prediction. Despite the fact that the adsorption energy of CO
(—2.23 V) is higher than that of NO (—2.11 V) on Pd-
decorated BC¢N, it can be seen that the sensor can detect NO
with much higher sensitivity compared to CO (selectivity of
68.4). Interestingly, our proposed sensor showed low
sensitivity toward H,O and CO, (as interfering molecules in
breath); therefore, the sensor performance for the detection of
target biomarkers was not affected by humidity. The presence
of NO, in human breath above S0 ppb could be indicative of
cardiovascular diseases and respiratory (pulmonary) inflam-
mation.”® Hence, Pd-decorated BC¢N could be a very
encouraging 2D material for analyzing pulmonary disease
and cardiovascular biomarkers, among other ailments of the
stomach, kidney, and intestine.

B CONCLUSION

In this study, we scrutinized the adsorption behavior of several
gases (NO, NO,, NH;, CO, CO,, H,S, and SO,) as disease
biomarkers as wells as H,O as an interfering gas from human
breath on the pristine and Pd-decorated BC4N sheets using
first-principles DFT calculations and the NEGF method. It was
disclosed that the gas molecule adsorption on the pristine
BC4N sheet involved physisorption owing to small adsorption
energies. It was revealed that the decoration of BC,N with Pd
increases the adsorption energies considerably, resulting in
chemisorption. The I-V characteristics showed that the sensor
based on Pd-decorated BC¢N is highly sensitive (98.6—134%)
and selective (12.3—74.4 times) toward NO, gas molecules
and insensitive to humidity and CO,. Furthermore, the
reusability of the sensor was evaluated by the recovery time,
and it was observed that the sensor has a short recovery time
under UV radiation at 498 K. Overall, Pd-decorated BC(N was
introduced as a promising 2D material for analyzing human
breath for disease diagnosis applications.

B METHODS

DFT calculations combined with NEGF, as executed in the
Atomistix ToolKit package (ATK), were carried out in this
paper.”” The exchange and correlation functionals were treated
by generalized gradient approximation (GGA) of Perdew—
Burke—Ernzerhof (PBE). The Fritz Haber Institute (FHI)
pseudopotentials with a double-zeta basis set were utilized.
The cutoff energy was set to be 800 eV for the plane-wave
basis. A sufficiently large vacuum space of 20 A was considered
to eradicate the image—image interactions. The van der Waals
(vdW) interactions were included using the D2 method of
Grimme.” The limited-memory Broyden—Fletcher—Gold-
farb—Shanno (LBFGS) quasi-Newton method was employed
to fully optimize the structures until the force on each atom
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was smaller than 0.01 eV/A. For the primitive Brillouin zones,
sampling was executed with 3 X 3 X 1 k-points for
optimization and was then increased to 5 X S X 1 k-points
for electronic calculations.

The adsorption energy of gas molecules on the pristine
BCyN sheet or the Pd-decorated BC¢N sheet was calculated by

(4)

where EPd/BC5N+ Molecules EPd/BCSN) and EMolecule are the total

Ead = EPd/BC6N+Molecule - (EPd/BC6N + EMolecule)

energies of the gas molecule-pristine BC,N or gas molecule-
Pd-BC(N complex, the pristine BC4(N or Pd-BC¢N sheet, and
the isolated gas molecule, respectively. Besides that, the charge
transfer (Qr) after the interaction of the analytes with the
sensing material was calculated using Mulliken population
analysis.

DFT in combination with the NEGF technique was used for
the electron transport calculation of the BC4N devices. In the
device configuration, the metal electrodes were connected to
the central region in the z-direction (the transport direction).
Under a finite bias voltage (V},), the electrical current passed
through the device was calculated by the Landauer—Biittiker
formula®'?

/2
2e Hr

I T(E, WIf, (B, W) — £, (E, V)IdE

©)

Here, T and f are the energy (E) and bias voltage-dependent
transmission function and the Fermi—Dirac distribution
function, respectively. pgrry = Ef = eV4/2 is the chemical
potential of the right (left) electrodes, where E; is the Fermi
energy. For electron transport calculations, 1 X 3 X 50
Monkhorst—Pack k-points for sampling the Brillouin zone
were chosen.

In order to evaluate the thermal stability of the structures, ab
initio molecular dynamics (AIMD) simulation at 300 K
(Nosé—Hoover thermostat) for 10 ps with a time step of 1 fs
was performed. Dynamical stability at 300 K was also
investigated using phonon band structure calculations by
adopting GGA-PBE-FHL

Hy,
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