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ABSTRACT: An efficient and noninvasive method of sensing lung C3HeO CesHs CsHs

cancer at an early stage is through detecting its biomarkers in the ( ‘ 2 ‘
patient’s exhaled breath. Acetone (C;H(O), benzene (C¢Hy), and aYA s {:} T Jv) _
isoprene (CsHg) emerged as crucial biomarkers, which were 7 -

transition metal (TM)-doped (Au and Pd) SnS, monolayers using ) )

the density functional theory (DFT) method. Our findings indicate Au-SnS: Pd-Sns

that both Au- and Pd-doped SnS, display higher adsorption A AP Ll PP

energies (—0.53 to —1.313 eV) than that of the pure SnS, * KK‘X x:*» TA & K/\ :“ :‘x ,
monolayer (0.031 to 0.066 eV). Specifically, Pd—SnS, exhibits S ’ ) '

smaller adsorption energy compared to that of Au—SnS, when capturing C;HO, C4Hy, and CsHg. The estimated recovery times for
Pd—SnS, (8.016 X 107* to 16.02 s) are shorter compared to those of Au—SnS, (1.11 to 1.14 X 10" s), indicating the superior
capability of Pd—SnS, over Au—SnS, as a reversible sensor. Afterward, calculations of band structure, projected density of states
(PDOS), and charge transfer were performed, which further substantiates the more promising potentials for Pd-doped SnS,

monolayer as gas sensors over the others. Overall, our results suggest that Pd—SnS, is a better candidate for C;HsO, C¢Hg, and CsHg
detection over Au—SnS, and pristine SnS,.

significantly elevated in lung cancer patients. Here, we investigated £, 12104 Breath Adsorption
the adsorption behaviors of the three gas molecules on pristine and E g 5 :

1. INTRODUCTION benchmark in clinical trials for lung cancer detection in early
stages. Nevertheless, it is time consuming and expensive and
requires proficient professionals, thus stimulating the need of
biosensors for lung cancer biomarkers with rapid and effective
detection.'”'” Within the past few decades, there is an
increasing interest in utilizing nanomaterials for C;H4O, C4H,
and CsHy sensing due to their naturally active surface, small
size and cost-effectiveness.'” Carbon nanotubes (CNT) have
shown high potential for sensing these three gases thanks to
their large slpeciﬁc surface area, small tip ratios and high
conductivity.'®*° Besides, other nanomaterials such as metal—
organic frameworks (MOFs) and metal oxide semiconductors
(MOS) are also desirable for sensing the three molecules due
to their tunability, low cost and small size.”'>* Meanwhile,
zeolite layers are capable of catalyzing the sensing 7Performance
of MOS upon C;H4O, C¢Hg, and CsHy gases. > In recent
years, 2D materials have attracted much attention for lung

As the second most prevailing cancer in the world with the
highest morbidity and mortality rate among adults, lung cancer
poses a great threat to human health, leading to approximately
2.2 million new cases and 1.8 million deaths in the year
2020.'~* Research institutes and pharmaceutical industries
have devoted extensive efforts to explore knowledge of lung
cancer, including methods of diagnosis and therapeutics. In
recent years, technologies such as computed tomographic
(CT)’ and nuclear magnetic resonance (NMR)® are widely
applied in clinical scenarios for early detection of lung cancer.
However, those methods are expensive to operate,” "~
potentially dangerous to the body of the patients, possible of
overdiagnosis,” and can only make a definite diagnosis at an
advanced stage of cancer.”'’ Due to these drawbacks, a rapid,
noninvasive, and cost-effective method to detect lung cancer is
valuable. One of the recent developments to constantly
monitor the existence of lung cancer is through the detection
of lung cancer biomarkers in breath analysis.”'"'* Volatile
organic compounds (VOC) such as acetone (C;H(O),
benzene (C¢Hy), and isoprene (C;Hj) are typical biomarkers
for breath analysis of lung cancer."” ™"

One of the major technologies of VOC detection via breath
analysis is GC—MS,'”'® which is acknowledged as the
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cancer biomarker capturing due to their extremely high surface
area—volume ratio, high sensitivity, rapid response, and the
smaller size and other characteristics that could not be
identified from other nanomaterials.'”"’

In 2010, Andre Geim and Konstantin Novoselov were
granted the Nobel Prize in Physics for their discovery of the
carbon monolayer known as graphene,”* which sparked a new
era in the development of gas sensors utilizing 2D monolayers.
Since then, the gas sensing properties of graphene-like 2D
materials,”® stanene,”’ silicene,”**’ transition metal oxides
(TMOs),*°7** and transition metal dichalcogenides
(TMDs)'>**7*° have been substantially studied. Thanks to
their superior semiconducting behavior, strong reactivity, high
carrier mobility, and high surface-to-volume ratio, TMD
monolayers, especially MoS,, MoSe,, and PtTe2,4’lO’15’36’37
have become a focus of attention for gas sensing
applications.””** Similar to TMDs, SnS, monolayer possesses
desirable semiconducting characteristics with an indirect band
gap of 1.57 eV,” high on/off ratio of 10,**" and exceptional
carrier mobility of 50 m? V™! s7*¥** that are similar to
TMD monolayers, indicating its effective application in gas
sensing.” Ou’s study revealed that the SnS, monolayer exhibits
favorable sensing abilities for NO, gas,43 while another
research by Guo also demonstrates SnS, monolayer’s
selectivity and desirable sensitivity toward SF4 decomposition
gases.” Moreover, Zhao et al."* conducted a study that
concentrated on the electronic characteristics of S-vacancy
defective SnS, monolayers, which demonstrates strong
interaction with molecules including NO,, NO, NH;, H,O,
and CO. Hence, we assert that the SnS, monolayer showcases
high tunability, and the introduction of transition metal doping
offers the potential for significant modifications to the
adsorption and gas sensing characteristics of SnS, monolayers,
thereby facilitating the detection of C;HO, C¢Hy, and CHg
molecules.

Currently, there is limited research on whether pristine and
TM-doped SnS, are desirable for C;H4O, C¢Hy, and CsHg
sensing. Previous research investigated Ru-doped SnS, as a
biosensor for lung cancer biomarker detection.® Nevertheless,
its limitation is obvious because of its extremely long recovery
time at room temperature and its insufficient attention given to
alternative transition metal dopants that have the potential to
enhance the sensing capabilities of the SnS, layer. Over the
past few years, various studies have validated the superb gas-
sensing performance of some other TM-doped or TM cluster-
doped SnS, monolayer.*”**~* Wang and Wang’s research
validated the enhanced sensing capabilities of Au-doped SnS,
monolayers for detecting NO,, NO, CO, CO,, and NH,,*
while a separate study exhibited favorable adsorption
characteristics for C,H, and H, molecules on Pd-doped SnS,
monolayers.*® Therefore, our research focuses on the potential
of Au- and Pd-doped SnS, for sensing the three VOC
molecules.

The first-principle calculations based on the density
functional theory (DFT)*” are utilized in this study to evaluate
the effectiveness of pristine, Au-doped, and Pd-doped SnS,
monolayer to detect C;HsO, CsHg, and CsHg. We conducted
computations to analyze the atomic and electronic config-
urations of pristine Au- and Pd-doped SnS, monolayers.
Afterward, the calculated results of the VOCs’ adsorption on
the pristine, Au- and Pd-doped SnS, monolayers are compared
and analyzed to find a suitable sensor for the three VOCs.
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2. METHOD

2.1. Computational Details. The density functional
theory (DFT)* incorporated into the ABINIT package™
implements the generalized gradient approximation (GGA)*'
exchange—correlation functionals with a Perdew—Burke—
Ernzerhof (PBE) format. The projected augmented wave
(PAW) method’” is used to produce pseudopotentials using
the AtomPAW code.”> The electron configurations of
hydrogen (H), carbon (C), oxygen (O), tin (Sn), sulfur (S),
gold (Au), and palladium (Pd) are 1s', [He]2s*2p? [He]-
2s%2p*, [Kr]4d'°5s*Sp?, [Ne]3s*3p*, [Xe 4f'*]5d'%s’, and [Ar
3d'%]4s?4p%5s'4d’ respectively. The radius cutoffs of these
atoms are 1.0, 1.5, 1.4, 2.5, 1.0, 2.5, and 2.5 bohrs, respectively.

In the total energy calculation, the self-consistent field
(SCF) cycle will stop once the total energy difference is less
than 1.0 X 107" Ha twice consecutively. Besides, the
convergence of kinetic energy cutoff, Monkhorst—Pack™ k-
point grids, and vacuum layer is also calculated. The
convergence criterion is fulfilled when the difference in total
energy is smaller than 0.0001 Ha (0.003 eV) between two
consecutive data sets.

Using the Broyden—Fletcher—Goldfarb—Shanno minimiza-
tion (BFGS),”® we performed structural optimization of the
three gas molecules, pristine, Au- and Pd-doped monolayers,
and the complex systems. The tolerance for the maximum
force of each atom is less than 2.0 X 10™* Ha/bohr (0.01 eV/
A). The SCF cycle will be terminated once the force difference
is smaller than 2.0 X 107° twice consecutively.

2.2. Atomic Structures. We started with structural
optimization calculations of the C;H,O, C4Hg and CiHg
molecules. We first optimized SnS, as a primitive cell and
then established a 4 X 4 X 1 monolayer from this primitive cell,
comprising 16 Sn atoms and 32 S atoms with the Sn atoms
located between two layers of S atoms. Afterward, Au- and Pd-
doped SnS, was constructed by placing the Au or Pd dopant
interstitially above the hollow site of the 4 X 4 monolayer.
Eventually, we placed the C;H4O, C4Hy, and CsHg molecules
onto the different SnS, monolayers and then optimized the
structure. To prevent interactions between adjacent unit cells
during the adsorption of three VOCs onto the monolayers, a
vacuum layer of 30 bohrs is established.

2.3. Energy Calculation. When the C;H O, C¢Hy, and
CsHjg are absorbed on top of the monolayer, the adsorption
energy*6—®*

is given as
Ead = Emol+monolayer - Emonolayer - Emol (1)
in which Ead) Emol+monolayer) Emonolayerl and Emol represent the

adsorption energy, the total energy of gas—SnS, system, SnS,
monolayer, and the gaseous molecule, respectively.

2.4. Electronic Structure. 2.4.1. Band Structure. First, we
used the relaxed positions of the atoms from the complex
structure of C;H,O, C¢Hy, and C;Hg adsorption on pristine,
Au- and Pd-doped SnS, monolayer. Next, employing the
converged charge density values obtained in the preceding
stage, we computed the band structures along the high
symmetry k-points I'(0, 0, 0), M(1/2, 0, 0), K(1/3, 2/3, 0),
and I'(0, 0, 0).

2.4.2. Projected Density of States. To analyze the VOC
adsorption on pristine Au- and Pd-doped SnS, substrates, we
conducted calculations of the projected density of states
(PDOS) using the tetrahedron method. The atoms chosen for
projection are the atoms closest to the site of gas adsorption.

https://doi.org/10.1021/acsomega.3c06346
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Therefore, the PDOS of the 2p orbital of O in C;H4O, the 2p
orbital of C in C¢Hy and CHg, the 3p orbital of S, the 4d
orbital of the Pd dopant, or the 5d orbital of the Au dopant
were calculated and plotted for VOC adsorbed Au- and Pd-
doped SnS, systems.

2.4.3. Charge Transfer. The interaction between the VOC
molecules and the SnS, monolayer is further studied by the
calculation of charge transfer between them. The charge
transfer'”° can be expressed as

- pmol

Ap='0mol/surf - psurf

)

in which Ap represents the net charge transfer, while p /i
Peurp and p o represent the charge density of the gas—SnS,
system, SnS, monolayer, and the VOC molecule correspond-
ingly. We utilized the cut3d program to process the charge
density of the monolayer, molecule, and the molecule—
monolayer combined system. Subsequently, we utilized
VESTA to generate the isosurfaces representing the difference
in charge density.

2.5. Recovery Time, Conductivity, and Sensing
Response. To evaluate the reusability of the sensing material,
we calculated the recovery time, which is the minimum time
for gas desorption from the monolayer, is calculated. The
recovery time (7)'7*>*” can be expressed as

-1 e—Ead/kBT (3)
where v represents the attempt frequency (v = 10'2 s™! for
visible light12’17’47’57), kg represents the Boltzmann constant
(kg 8.617 X 107° eV K'7*7) and T represents
temperature (T = 300 K for room temperature'”).

The electrical conductivity (¢)*'>'”*® of the SnS, systems
can be calculated by

=V

oxexp( — E /2kyT) (4)
where Eg, kg, and T represent the band gap of SnS, systems,
the Boltzmann constant, and the thermodynamic temperature
correspondingly.

Another crucial aspect that influences a gas sensor’s
effectiveness is the monolayer’s sensing response (S).”"
Sensing response is defined as the variation in electrical
resistance prior to and after the adsorption of gases, and it is
defined as follows

-1 -1
O — O

'monolayer+mol monolyaer
S = —
Gmonolayer (5)
where 6,,0n0layer 314 Gpnonolyermol indicate the conductivity of the

monolayer and the gas—monolayer system correspondingly.

3. RESULTS AND DISCUSSION

We first analyzed the structural and adsorption properties
before and after the adsorption of C;H,O, C4H, and CiHg
onto the pristine SnS, monolayer. To improve the sensing
responses toward the three VOC molecules, TM dopants (Au
and Pd) are interstitially doped at the hollow site onto the pure
substrate. Then, we compared the adsorption energy, recovery
time, band structure, sensing responses, PDOS, and charge
transfer of Au—SnS, and Pd—SnS, monolayers to assess their
abilities in sensing the three VOC molecules.

3.1. VOCs on Pristine SnS,. The structural optimization is
calculated for the C;H4O, C4Hg, and CiHg molecules, as
identified in Figure 1. Table 1 displays the optimized structural
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Figure 1. Optimized atomic structure of (a) acetone, (b) benzene,
and (c) isoprene. Gray, white, and red colors are used to symbolize C,
H, and O atoms, correspondingly.

parameters of the pure SnS, monolayer and the three VOC
molecules. In the C;H;O molecule, the calculated lengths for
the C—O and C—C bonds are 1.22 and 1.51 A correspond-
ingly, while the bond angle of O—C—C measures 121.8°.
When examining the C4Hg molecule, calculations reveal a C—
C bond length of 1.4 A and a C—C—C angle of 120°.
Regarding the CsHg molecule, the optimized lengths are 1.5
and 1.35 A for C—Cpetnyt and C=C bonds, respectively,
accompanied by the bond angle of 119.7° for C=C—C. Figure
2a demonstrates the optimized configurations of the perfect 4
X 4 pristine SnS, monolayer. The lattice constant of pristine
SnS, is 3.7 A, while the bond length of Sn—S is 2.6 A (Table
2). The small percentage error listed in Table 1 suggests that
our calculated results for the three VOC molecules and pristine
SnS, monolayer align with prior theoretical and experimental
outcomes, ¥ 9424587-71

Figure 3 demonstrates the top and side views of the
optimized configurations of the three systems. According to
Table 3, the adsorption distances of C;H4O, C¢Hg, and CsHg
systems are 3.33, 3.83, and 2.97 A, respectively. Simulta-
neously, the adsorption energies of C;H4O, C¢Hg, and CHg
are 0.066, 0.034, and 0.031 eV respectively. The miniscule
positive adsorption energy values signify a nonspontaneous
reaction, highlighting that the VOCs will not be adsorbed onto
the pristine SnS, monolayer. Therefore, pure SnS, is not a
suitable sensor for C;H,O, C4Hg, and C Hg.

3.2. VOCs on Au—-SnS,. For the 4 X 4 X 1 Au—SnS,
monolayer, the interstitial doping of the Au atom at the hollow
site is the most stable site with an adsorption energy of —2.78
eV and can effectively enhance the sensing performance of the
pristine SnS, monolayer.”” The structural optimization of the
Au—SnS, monolayer is illustrated in Figure 2b, including its
top and side view. The lengths of the three Au—S bonds
obtained are 2.51, 2.52, and 2.52 A, respectively. These
measurements are consistent with the findings of Gui’s study,”’
which reported an Au—S bond length of 2.547 A. Meanwhile,
the lattice constant of the monolayer is slightly stretched to
3.716 A, as is evident in Table 2.

Figure 4 illustrates the optimized configurations of the
adsorption of three VOCs on the Au—SnS, monolayer. The
adsorption energies for C;HsO, C¢Hy and CgHg were
calculated to be —0.77, —0.717, and —1.313 eV, respectively,
as illustrated in Table 4. Simultaneously, the average binding
distances for the C;H(O, C¢Hi and CiHg systems were
measured to be 2.13, 2.32, and 2.16 A. Of the three VOC
molecules, C;Hg exhibits the strongest adsorption onto the
layer due to its highest adsorption energy. The significantly
reduced binding distances and greater adsorption energies infer
much stronger adsorption of the VOCs on Au-doped SnS,
than on pristine SnS,. Using eq 3, the recovery times of the
C;H(O, C¢Hg, and CHg were estimated to be 8.63, 1.11, and

https://doi.org/10.1021/acsomega.3c06346
ACS Omega 2024, 9, 7658—7667
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Table 1. Calculated, Theoretical and Experimental Results for the Structural Parameters of the Three VOC Molecules and the
Pure SnS, Monolayer [Lattice Constant (a) and Sn—S Bond (d)] and the Percentage Error between Our Research and the

Experiment
parameters calculated
C;H,O C-0 (A) 1.22
C-C (4) 1.51
£C—C—0 (deg) 121.8
Cg¢Hg C-C (4) 1.40
£C—C—C (deg) 120
C.H, C=C (A) 1.35
C—Crethy (A) LS
£C=C-C (deg) 119.7
SnS, monolayer a (A) 3.7
d (A) 2.6

other theory experimental percentage error (%)

1.22% 1.14%7 7.02
1.52% 1.56%7 321
N/A 1239 0.98
1.40° 1.399% 0.07
111.9% 120% 0

1.35* 1.34% 0.75
1.51% 1.512% 0.79
N/A N/A N/A
3.7 3.6477° 145
2.59% 25727 1.09

n

-

Engrgy(eg)
Energy(eV)

o

K-points

(a)

(b)

Energy(eV)
o

()

Figure 2. Top and side view and the band structures of (a) pure SnS,, (b) Au—SnS,, and (c) Pd—SnS, substrates. Top row, middle row, and
bottom row represent the top view, side view, and band structure correspondingly. C, H, O, Au, and Pd atoms are represented by gray, white, red,

light orange, and indigo colors, respectively.

Table 2. Optimized Structural Parameters for 4 X 4 X 1
SnS, Monolayer: Lattice Constant (a), Bond Length (d) of
$—TM, and Band Gap (E,)

configuration a (A) d (A) E, (eV)
pristine SnS, 3.7 N/A 1.59
Au—SnS, 3.716 2.51 0.035
Pd—SnS, 3.72 2.38 0.57

1.143 X 10" seconds, respectively. Thus, Au—SnS, showcases
promising potential as a reversible sensor for C;HO and C4Hg
due to their short recovery times, while proving itself
unsuitable as a sensor for CsHy due to its prolonged desorption
time.

7661

After structural optimization, the band structures of Au—
SnS, before and after the adsorption of three VOC molecules
were calculated, as demonstrated in the bottom row of Figure
2 and the upper row of Figure 5.Table 2 shows that following
Au-doping, the band gap of the monolayer shrank dramatically
to 0.035 eV from 1.59 eV. Upon the adsorption of the three
VOC molecules, all systems become metallic as the band gaps
are decreased to zero. According to eq 4, the band gap is
essential for determining the electrical conductivity of the SnS,
monolayer. Such small changes in band gap correlate with a
small change in conductivity, which indicates Au—SnS,’s low
sensing responses of 49.18% toward the three VOC molecules,
as inferred from eq S.

https://doi.org/10.1021/acsomega.3c06346
ACS Omega 2024, 9, 7658—7667
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()

Figure 3. Top and side views of the most stable configurations of (a) C;H4O, (b) C¢Hs, and (c) CsHg adsorption on pure SnS, monolayer. The
top and bottom rows represent the top and side views of all systems correspondingly. C, H, O, Sn, and S are represented by light gray, white, red,

dark gray, and yellow colors, respectively.

Table 3. Adsorption Energy (E,) and Binding Distance (h)
between the VOC Gas and the Monolayer for All VOCs
Absorbed on Pristine 4 X 4 SnS, Monolayer

system E, (eV) h (A)
C;H4O on pristine SnS, 0.066 3.33
CeHg on pristine SnS, 0.034 3.83
CsHjg on pristine SnS, 0.031 2.97

The PDOS after the adsorption of three VOCs on the Au—
SnS, monolayer was calculated and graphed, as noted in the
bottom row of Figure S. For the C;H¢O system, strong
hybridization between Au s, Au d, O p, and S p orbitals occurs
at —2.76, —1.73, —1.55, and 0 eV. Moreover, interactions
between only Au d, O p, and S p orbitals take place at —2.25
and 0.82 eV. Within the C4Hg system, the hybridization
between the Au s, Au d, C p, and S p orbitals in the CsHy
system appears at —2.88, 0, 0.77, and 0.85 eV, while the
hybridization of only Au d, C p, and S p orbitals occurs at
—2.56, —=2.32, —=2.2, and —1.72 eV. For the C;Hy system, the
Au d and C p orbitals hybridize at —2.63 and —2.18 eV.
Furthermore, aligning with our band structure results, the
PDOS charts for all three systems exhibit electron states
around the Fermi level, underscoring the metallic nature of
each system. Simultaneously, the hybridization of different
electron orbitals indicates a strong interaction between the
three VOC molecules and the Au—SnS, monolayer, which
agrees with our obtained strong adsorption energy.

The charge transfer isosurfaces between the VOC molecules
and the Au—SnS, substrate are plotted in Figure 6, using eq 2.
Electrons accumulate in the light blue area, while electron
deficiency is evident in the pink region. From all three systems,

Table 4. Adsorption Energy (E,), Binding Distance (h)
between the VOC Gas and the Monolayer, Band Gap (E,),
and Recovery Time (7) for All VOC Molecules Adsorbed on
4 X 4 Au—SnS, Monolayer

system E, (eV) h (A) E, (ev) 7 (s)
Au—SnS, N/A N/A 0.035 N/A
C;H(O on Au—SnS, —-0.77 2.13 0 8.63
C¢Hg on Au—SnS, —-0.717 2.32 0 111
CHg on Au—SnS, -1.313 2.16 0 1.14 x 10"

we can identify a significant overlap between the light blue and
pink regions, indicating a significant exchange of electrons. It is
identified that electrons are mainly transferred from the Au
dopant to the O or C atoms in the VOC molecule, indicating
Au’s electron donor behavior. Such results imply a strong
interaction between the three VOC molecules and the Au—
SnS, monolayer, which is consistent with the large adsorption
energy shown in Table 4.

3.3. VOCs on Pd—SnS,. According to prior research,”” the
most stable configuration involves the interstitial doping of a
Pd atom at the hollow site, exhibiting an adsorption energy of
—6.02 eV. This arrangement has been shown to significantly
bolster the sensing capabilities of the original SnS, monolayer.
Figure 2c displays the top and side views of the most stable
configuration of the Pd—SnS, monolayer. The three Pd—S
bonds are 2.38, 2.38, and 2.39 A, while the lattice constant is
slightly stretched to 3.72 A, as shown in Table 2.

The optimized structures of the three VOC gases adsorbed
on the Pd—SnS, substrate are demonstrated in Figure 7. As
shown in Table 5, the computed adsorption energies for
C;HO, C¢H, and C;Hg on Pd—SnS, are —0.53, —0.561, and

«xgzxxx, Rk

(a)

(b)

| ok
-

#
S AAKXKKK,

(c)

Figure 4. Top and side views of the optimized configurations of (a) C;HO, (b) C¢Hy, and (c) CsHg adsorption on the Au—SnS, monolayer
correspondingly. C, H, O, Sn, S, and Au are represented by light gray, white, red, dark gray, yellow, and light orange colors, respectively.
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Figure 5. Band structure and PDOS of (a) C;HO, (b) C¢Hy, and (c) CsHg on the Au—SnS, monolayer. Top row shows the band structures while
the bottom row shows the PDOS of all systems. The Fermi level is set to 0. In the PDOS diagrams, Au d, Aus, C p, O p, and S p are represented by
purple, green, light blue, yellow, and orange colors, respectively.

©

Figure 6. Charge transfer of (a) C;H¢O, (b) C¢Hg, and (c) CsHg on an Au—SnS, monolayer. The light blue areas indicate electron accumulation,
while the pink regions show electron depletion. The isosurface value is set to 0.005 electrons per A®. Meanwhile, the yellow, gray, light orange,
brown, white, and red colors represent S, Sn, Au, C, H, and O atoms, respectively.
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Figure 7. Top and side views of the most stable configurations of (a) C;H,O, (b) C4Hy, and (c) CsHy adsorption on the Pd—SnS, monolayer
correspondingly. C, H, O, Sn, S, and Pd are represented by light gray, white, red, dark gray, yellow, and blue-green colors respectively.

Table S. Adsorption Energy (E,), Binding Distance (h) —0.786 eV, correspondingly. Meanwhile, the binding distances

between the VOC Gas and the Monolayer, Band Gap (E,), between the C;HO, C¢H, and C;Hg molecules, and the

and Recovery Time (7) for All VOCs Adsorbed on 4 X 4 monolayer were measured to be 2.27, 2.4, and 2.23 A. The

Pd—SnS, Monolayer results for adsorption energy and binding distances indicate

. that VOC adsorption on Pd—SnS, is stronger than that of

system ey L) sy « () pristine SnS, while slightly weaker than that of Au—SnS,.

C3HsO on Pd—Sn$, —0.53 2.27 0422 8016 x 107 Using eq 3, the obtained recovery times of C;HsO, C¢Hy, and

CsHg on Pd=5nS, —0561 24 0.378 266 x 107 CsHjg from Pd—SnS, monolayer are 8 X 107, 2.66 X 1073, and
CsH;g on Pd—SnS, —0.786 223 0.202 16.02

16.02 s, respectively, which are significantly shorter than VOC
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Figure 8. Band structure and PDOS of (a) C;HO, (b) C¢Hy, and (c) CsHg on the Pd—SnS, monolayer. Top row shows the band structures while
the bottom row shows the PDOS of all systems. The Fermi level is set to 0. In the PDOS diagrams, Pd d, Pd p, C p, O p, and S p are represented by

dark blue, red, light blue, yellow, and orange colors respectively.

Figure 9. Charge transfer of (a) C;H,O, (b) C¢H, and (c) CsHg on a Pd—SnS, monolayer. The light blue areas indicate electron accumulation,
while the pink regions show electron depletion. The isosurface value is set to 0.004 electrons per A’. Meanwhile, the yellow, gray, green, brown,

white, and red colors represent S, Sn, Pd, C, H, and O atoms respectively.

desorption from Au—SnS,. Therefore, the Pd—SnS, monolayer
offers enhanced desorption of the three VOCs compared to
the Au—SnS, monolayer, inferring Pd—SnS, as a viable
candidate for a reversible sensor.

After structural optimization, the band structures of Pd—
SnS, before and after the adsorption of three VOC molecules
were calculated, as identified in Figure 2¢ and the upper row of
Figure 8. As illustrated in Table 2, after Pd is doped, the
monolayer’s band gap experiences a significant reduction from
1.59 to 0.57 eV. From Table S, the band gaps of C;HO, C¢Hy,
and C;Hg on Pd—SnS, are 0.422, 0.378, and 0.202 eV,
respectively. In other words, the band gap of Pd—SnS,
decreases by 0.148, 0.192, and 0.368 eV after interaction
with C;H4O, C¢Hg, and CsHg molecules correspondingly. This
signifies that the adsorption of volatile organic compounds
(VOCs) induces substantial alterations in the band structures
near the Fermi level. Meanwhile, in all three systems, the band
structures exhibit a direct band gap with both the valence band
maximum and conduction band minimum situated at the I’
point. From eq 4, we can deduce that the band gap plays a
pivotal role in determining a monolayer’s electrical con-
ductivity. Therefore, the CsHg system exhibits the highest
conductivity due to its most significant reduction in the band
gap, while the C;H4O system displays the lowest conductivity

7664

among the three systems. The greatest shift in conductivity,
according to eq 5, results in the highest sensing response for
Pd—SnS, in the presence of CsHg, with a remarkable 99.9%.
This is followed by the C¢Hy system at 97.56%, and last, the
C3H4O system at 94.29%. These positive values of sensing
response align with an increase in conductivity, a substantial
decrease in the band gap, and strong adsorption energy. In
contrast to Au—SnS,, which elicits a minor alteration in the
band gap upon gas adsorption, Pd—SnS, showcases a higher
sensing response to C;H,O, CsHy, and CsHg due to its greater
decrease in the band gap.

In addition, the PDOS after adsorption of the three VOC
gas molecules on Pd—SnS, was also investigated, as shown in
the bottom row of Figure 8. For C;HO adsorption, electron
hybridization between Pd d, Pd p, O p, and S p orbital occurs
at —0.34 and 0 eV, while interactions between only Pd d, O p,
and S p orbital happen at —2.31, —1.76, and 0.74 eV. In the
C¢Hjg system, electron hybridization among Pd d, Pd p, O p,
and S p orbitals is present at energy levels of —0.34 and 0 eV.
While Pd d, O p, and S p orbitals hybridize at —2.31, —1.76,
and 0.74 eV. Within the CsHg configuration, electron
hybridization among Pd d, Pd p, C p, and S p orbitals arises
at energy levels of —0.85, 0, and 0.86 eV. Simultaneously,
interactions of only Pd d, O p, and S p orbitals are located at
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—2, 6, and —1.64 eV. The overlapping peaks at the Fermi level
implicate a substantial change in the electronic properties of
the Pd—SnS, monolayer and a significant increase in
conductivity after VOC adsorption. Therefore, these results
suggest a significant exchange of electrons between the C or
the O atom from the three VOC molecules and the Pd dopant,
which verifies the high adsorption energies and sensing
responses that are present in all systems.

Using eq 2, the charge transfer isosurfaces between the three
VOCs and the Pd—SnS, monolayer are shown in Figure 9.
Similar to the adsorption on Au—SnS,, electrons deplete
around the Pd dopant and accumulate close to the O or C
atoms in the VOC molecules for all three systems. Here, we
can witness a significant exchange of electrons between the
VOC molecules and the Pd-doped SnS, monolayer, which
aligns with our results of the significant adsorption energy.

4. CONCLUSIONS

In summary, we employed first-principles calculations based on
DFT to examine the adsorption and electronic characteristics
of C;H(O, C4Hy, and CsHg on pristine Au- and Pd-doped SnS,
monolayers. The reliability of a sensor depends on multiple
factors, including moderate adsorption energy, rapid recovery
time, and high sensing response toward the gas molecule. Our
obtained results of adsorption energy and binding distance
suggest that the strength adsorption upon the three VOC
molecules is in the order of Au-doped, Pd-doped, and pure
SnS, monolayer, from the strongest to the weakest. The
recovery times for C;HO, C¢Hy, and CsHg adsorption on Pd—
SnS, monolayer are smaller than that of Au—SnS,, inferring
Pd—SnS,’s better potential for reversible sensors. Moreover,
our analysis of electronic properties confirms that the sensing
responses of Pd—SnS, upon the three VOC molecules are
higher than that of the Au—SnS, monolayer. Thus, we
conclude that the Pd—SnS, monolayer is a more promising
potential for lung cancer VOC detection over pristine and Au—
SnS, monolayer. Additional investigations should prioritize
assessing Pd—SnS,’s overall adsorption capacity and opera-
tional efficiency to gain insights into their energy consumption
and purity levels following the capture of C;H,O, C4Hy, and
C;Hg molecules.
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