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ABSTRACT: The extensive applications of two-dimensional KK KKK T
(2D) transition metal disulfides in gas sensing prompt us to ,,——- . KKK % K ﬂ, Wﬁ%
explore the adsorption, electronic, optical, and gas-sensing /%X DK K Eof T
properties of the pure and Pd-decorated GeS, monolayers . o4 C \ e KA A K

interacting with NO,, NO, CO,, CO, SO, NH,;, H,S, HCN, .*. ,,.\ KOKOKOHK K|

HF, CH,, N,, and H, gases by using first-principles methods. Our e {] Pdmodification

results showed that the pure GeS, monolayer is not appropriate to KAPKARSK =
develop gas sensors. The stability of the Pd-decorated GeS, (Pd- g rn‘,;’*X,SKX* =

GeS,) monolayer was determined by binding energy, transition
state theory, and molecular dynamics simulations, and the Pd
decoration has a significant effect on adsorption strength and the
change in electronic properties (especially electrical conductivity).
The Pd-GeS, monolayer-based sensor has relatively high sensitivity toward NO and NO, gases with moderate recovery time. In
addition, the adsorption of NO and NO, can conspicuously change the optical properties of the Pd-GeS, monolayer. Therefore, the
Pd-GeS, monolayer is predicted to be reusable and a highly sensitive (optical) gas sensing material for the detection of NO and
NO,.
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1. INTRODUCTION

Since its discovery in 2004, graphene has presented many
fascinating properties, but its zero band-gap feature critically
limits its myriad of applications in transistors, electronics,
photonics, etc.'~* Although the modification of graphene can
effectively open its band gap, this also reduces the electronic
quality of the material, which is impractical for device
applications.”™’
design and investigate two-dimensional (2D) materials with
semiconducting properties. Researchers have directed their
studies to materials with layered honeycomb structures similar
to that of graphite.*™'® One of the most widely studied classes
of these materials is 2D transition metal disulfides
(TMDs)."”~?! 2D TMDs, which are nanomaterials in the
formula of MX,, M are TM atoms, such as Mo, W, and Ge,
sandwiched between two X atoms (i.e., VIA group like S, Se,
and Te), are structurally similar to graphene (ie., owning
hexagonal structures), but compensate for the zero band-gap of
graphene. The participation of TM d-electrons with different
numbers makes 2D TMDs exhibit different electrical proper-
ties, such as semiconducting with band-gap widths of about 1—
2 eV, metallic, semiconductivity, and charge density wave
behaviors, and thus have attracted remarkable interest for their
potential applications in field-effect transistors, gas sensors,
optical sensors, lubricants, etc.?>7**

This situation has stimulated scientists to
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Since gas sensors have widely penetrated every aspect of our
daily lives, such as medical and food industries and
environmental safety testing,””~>” 2D TMDs are ideal gas
sensing materials due to their large specific surface-to-volume
ratios, high sensitivity to adsorption of gases, which are
available for interactions with gas molecules, abundant active
sites to selectlvely bind gases, and good mechanical proper-
ties.”"~** As one of the most common air pollutants, NO, (x =
1 and 2), which are mainly from the combustion of fossﬂ fuels,
are greatly harmful to the environment and human health such
as the damage of human respiratory organs and nerves.”’
Therefore, the development and manufacture of highly
sensitive and selective NO, gas sensors is a main challenge
for monitoring air quality, especially, for the detection of NO,,
at parts per billion (ppb) levels for commercial applications in
environmental monitoring and healthcare.

As a TMD material with a large specific surface area, the
GeS, monolayer with a sandwich-like structure has interesting
physicochemical properties, such as excellent electronic
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transport properties and a high lattice thermal conductivity of
5.71 Wm™' K" at 500 K.*’ For example, the CdI,-type GeS,
monolayer with an octahedral 1 T (P3m1 space group) crystal
structure was recently concluded to be a promising thermo-
electric material due to its highest peak EFF value.*”*!
Although the synthesis of the Cdl,-type GeS, monolayer with
an octahedral 1 T crystal structure (GeS, monolayer for short)
has not been completed experimentally, phonon dispersion
and ab initio molecular dynamics simulations have confirmed
its thermodynamic and dynamic stabilities at 500 K.**~*!
These features make the GeS, monolayers have good potential
in gas sensing. Here, analysis of the adsorption and electronic,
optical, and gas-sensing properties of gas molecules (NO,, NO,
CO,, CO, SO,, NH;, H,S, HCN, HF, CH,, N,, and H,) on the
pure and Pd-decorated GeS, (Pd-GeS,) monolayers were
performed by using first-principles calculations to explore the
viability of the GeS, monolayers as gas sensors for NO,
detection. Our study indicates that the pristine GeS,
monolayer physically adsorbs gas molecules and has a rather
fast recovery time, implying that the pure GeS, monolayer is
unfit for gas sensor manufacturing. Pd decoration then was
used to modulate the adsorption behaviors of molecules on the
GeS, surface. The Pd atoms are impossible to aggregate on the
monolayer that was confirmed by the binding energy per Pd
atom and transition state theory. The decorated Pd atoms can
notably increase the adsorption strength of gases. Further
analysis of the adsorption energy, charge transfer, change in
electronic and optical properties, and recovery time of
molecules adsorbed on the Pd-GeS, monolayers reveal that
the Pd-GeS, monolayers are promising candidate materials for
achieving the selective and sensitive detection of NO, and NO
gases. Overall, this work can provide some guidance for
experiments to further investigate the applications of GeS,
monolayers in gas sensing.

2. COMPUTATIONAL METHODS

All geometric structures and electronic properties of (Pd-
decorated) GeS, monolayers adsorbed with molecules were
calculated using the spin-polarized density functional theory
(DFT) method accomplished in the DMol® package.””** The
Perdew—Burke—Ernzerhof (PBE)** form of the generalized
gradient approximation (GGA) functional with van der Waals
corrections of Grimme scheme (DFT-D2 method)** was used
in this work. The related atomic parameters (C; and R,) in
Grimme scheme used here were placed in Table S1 in
Supporting Information, and the Grimme scheme parameters
s6 and d were set to be 0.75 and 20.0, respectively. The double
numerical atomic orbitals with d-polarization functions (DNP
basis set) and the DFT semicore pseudopotential (DSPP)*°
were selected. We noted that the DSPP approximation used in
DMol® package has introduced some degree of scalar
relativistic corrections into the core which has been proved
to be a very well behaved pseudopotential.’” The Brillouin
zone was represented by Monkhorst—Pack meshes™ of 10 x
10 X 1 k-points. The Hirshfeld method*’ was used to calculate
the transferred charge. All structure optimizations were
accomplished until the energy was less than 1.0 X 107 Ha
and the force less than 0.002 Ha/A. For all calculations, the
thickness of the space vacuum was set to 20 A to avoid
interactions between periodic images. The electron localization
function (ELF) implemented in the CASTEP package™ was
used to describe the bonding features in the system. The cutoff
energy of the plane wave was set to 500 eV. To evaluate the

energetic stability of Pd atom binding with the GeS,
monolayer, we defined the binding energy as follows:

E, = Epg_ges2 — Egess — Epa (1)

where Epy.cesy Egesyy and Epy denote the total energy of Pd-
decorated GeS, monolayers, the pure GeS, monolayers, and
isolated Pd atom, respectively. A negative Ey value indicates
that the decoration process of Pd atoms on GeS, monolayers is
exothermic and energetically favorable. We also calculated the
adsorption energy (E,4) of molecules on GeS, monolayers with
and without Pd decoration using the following equation:

Ead = Etotal - Emono - Emol (2)
where E;, Epono and E . denote the total energies of the
molecule—monolayer adsorption system, (Pd-decorated) GeS,
monolayer, and the single gas molecule, respectively.

3. RESULTS AND DISCUSSION

3.1. Structural and Electronic Properties of Molecules
on the Pure GeS, Monolayer. Figure la presents the
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Figure 1. (a) Top- and side-views of the optimized structure for the
Ge$S, monolayer, (b) the relative total energy over the lattice constant,
the minimum was set to 0 eV, (c and d) the BS and PDOS of the
GeS, monolayer. Ge and S atoms are in green and yellow balls,
respectively.

optimized configuration of the 4 X 4 X 1 supercell of the GeS,
monolayer containing 16 Ge and 32 S atoms. The intrinsic
GeS, monolayer has a MoS,-like ABA structure,”" formed by a
layer of Ge atoms intercalated into two layers of S atoms,
where each sulfur atom directly bonded to the Ge atom, and
the top view resembles the staggered formation of a two-layer
graphene structure. This structure corresponds to a single slab
of the high-pressure, layer-structured, tetragonal CdI,-type
phase.*”*" To determine the equilibrium lattice parameters of
the GeS, monolayer, the total energy of the 4 X 4 X 1 supercell
of the monolayer as a function of the lattice constant was
calculated and is shown in Figure 1b. We found that the GeS,
monolayer possesses a symmetry group of P3ml with the
lattice constants of a = b = 3.416 A, which is slightly smaller
than previous reports (3.45 A).””~*' The Ge—S bond length in
the GeS, monolayer is 2.44 A, which is very different from that
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Figure 2. Top- and side-views of the most stable configurations of the pure GeS, monolayer interacting with molecules ((a) NO,, (b) NO, (c)
CO,, (d) CO, (e) SO,, (f) NH;, (g) H,S, (h) HCN, (i) HF, (j) CH,, (k) N,, and (1) H,). O, N, C, F, and H atoms are represented in red, blue,

gray, cyan, and white balls, respectively.

of the GeS monolayer’® in which two types of Ge—S bond
lengths are found (2.37 and 2.47 A). The electronic properties
(band structure (BS) and partial density of states (PDOS)) of
the GeS, monolayer in Figure Ic,d showed that it is a
nonmagnetic semiconductor with a band-gap width of 0.93 eV,
which is in good agreement with previous work.””~*' It should
be emphasized that although the PBE method we used
underestimates the band gap width of the GeS, monolayer,
which was reported to be 147 eV by using the HSE06
functional,” in this work what we mainly focus on is the
change of the band gap before and after molecular adsorption,
which will determine the sensitivity of the gas sensor. The
change trends in the band gap of the different semiconductor
energies obtained by the PBE and HSE06 functional are
consistent.””>’

In order to probe into the gas-sensing performance of the
pristine GeS, monolayer, we considered different adsorption
sites (such as top, bridge, and hollow sites) of several gases
(NO,, NO, CO,, CO, SO,, NH;, H,S, HCN, HF, CH,, N,,
and H,) on the GeS, monolayer and the orientation of
molecules referring to the substrate surface for constructing as
many as possible initial adsorption structures. After full
optimization of these initial structures, we obtained the most
stable configurations of molecules on the GeS, monolayer,
which are displayed in Figure 2. We found that NO,, CO, NO,
CO,, and SO, molecules are all located above the top site of
the Ge atom, and NH;, H,S, HCN, CH,, N,, and H, are
located above the hollow site of the Ge—S six-membered ring,
while the HF molecule is erected above the top site of one S
atom. The corresponding calculated results are summarized in
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Table 1. The adsorption of NO and NH; possesses the
strongest adsorption behavior (—0.4 eV < E4 < —0.3 €V),

Table 1. Adsorption Energy (E,4), the Shortest Distance (D)
and Charge Transfer (Q) from Molecule to Monolayer,
Band Gap (E,), and Recovery Time (7) for Molecules on the
GeS, Monolayer

system E4 (eV) D (A) Q (e) E, (eV) 7 (s)

GeS, 0.93

NO, —-0.23 2.72 —-0.02 0.68 7.99 x 107°
NO —-0.38 2.38 0.14 metallic 2.64 X 107¢
CO, —0.18 3.02 —-0.03 0.93 9.32 x 1071
Cco —0.14 2.98 —0.02 0.93 2.19 x 1071
SO, —0.21 2.88 —-0.07 0.93 3.87 x 1077
NH, —-0.33 2.57 0.05 0.78 3.05 x 1077
H,S -0.23 2.86 —0.02 0.44 6.52 X 1077
HCN —-0.19 3.02 —0.04 0.93 1.85 x 107°
HF —-0.25 224 —-0.13 0.93 1.52 x 107%
CH, —-0.15 227 —0.06 0.93 2.82 x 1071
N, -0.13 297 —0.01 0.93 1.63 x 1071
H, —0.11 2.50 —0.04 0.93 7.14 x 107!
HCHO  -0.19 3.02 —-0.06 0.44 1.75 x 107°

while the other molecule adsorption has a much smaller

adsorption energy. The very weak adsorption strength, the
large distance between the molecule and monolayer, and small
charge transfer lead to the inability to form chemical bonds,
and it is thus predicted that the GeS, monolayer physically
adsorbs all the molecules. However, a significant redistribution
of the charge of the GeS, monolayer occurs because of the NO
and HF adsorption. According to the Hirshfeld method
analysis, the NO molecule is an acceptor that received 0.14 e of
charge and the HF molecule is a donor that provided 0.13 e of

charge from/to the GeS, monolayer, respectively. The
described charge redistribution and transfer due to gas
adsorption is expected to play a major role in the current—
voltage characteristics. Due to the charge transfer between the
molecule and GeS,, we can obtain the resistivity change of the
material experimentally and therefore can exploit it in gas
sensors.” ¢ Since formaldehyde (HCHO) is also a kind of
hazardous indoor gas dangerous to human health, we also
considered the possibility of the GeS, monolayer as an HCHO
sensor. The most stable configuration of HCHO on the
monolayer is shown in Figure S1 in the Supporting
Information. We found that the HCHO molecule is located
at the center of the pore of the monolayer, similar to the cases
of other molecules, and physisorbed on the monolayer due to
the quite small adsorption energy, large distance, and
unobvious charge transfer as shown in Table 1.

We plotted the density of states (DOS) of molecules
adsorbed on GeS, along with the local DOS (LDOS) of
molecules in Figure 3 to facilitate a deep understanding of the
variation in the electronic properties of the GeS, monolayers
due to molecule adsorption. According to the analysis of the
data in Table 1, the adsorption of molecules does not change
the band-gap value of the GeS, monolayer except for NO,,
NH;, and H,S for which the band-gap value was decreased
from 0.93 to 0.68, 0.78, and 0.44 eV, respectively. The change
of DOS for the adsorption of HCHO on the GeS, monolayer
is similar to that of the H,S molecule. In particular, the
adsorption of NO makes the semiconducting properties of the
monolayer change into conducting properties, where the band
gap is zero. Further, the adsorption of NO, and NO introduces
a total magnetic moment of 1 g in the system and induces
impurity states near the Fermi level, resulting in a reduction of
the band gap as shown in Figure 3. The pure GeS, monolayer
is known to be nonmagnetic, and the adsorption of NO and
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Figure 3. DOSs of molecules ((a) NO,, (b) NO, (c) CO,, (d) CO, (e) SO,, (f) NH;, (g) H,S, (h) HCN, (i) HF, (j) CH,, (k) N,, and (1) H,)
adsorbed on the GeS,. Fermi level, majority-spin, and minority-spin states are displayed as blue, wine, and purple lines, respectively, and the LDOS

of molecules is shown in the green filled area.
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Figure 4. (a) Top- and side-views of the Pd-GeS, structure and (b) the corresponding BS and DOS. Purple ball represents the Pd atom.

NO, molecules brings magnetism into the GeS, monolayer,
which would be used to develop a new high-sensitive gas
detection technique by measuring the local magnetic moments
of GeS, monolayers using various experimental techniques
such as SQUID magnetometer or magnetic atomic force
microscopy.57

These results indicate that the pure GeS, monolayer is
highly sensitive to NO,, NO, NHj;, and H,S gases, and it seems
that the pure GeS, monolayer should be suitable for the
detection of these gases. However, to be a good gas sensor, the
desorption of a molecule from the gas sensor would be
befitting, that is, the recovery time of the gas sensor would be
moderate, which is the time for molecule desorption from the
monolayer, and also means the time that the molecule can stay
on the monolayer. The recovery time (7) is described as the
van’t-Hoff—Arrhenius expression:

—1_—E,/kT
T=1, e !

©)
where v is the attempt frequency of each molecule that can be
assumed to be 10'% s7! as NO, molecule.”” We then could
predict the recovery times of the pure GeS, monolayer for
different gases at 300 K, and the results are shown in Table 1.
In addition, the relevant calculated data of recovery times are
summarized in Table S2 of Supporting Information. Although
the adsorption of NO has the largest adsorption energy of
—0.38 eV among molecule adsorption, the corresponding
recovery time of 2.64 X 107 s at 300 K is too short to
measure, and thereby causes the device to fail to detect these
gases within the effective times. In this context, the pure GeS,
monolayer is not applicable as a gas sensor for the considered
gas detection. To enable the GeS, monolayer appropriate for
gas sensing, the primary task is to enhance the adsorption
strength of molecules on the GeS, monolayer, and
consequently increase the recovery time, and even enhance
the sensitivity and selectivity.

3.2. Modification of the GeS, Monolayer with Pd
Decoration. Metal decoration and defects are the most
common means of modulating material properties. For
example, TM dopants can effectively modifz the chemical
activity and electron mobility of materials,”’ and thereby
enhance the gas molecule adsorption strength and gas-sensing
properties of monolayers.” ~** Although defects may improve
the sensing performance of GeS, monolayers, analysis of the
adsorption strength of gases on other TMD materials with
defects shows that defects can largely enhance the adsorption
strengths of gases on the surfaces that makes gas desorption
quite difficult and thus the recovery times are too long,és’é6 so
here we only considered the effect of decoration on the sensing
performance of GeS, monolayers. To further improve the
feasibility of the GeS, monolayer as gas sensors, we then
focused on the effect of Pd decoration. The selected dopant,

Pd, has attracted much attention for enhancing the gas-sensing
properties of 2D nanomaterials, which is mainly because that
(i) the d orbitals of Pd atoms play an important part in the gas
interactions with the substrate, that is, the hybridization
between the d orbitals of Pd atoms and molecular orbitals
would be intensified, which would further strengthen
drastically the electron redistribution, and accordingly make
the gas response much faster and the recovery time much more
moderate, as accomplished in other 2D nanomaterials;®’ %’
(ii) the monolayer with Pd dopants can be realized by methods
such as ion beam modification”® and electron-beam mediated
substitutional doping approach;”"' (iii) the electronic and
optical properties of 2D nanomaterials such as BS, charge
transfer, and work function can be significantly improved by Pd
doping.””~"*

The optimized Pd-decorated GeS, (Pd-GeS,) monolayer
remains largely in the original structural form of the pure
monolayer, and the Pd atom lies at the top position of one Ge.
The introduction of Pd atom causes the Ge atom below the
adsorption site to sink slightly, forming an S—Pd bond of 2.33
A (consistent with the S—Pd bond length in the Pd;P,Sg
crystal”®) and a Ge—Pd bond of 2.34 A (similar to the Ge—Pd
bond length in the dipalladium complex”®), as shown in Figure
4a. The covalent functionalization has an important effect on
the stabilities and BSs of the TMDs, which in turn determines
the gas-sensitive mechanism of the sensor. Pd atoms transfer
their electrons to the unoccupied states of the GeS, during
decoration, thus imparting stability to the material, and the net
charge transfer during adsorption also supports strong
chemisorption.”” Therefore, it is crucial to determine the
changes in the electronic properties of GeS, with Pd
decoration. Due to its nonmagnetic nature, we only plotted
the spin-up BS of the Pd-GeS, system in Figure 4b, and it can
be found that the conduction band bottom and valence band
top are located at the I' and M points, respectively, and the
system has no states across the Fermi energy level, even with
the introduction of Pd atoms. Its total DOS plotted in Figure
4b shows that the impurity states produced by Pd atoms make
the Fermi level move to conduction bands, and the
hybridization between Pd atoms and the monolayer promotes
the Pd atoms to transfer 0.3 e electrons to the GeS, monolayer
to form a positively charged Pd dopant and induce a strong
chemical bond between the dopant and the GeS, monolayer
with a binding energy (E,) of —4.01 V. These results suggest
that the Pd doping does not change the semiconductor
properties of the GeS, monolayer as an indirect band-gap
semiconductor. However, the calculated band gap was reduced
from 0.93 eV for the GeS, monolayer to 0.39 eV, which could
be attributed to the activation of the bottom of the conduction
band and the top of the valence band by the dopant.”®
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The stability of the Pd-GeS, monolayer was also carried out.
The binding energy of the Pd atom (—4.01 €V) is close to the
polymerization energy of the Pd metal (—3.9 €V), so we
focused on the possible polymerization behaviors of Pd on the
GeS, monolayer, which were investigated via the complete
linear/quadratic synchronous transit method.”” Considering
that only the top site of Ge atom is the most favorable position
for Pd atoms, the potential pathway of Pd atoms from one of
the most stable sites (as initial structure, IS) to another one (as
final structure, FS) was considered as shown in Figure S, where

XIS OO XK

IS (0.000) TS (1.418)  FS (0.000)

Figure 5. Pathway from (a) one site (initial structure (IS)) of the
most stable state to (c) another site (final structure (FS)), (b) the
transition state (TS). Energies (in eV) of the IS, TS, and FS states are
shown relative to the total energy of IS state.

the Pd atom locates at site 1 in the IS state while it locates at
site 2 in FS. The results show that the energy barrier of Pd
atom moving from site 1 to site 2 is 1.418 eV with a TS
(confirmed by one imaginary frequency of —64.9 cm™')
locating at the top of one S atom shown in Figure Sb, which
means that the diffusion of Pd atoms on the GeS, monolayer is
too difficult and the modification process of Pd atoms on the
GeS, surface would avoid the clustering of Pd atoms.

To further assess the stability of the Pd-GeS, monolayer, we
investigated the thermodynamic properties of the Pd-GeS,
monolayer. First-principles Born—Oppenheimer molecular
dynamics (BOMD) simulations of the structure of the Pd-
GeS, monolayer in an NVT ensemble were performed. We
used a Nose—Hoover thermostat chain to control the
temperature, which is 300 K in this work. The combination
of GGA-PBE and DNP was used for BOMD simulations. The
total simulation time was set to 6 ps and the corresponding
time step was 1 fs. Figure 6 shows the total energy variation of
the structure during the simulation. Within 6 ps, we do not
observe any deformation of the Pd-GeS, structure, as the

300 K 0.01eV

Energy (eV)
>

Time (ps)

Figure 6. Total energy (eV) of the Pd-GeS, monolayer over time at
300 K. Figure inset is the structure of the Pd-GeS, monolayer after 6
ps simulation.

energy of the Pd-GeS, monolayer oscillates around the same
energy value during the simulation (the range of energy <0.01
V). This fact supports the calculated thermodynamic stability
of the Pd-GeS, monolayer.

3.3. Adsorption and Gas-Sensing Properties of
Molecules on the Pd-GeS, Monolayer. We then studied
the adsorption of common gases (NO,, NO, CO,, CO, SO,,
NH,, H,S, HCN, HF, CH,, N,, and H,) on the Pd-GeS,
monolayer, and their most optimal adsorption structures are
displayed in Figure 7. It is clear that, on the whole, the doping
of Pd makes the adsorption energy of all gases increase to
different degrees, and the structure of the Pd-GeS, monolayer
remains unchanged after the adsorption of gases.

The NO, molecule adsorbs on the Pd-GeS, monolayer with
an E 4 of —0.53 eV, and the interaction between NO, and Pd-
GeS, results in the formation of a chemical O—Pd bond of 2.30
A. The O—N-0 bond angle in NO, is also reduced from 133°
to 125°. In this process, NO, also acts as an acceptor to receive
a charge of 0.13 ¢ from the Pd-GeS, monolayer, so we predict
that NO, is weakly chemisorbed on the Pd-GeS,. To further
elucidate the chemisorption of NO,, its ELF was calculated
and is presented in Figure 8a. It is clear that the interaction
between O in NO, and Pd atom has the nature of ionic bonds,
indicating the chemisorption of NO, on the monolayer. The
adsorption of NO and CO has significantly higher adsorption
energies than NO, (—0.83 and — 1.01 eV, respectively), which
indicates that NO and CO are more chemically adsorbed on
the Pd-GeS, monolayer than NO,. The ELF plots as presented
in Figure 8b,d further proved this conclusion. Interestingly, the
charge transfer between the NO (or CO) and the monolayer
was much smaller than that of NO,, where it is transferred 0.03
e (or 0.02 ¢) of charge from NO (or CO) to Pd-GeS,.
According to Figure 8b, the charge density of N atom in NO
clearly shows an asymmetric distribution, which is due to the
interaction between N and Pd atoms with an ELF value of
about 0.5, forming an N—Pd bond of 2.08 A. Similar features
were found in the case of CO adsorption. The S atom of SO, is
located directly above the Pd atom, leading to a Pd—S bond of
2.38 A. The O—S bond length and the O—S—0O bond angle in
SO, still remain at 1.48 A and 120°, respectively. Considering
the E,4 of SO, (—0.55 eV) and the inconspicuous charge
transfer between SO, and the Pd-GeS, monolayer (0.06 ¢), we
presume that it adsorbs on the Pd-GeS, monolayer in the form
of weak chemisorption, confirmed further from ELF plots
shown in Figure 8e. For HCHO adsorbed on the Pd-GeS,
monolayer as shown in Figure S1, HCHO behaves similarly to
that of SO, molecule. According to the data in Table 2, NH;,
H,S, and HCN are adsorbed on the Pd-GeS, monolayer with
adsorption energies of —1.32, —0.91, and — 0.75 eV,
respectively, and none of the charge transfer amounts are
less than 0.1 e (0.18, 0.17, and 0.13 ¢, respectively). It is easy to
see from Figure 8 that NH; and the substrate forms an ionic
N—Pd bond with a length of 2.25 A, and the adsorption of H,S
forms an ionic S—Pd bond of 2.54 A, and HCN is adsorbed
vertically above the Pd atom, forming an ionic N—Pd bond of
2.18 A. It is obvious that NH;, H,S, and HCN are strongly
chemisorbed on the Pd-GeS, monolayer. Since the adsorption
energies of CO,, HF, CH,, N,, and H, are less than —0.4 eV
and the charge transfer is less than 0.05 e, there is no strong
interaction between these five gases and the Pd-GeS,
monolayer, so it is confirmed that these five gases are
physically adsorbed on the Pd-GeS, monolayer.
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Figure 7. Top- and side-views of the most stable configurations for molecules ((a) NO,, (b) NO, (c) CO,, (d) CO, (e) SO,, (f) NH;, (g) H,S, (h)

HCN, (i) HF, (j) CH,, (k) N,, and (1) H,) on the Pd-GeS, monolayer.

According to the DOSs of NO, and NO adsorption on the
Pd-GeS, monolayer as shown in Figure 9a,b, the spin-up and
spin-down DOSs are asymmetric in the same energy range,
indicating that the magnetic moments of 1 y were introduced
by the adsorption of NO, and NO. The introduction of
impurity states due to NO, and NO adsorption, which are
quite close to the Fermi level, reduces greatly the band-gap
value (0.39 eV) of the Pd-GeS, monolayers to 0.18 and 0.22
eV, respectively. In other words, the Pd-GeS, monolayer can
achieve the selective and specific sensing of NO, and NO
because of the increased conductivity of the monolayer. In
contrast, the adsorption of the other gas molecules does not
produce magnetic moments. The main contributions intro-
duced by the other molecules are the mainly produced

occupied state in the valence band or the unoccupied state in
the conduction band, or both that are all far away from the
Fermi level, which makes the band-gap widths of the Pd-GeS,
monolayer slightly enlarged as shown in Table 2.

The primary factor for gas-sensitive and trapping materials is
their gas sensitivity (S), which is usually assessed as follows:*’

R —-R
s=-% """y 100%

Rp 4)

where R; and R, are the sensor resistance after and before
molecule adsorption, respectively. It is known that the
resistance (R) expresses a reciprocal relationship to con-
ductivity (o) as shown:
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Figure 8. ELF plots of molecules ((a) NO,, (b) NO, (c) CO,, (d) CO, (e) SO,, (f) NH;, (g) H,S, (h) HCN, (i) HF, (j) CH,, (k) N,, and (1) H,)

adsorbed on the Pd-GeS, monolayer.

Table 2. Adsorption Energy (E,4), the Shortest Distance (D)
and Charge Transfer (Q) from Molecule to Monolayer,
Band Gap (E,), and Recovery Time (7) for Gases on the Pd-
GeS, Monolayer

system Eq (eV) D (A) Q (e) E, (eV) 7 (s)

Pd-GeS, 0.39
NO, —0.53 2.30 —-0.13 0.18 7.82 x 107
NO —0.83 2.08 0.03 0.22 81.8
Co, —-0.26 2.72 0.01 0.42 2.63 X 107°
co -1.01 2.01 0.02 0.65 1.02 X 10°
SO, —0.55 2.38 —0.06 0.62 1.83 X 1073
NH, -132 225 0.18 0.53 12.4 X 10%°
H,S —0.91 2.54 0.17 0.54 224 X 10°
HCN —-0.75 2.18 0.13 0.53 431
HF -0.36 2.60 —0.002 043 132 x 10°°
CH, —-0.30 2.64 —0.05 0.42 9.13 X 107°
N, -0.37 2.23 0.04 0.54 1.51 X 107°
H, —-0.29 2.04 —0.002  0.52 8.06 X 107°
HCHO —0.69 2.33 0.08 0.48 3.57 x 107!

R=1

c (5)

where the conductivity (¢) of semiconductors is obtained from
the formula:®'

—E
o= AT3/2exp £
2kT (6)

where A, T, and k denote the certain constant, temperature,
and Boltzmann constant, respectively. It can be seen from the
above equations that the widened band-gap widths of materials
would reduce the electrical conductivity of the Pd-GeS,
monolayer and increase the corresponding electrical resistance
after interaction with these molecules. On the contrary, the
narrowed band-gap widths due to molecule adsorption can
make the carrier transition easier and increase the electrical
conductivity and thereby decrease the corresponding resist-
ance, which is desirable for gas-sensing materials.**~%* The

calculated sensitivity of the Pd-GeS, monolayer toward NO,
and NO gases is 98.3 and 96.3%, respectively, indicating that
the high sensitivity of the Pd-GeS, monolayer toward NO, and
NO gases. To further investigate the coverage effect of gases
on the Pd-GeS, monolayer, we used the Pd-GeS, structure
with different supercells (3 X3 X 1,4 X 4 X 1,and S X § X 1)
to regulate the coverage of adsorbed gases. We just considered
the coverage effects of NO, and NO gases as examples, and the
corresponding most stable structures with different supercells
are shown in Figure S2, and the related results are summarized
in Table S3. In the most stable structure of the molecule on the
Pd-GeS, monolayer with different supercells, the (NO, and
NO) molecule is located at the top of the Pd atom. Moreover,
the adsorption energy in different coverage is almost the same
as shown in Table S3, and the electronic properties remain
almost unchanged except for NO with high coverage. We
found that when the NO molecule is adsorbed on the small
supercell, the band gap is decreased. In addition, in order to
distinguish these two gases in the mixture containing NO, and
NO, we calculated the work functions of NO, and NO
adsorbed on the Pd-GeS, monolayer as 6.15 and 5.85 eV,
respectively, while the work function of the pure Pd-GeS,
monolayer is 6.04 eV. The work functions of the two gases
show an increasing and decreasing trend, respectively, which
will facilitate us to distinguish NO, and NO.

It is obvious from eq 3 that the recovery time of the Pd-GeS,
monolayer toward NO, and NO gases at T = 300 K is 0.782
ms and 81.8 s (the calculated data of recovery time are shown
in Table S4 in Supporting Information), respectively, which are
quite moderate for detecting both NO, and NO gases, as it is
superior to other 2D TMDs,””*° For example, the 2D MoS,-
based good gas sensors have been reported to show recovery
times as long as about 100 s5.°° In addition, the recovery time of
CO, NH;, and H,S on the Pd-GeS, monolayer is significantly
too long, which in turn brings about the problem of difficult
gas desorption, and in this regard, it may be inappropriate to
use the Pd-GeS, monolayer-based sensor for the detection of
CO, NH;, and H,S. In contrast, the recovery time of CO,,
HCN, HF, CH,, N,, and H, is too short to be difficult to
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Figure 9. DOSs of molecules ((a) NO,, (b) NO, (c) CO,, (d) CO, (e) SO,, (f) NH;, (g) H,S, (h) HCN, (i) HF, (j) CH,, (k) N, and (1) H,)
adsorbed on the Pd-GeS, monolayer. Fermi level, majority-spin, and minority-spin states are displayed as blue, wine, and purple lines, respectively,

and the LDOS of molecules is shown in green filled area.
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Figure 10. (a) Absorption coefficient (), (b) the reflectivity (Re), (c) and (d) the real (n) and imaginary (k) part of the refractive index of pristine
and gas molecules adsorbed on the Pd-GeS, monolayer. Dashed rectangles in the figures are the enlarged part of curves in the dashed circles.

measure. Therefore, the Pd-GeS, monolayer is a promising
candidate for reusable gas sensors to monitor NO and NO, at
room temperature.

The difference in the optical properties of different gases
adsorbed on the sensing material can be used to distinguish the
type of gases.”’ ™ We thus further studied the optical
properties such as absorption coefficient, reflectivity, and
refractive index of the Pd-GeS, monolayer with adsorbed
molecules to explore its potential application in optical gas
sensors, as shown in Figure 10. As presented in Figure 10a, the

46448

absorption capacity of the Pd-GeS, monolayer is enhanced
between 10.16 and 11.32 eV by the adsorption of H,S
molecules, in addition, after the adsorption of NO,, the
absorption values are changed remarkably around 18.57 eV
(66.77 nm), and they are changed obviously near 22.38 eV
(5541 nm) due to the adsorption of NO, which suggest that
the Pd-GeS, monolayer could differentiate different gases
under different frequencies, and is potentially attractive for
photovoltaic applications due to the adsorption of NO, and
NO. From the reflectance (Re) curves of the Pd-GeS,
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monolayer with molecular adsorption, as shown in Figure 10b,
we found that in the vacuum UV region, the two systems of
adsorbed NO, and NO occupy the highest reflectance peaks at
7.32 eV (169.40 nm) and 10.24 eV (121.09 nm), respectively,
and H,S can significantly enhance the reflectance of the Pd-
GeS, monolayer when the energy is higher than 10.84 eV
(114.39 nm). At energies below 0.89 eV in the infrared region,
the reflectivity of the NO, system is enhanced, while the
reflectivity of CO and SO, is lower than that of the pure Pd-
GeS, monolayer. As shown in Figure 10c,d, the adsorption of
NO, has a significant effect on the refractive index of the Pd-
GeS, monolayer in both IR and UV regions, while the changes
in the enhanced refractive index caused by the adsorption of
H,S are mainly present in the vacuum UV region. From the
above analysis, we found that the changes in the optical
properties of the Pd-GeS, monolayer mainly originate from the
adsorption of NO,, NO, and H,S, while the effects of CO and
SO, mainly occur in the IR region.

4. CONCLUSIONS

In summary, we explored the geometries and electronic,
optical, and gas-sensing properties of various gases (NO,, NO,
CO,, CO, SO,, NH;, H,S, HCN, HF, CH,, N,, and H,) on the
(Pd-decorated) GeS, monolayers via spin-polarized DFT
methods. We found the pure GeS, monolayers only interact
physically with gases and these gases cannot influence the
electronic properties of the monolayer except for NO. The NO
adsorption induces significant charge transfer and change of
electronic properties, but its over-rapid recovery time (2.64 X
1076 5) severely hinders the application of the GeS, monolayer
as a NO gas sensor. To improve the adsorption strength, we
considered Pd atoms decorated on the GeS, monolayer and
determined its structural stability via binding energy, TS
theory, and MD simulations. We further found that the Pd
decoration significantly increases the adsorption strength of the
GeS, monolayer interacting with gas molecules, and in return
the adsorption of molecules dramatically affects the electronic
and optical properties of the Pd-GeS, monolayer. The Pd-
decorated GeS, monolayer is highly sensitive to NO and NO,
gases. The recovery time of NO and NO, is moderate for
molecule desorption and is suitable for reuse of the device.
Further, the adsorption of NO and NO, can remarkably
modify the optical properties of the Pd-GeS, monolayers, so
that we can differentiate the NO and NO, from the considered
gases using the change of optical properties induced by
molecule adsorption. Therefore, it is predicted that the Pd-
GeS, monolayers are reusable and highly sensitive (optical) gas
sensors for NO, and NO detection.
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