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ABSTRACT: Transition metal dichalcogenides (TMDs) have
attracted enormous attention in diverse research fields. Especially,
gas sensors are considered in a promising application exploiting
TMDs. However, the studies are confined to only major TMDs
such as MoS2 and WS2. Particularly, the chemoresistive sensing
properties of two-dimensional (2D) NbS2 have never been
explored. For the first time, we report room temperature NO2
sensing characteristics of 2D NbS2 nanosheets and the sensing
mechanisms using first-principles calculations based on density
functional theory. The results demonstrate that the NbS2 edges
possessing different configurations depending on synthetic con-
ditions differ in the sensing ability of the TMD nanosheets. This
study not only broadens the potential of 2D NbS2 for gas sensing
applications, but also presents the important role of edge
configuration of TMDs depending on synthetic conditions for further studies.
KEYWORDS: 2D materials, niobium disulfide, gas sensors, DFT calculations, NO2 detection

Two-dimensional (2D) materials such as graphene-based
materials, metal oxide nanosheets, and transition metal

dichalcogenides (TMDs) have received the significant
attention in diverse research fields.1−12 Particularly, 2D
TMDs are considered as prospective materials for varied
applications such as field-effect transistors, catalysts, hetero-
structures, composite materials, and sensors due to their
unique electrical properties.9,13−17 Among the various research
fields, sensors are the most adequate to deploy the superb
properties of 2D TMDs as they possess advantages in high
surface-to-volume ratio, numerous active edge sites, and
tunable electrical properties. Therefore, further research on
sensing characteristics of 2D TMDs is essential for achieving
high performance sensing devices.17−29 Nevertheless, chemo-
resistive sensing properties of 2D NbS2 have never been
explored since studies on NbS2 have been weighted toward
other properties.30−35 Recently, the nature of 2D NbS2 has
given the impression of having great potential in gas sensing
applications through other research fields such as catalysis,
hydrogen evolution reactions, and synthetic studies, since the

studies have demonstrated that 2D NbS2 possesses a huge
number of active edge sites which play a key role in chemical
detection.33,36,37

NO2 gas is one of the major gas species emitted from
industrial fumes and internal combustion engines of
automobiles resulting in air pollution and health problems. It
is well-known that exposure to ppm levels of NO2 gas can have
adverse effects on the human body.38−40 Also, it contributes to
the formation of photochemical smog, which can have
significant impacts on human health. For these reasons,
various types of gas sensors including electrochemical, optical,
and chemoresistive sensors have been developed to monitor
and control the concentration of NO2 in ambient air.
Especially, the chemoresistive type of gas sensor is a promising
platform for future electronics due to their advantages in easy
operating systems and simple device structures. The
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advantages satisfy the requirements for next-generation
electronics such as in the Internet of Things and wearable
devices.
Here, for the first time, we report chemoresistive gas sensing

characteristics of 2D NbS2 nanosheets. The NbS2 nanosheets
were synthesized in thermal chemical vapor deposition (CVD)
system through sulfurization of the Nb precursor which is
coated on a target substrate. The synthesized nanosheets are
transferred onto Pt interdigitated electrodes (IDEs). The
device exhibited stable room temperature NO2 gas sensing
ability. The sensing mechanisms were investigated by first-
principles calculations based on density functional theory. The
theoretical calculation revealed that the composition and
configuration of active edge sites play an important role in
detection of NO2 molecules. On the contrary, NO2 molecules
were not adsorbed on clean surfaces of 2D NbS2. Since the
sensing properties and investigation of sensing mechanisms of
2D NbS2 nanosheets have never been accomplished yet, this
work will be of great importance for future studies on sensing
applications employing diverse 2D TMDs.

■ EXPERIMENTAL SECTION
Synthesis of NbS2 Nanosheets. The precursor solution was

prepared by dissolving niobium(V) chloride (NbCl5, Sigma-Aldrich,
99.9% metals basis) in ethylene glycol (Sigma-Aldrich, 99.8%
anhydrous) at a concentration of 100 mM. The precursor solution
was spin-coated on cleaned SiO2 (300 nm)/Si substrates at 3500 rpm
for 60 s. The spin-coated substrate was preannealed on a hot plate at
50 °C to evaporate the residual solvents. The high purity hydrogen

(H2) and nitrogen (N2) gases were used for the sulfurization process
in a thermal CVD system with dual furnaces. First, the temperature of
the CVD furnace (Heater #2) for the precursor-coated sample was
increased to 700 °C under the flow of H2 and N2 at 1 Torr during 30
min. The flow rate of H2 and N2 was set at 100 and 500 sccm,
respectively, by using mass flow controllers. After 30 min, the CVD
furnace (Heater #1) with temperature of 300 °C for S powder was
moved through a sliding rail to the set position to evaporate the S
powder for the sulfurization process. The sulfurization process was
started slowly under a constant flow of H2 and N2 gas and maintained
for 30 min. Finally, both furnaces were cooled down to room
temperature with a rate of 20 °C/min.

Sensor Fabrication. Interdigitated electrodes (IDEs) were
fabricated by depositing Pt/Ti (100/30 nm thick) on SiO2/Si
substrates (300 nm/500 μm thick) using an e-beam evaporator after
patterning via photolithography. Twenty electrodes were placed in an
area of 1 mm × 1 mm with a distance of 5 μm between them. The
IDE-patterned substrates were cleaned by sonication in acetone and
isopropanol, followed by drying in N2 gas. The synthesized NbS2
nanosheets were transferred onto the active area of Pt-IDE by the
conventional wet transfer method.

Sensor Measurements. The gas sensing properties of the NbS2
sensors were measured from room temperature to ∼100 °C. As the
flow gas was changed from dry air to a calibrated test gas (balanced
with dry air, Sinjin Gases), the variation in the sensor resistance was
monitored using a source measurement unit (Keithley 2365B). A
constant flow rate of 1000 sccm was used for dry air and the test gas.
The sensor resistance was measured at a DC bias voltage of 0.5 V.
The response of the sensors (ΔR/R0) was accurately determined by
measuring the baseline resistances of the sensors in dry air and the
saturated resistances after exposure to the test gas. Gas flow was

Figure 1. Fabrication procedure of 2D NbS2 nanosheet gas sensors.

Figure 2. Basic material characterization of NbS2 nanosheets. (a) Raman spectra of synthesized NbS2 nanosheets. High-resolution XPS core level
spectra of NbS2 nanosheet for (b) Nb 3d and (c) S 2p. (d) Scanning electron microscopy (SEM) image of NbS2 nanosheets on Pt-IDE substrate.
(e,f) Transmission electron microscopic (TEM) images of NbS2 nanosheet with different magnifications. Inset figure of (e) is FFT pattern of NbS2
nanosheets.
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controlled using mass flow controllers, and all the measurements were
recorded using a computer over a GPIB interface.
Calculations. All density functional theory (DFT) calculations

were performed using the Vienna ab initio simulation package
(VASP).41 The electron−ion interaction is represented by projected-
augmented wave (PAW) potential.42 We employ the Perdew−Burke−
Ernzerhof (PBE) version of the gradient generalized approximation
for the exchange-correlation functional.43 A plane-wave cutoff is set to
500 eV. To illustrate the edge site of NbS2, the six-layer thickness of
infinite stripe structure is used. The Brillouin zone is sampled by 12 ×
12 × 1 Monkhorst−Pack mesh for the unit cell and 3 × 1 × 1
Monkhorst−Pack mesh for the striped structures. All the atomic
coordinates were relaxed within 0.03 eV Å−1. The simulation cell for
NO2 adsorption is obtained by multiplying the periodicity by 6-fold to
calculate the adsorption free energies (Gad).

■ RESULTS AND DISCUSSION
2D NbS2 nanosheets are synthesized by a facile fabrication
process (Figure 1). A two-furnace chemical vapor deposition
(CVD) system was employed. The temperature of the sulfur
powder was elevated to 300 °C in the first heating zone, and
NbS2 precursor was spin-coated onto SiO2/Si substrates. The
substrates with NbS2 precursor were heated at 700 °C with
flowing N2 (500 sccm) and H2 (100 sccm) gas in the second
heating zone.31,42,43 The synthesized 2D NbS2 nanosheets
were obtained as attached on the substrate and transferred
onto Pt interdigitated electrodes (IDEs) of 5 μm interspacing.
For the transfer process, the as-synthesized sample was coated
with PMMA. The PMMA/NbS2 nanosheets were separated
from the SiO2/Si substrates by immersion in a bath of HF and
buffered oxide etchant, and the separated films were trans-
ferred onto the Pt-IDEs. Finally, the PMMA supporting
polymer layer on the NbS2 nanosheets was removed by a
simple acetone treatment. After that, the final device was
measured in a tube furnace for gas sensing properties at room
temperature.
To investigate the atomic vibration mode of synthesized

NbS2 nanosheet, the Raman spectroscopy was performed as

shown in Figure 2a. There are four different Raman active
modes which are A modes (A1 and A2, out-of-plane atomic
vibration) and E modes (E1 and E2, in-plane atomic
vibration).33 In Figure 2a, there are two distinguishable
peaks at near 330 and 386 cm−1 for synthesized NbS2
nanosheets. It is consistent with previous reports about the
bulk and nanostructured 3R-type rhombohedral structure of
NbS2 crystals.

46

When the growth temperature increased to 900 °C, the
NbCl5 precursor was fully decomposed and transformed to the
NbO2 phase which is evaluated by the following evidence. In
the Raman spectra (SI Figure S1), the two peaks
corresponding to NbO2 were observed after increasing growth
temperature. Therefore, the thermolysis temperature is an
important factor to get NbS2 nanosheets instead of NbO2 film
The X-ray photoemission spectroscopy (XPS) is conducted

to verify the atomic composition of synthesized 2D NbS2
nanosheets as shown in Figure 2b and c. The XPS survey scans
of 2D NbS2 nanosheets are displayed in Figure S2. The peaks
of Nb 3d3/2 and Nb 3d5/2 were located at 206.2 and 203.5 eV
and the peaks of S 2p3/2 and S 2p1/2 are observed at 162.6 and
163.5 eV, respectively.44,45 The atomic ratio of Nb to S is
∼2.08 which is in good agreement with the previous
reports.33,46

Furthermore, there are no chlorine peaks on synthesized
NbS2 nanosheets, which means the NbCl5 solution precursor
was fully decomposed during the high-temperature CVD
process. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) were carried out to confirm the
surface morphology and atomic ratio of transferred NbS2
nanosheets on Pt-IDE substrate (SI Figure S2). The NbS2
nanosheets were transferred onto the active area of the gas
sensing device after the conventional wet transfer method, as
displayed in Figure 2d. The transferred NbS2 film on the SiO2
substrate was characterized by optical and atomic force
microscopy (AFM) (SI Figure S3). The film was continuous

Figure 3. (a) Sensing curves of the NbS2 gas sensor upon exposure to three consecutive pulses of 5 ppm of NO2. (b) Sensing responses to 5 ppm of
NO2, 50 ppm of NH3, C2H5OH, CH3COCH3, and C6H6, and 3% of CO2. (c) Sensing curves of the NbS2 gas sensor to the different concentration
of NO2. (d) Langmuir isotherm fit of the responses as a function of NO2 concentration at room temperature.
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and the thickness of NbS2 nanosheets was measured to be 5
nm. In addition, the EDS spectra clearly show that the atomic
ratio of Nb to S is around 2.06, which consistent with the XPS
results in Figure 2b and c. In order to verify the atomic
structure of the synthesized NbS2 nanosheet, transmission
electron microscopy (TEM) was conducted, as shown in
Figure 2e and f. The single set of diffraction spots can be
indexed by a hexagonal lattice along the c-axis, and the lattice
constant can be estimated by the d-spacing measured from the
diffraction patterns as displayed in the inset figure of the fast
Fourier transform (FFT) pattern. The lattice plane distance of
0.293 nm is well-matched with the (010) and (100) lattice
distance. According to atomic structure of 3R-type NbS2, each
Nb atom is sixfold coordinated, hexagonally packed between
two, threefold coordinated S atoms, and the S−Nb−S layers
are weakly bound to other layers by weak van der Waals force.
Our TEM results show good agreement with Raman spectra
results and previous results as well.33,46

Figure 3a exhibits dynamic sensing transients of the NbS2
gas sensor upon exposure to three consecutive pulses of NO2
gas at room temperature. Response and recovery times were
3000 and 9000 s, respectively. The real-time resistance curves
are presented in Figure S4a. Although the recovery time was
very long, it presents the reversible sensing properties of 2D
NbS2 nanosheets, and the reaction times can be improved by
further studies such as modification of surface chemistry of 2D
materials.7,8,19,20,26,47−49 The sensing curve is gradually
saturated. Since the time scale in Figure 3 is too large to
identify the saturation, a sensing curve is separately added in
Figure S4b. To check the long-term stability and the influence
of humidity, the sensor was measured after 15 and 90 days
from the first measurement and in a range of relative humidity
(SI Figure S5). Responses of the sensor were measured to be
14.7 and 11.7 after 15 and 90 days, respectively. In relative
humidity from 10% to 50%, the sensor exhibits reversible
sensing behavior. The gas selectivity of the sensor was
displayed in Figure 3b. The sensing responses upon exposure
to NO2, NH3, C2H5OH, CH3COCH3, C6H6, and CO2 were
measured to be 18.8%, 2.79%, 0.35%, 0.32%, 0.44%, and
0.18%, respectively. Each sensing curve for different gases can
be found in Figure S6. The NbS2 sensor exhibited much higher
selectivity upon exposure to NO2 in comparison with the
responses to other gases. In order to investigate the sensing
properties of the NbS2 nanosheet to NO2 gas, the NbS2 sensor
was exposed to different NO2 concentrations ranging from 0.5
to 10 ppm, as displayed in Figure 3c. The responses of the
NbS2 sensor to 0.5, 1, 4, 7.5, and 10 ppm of NO2 are 1.53,
4.66, 16.3, 24.7, and 28.32, respectively, as shown in Figure 3d.
The correlation between gas response and gas concentration
was in good agreement with the Langmuir adsorption isotherm

model.50,51 Linear regression fit was also employed to confirm
the linear relationship between the responses and the NO2
concentrations and calculate theoretical detection limit (SI
Figure S7). The gas responses as a function of NO2
concentration showed high linearity with linear regression, r2,
0.956. The theoretical detection limit was calculated to be
241.02 ppb.52,53

The sensing properties including recovery rate, responsi-
bility, and some other factors related to gas sensing are
summarized in Table 1 to directly compare the sensing
properties of 2D NbS2 with other 2D materials such as MoS2,
WS2, etc.54−57 Among the diverse 2D materials, sensing
performances of pristine WS2, MoS2, graphene, and their
hybrid composites which have been regarded as the most
promising 2D materials for gas sensing in recent studies are
presented. In Table 1, the response of 2D NbS2 to NO2 is
much higher than that of the other sensors compared at the
same gas concentration. The response of 2D NbS2 is measured
to be ∼18% upon exposure to 5 ppm of NO2. For 2D WS2,
however, the response is only ∼9% when the device is exposed
to a high concentration of NO2, 100 ppm. Similar to the WS2,
MoS2- and graphene-based sensors also exhibit lower sensing
responses than that of the 2D NbS2 sensors. Even though
researchers synthesized structured TMDs and hybrid compo-
sites with TMDs to increase gas sensing responses, NO2
responses were much lower than that of pristine 2D NbS2 at
the same gas concentration.43,49,50 In view of the recovery at
room temperature, 2D NbS2 sensor presents a reversible
sensing behavior while the other 2D materials do not recover
to initial states at room temperature. One of the major
problems in gas sensing applications is gas selectivity. The
other 2D materials have shown high response to more than
two gas species including NO2, NH3, and volatile organic
compounds (VOCs). On the contrary, the 2D NbS2 gas
sensors exhibit much higher selectivity to NO2 gas. In addition
to this, the theoretical detection limit of NbS2 is very low, as
low as 241.02 ppb. In view of the responses, 2D materials
exhibit lower responses than those of gas sensors based on
metal oxide semiconductors. However, metal oxides are brittle
and nontransparent so that 2D materials are considered a
leading candidate for next-generation electronics such as
flexible, transparent, and wearable devices.58

To explain the experimental results, we calculated the
adsorption free energy (Gad) using first-principles calculations
based on the density functional theory. First, we calculated the
adsorption free energy (Gad) of the NO2 molecule on a clean
surface at temperature T and partial pressure P as follows:

μ= + − −G T P G G T P( , ) (NbS NO ) (NbS ) ( , )ad 2 2 2 NO2

(1)

Table 1. Comparison of NO2 Sensing Performances Demonstrated in This Work with Previous Reports in the Literature

Sensing materials Sensing Temp. (°C) NO2 conc. (ppm) Ambient Response (%) Recovery (%) Detection limit ref.

NbS2 27 5 Air ∼18% ∼90% 241.02 ppb This Work
WS2 27 100 Air ∼9% ∼10% - 24
Structured 27 100 N2 ∼10% ∼20% - 54
MoS2MoS2 27 100 N2 ∼50% ∼0% - 23
MoS2/SnO2 27 5 Air ∼5% ∼90% 500 ppb 49
hybrid MoS2 27 1.2 N2 ∼7% ∼10% - 27
MoS2/graphene hybrid 200 3 N2 ∼15% ∼95% 100 ppb 55
Graphene 27 1 N2 ∼4% ∼0% - 56
rGO 27 5 N2

−∼12% ∼15% - 57
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where G(NbS2 + NO2) and G(NbS2) indicate the free energies
of the NbS2 surface with and without an NO2 molecule
adsorbed on clean NbS2, respectively, and μNO2(T, P) is the
gas-phase chemical potential of the NO2 molecule. The
experimental conditions are considered in μNO2(T, P) as
follows:

μ μ= + i
k
jjj

y
{
zzzT P T P k T

P
P

( , ) ( , ) lnbNO NO
0

02 2 (2)

where P0 is 1 atm. In addition,

μ μ μ= Δ − Δ +T P H T S T P P( , ) ( , ) (0K, )NO
0

NO
0

NO
0

2 2 2

(3)

where ΔH and ΔS correspond to the enthalpy and entropy
changes per molecule between T and 0 K at the standard
pressure, respectively, which are obtained from thermodynam-
ical tables.59 In eq 3, μN02(0 K, P0) is equal to the total energy
of the NO2 molecule.
We calculated the Gad of the NO2 molecule on a clean

surface and edge site of NbS2. For the clean surface, Gad is 0.25
eV, meaning that the NO2 molecule would barely bind to the
clean surface (SI Figure S8). For edge sites, we considered
stable edge configurations of Nb- and S-edges depending on
synthetic conditions (Nb-rich and S-rich conditions, respec-
tively). Gad (300 K, 10 ppm of NO2) for each edge is shown in
Figure 4. Gad

Isolated and Gad
saturated denote the binding energies

of NO2 when the coverage of NO2 molecules at the edge site is
0% (isolated) and 100% (saturated), respectively. Gad

isolated is
calculated by eq 1 and Gad

saturated is defined as follows:

μ

= +

− + −

−

G T P G x

G x

T P

( , ) (NbS NO )

(NbS ( 1)NO )

( , )

ad 2 max 2

2 max 2

NO2 (4)

where xmax is the maximum number of molecules at the edge
site (xmax = 4 in this size of super cell). Among four edges in

Figure 4, only Gad
isolated of the S-edge at Nb-rich condition is

negative enough (−1.14 eV) to adsorb NO2 at 300 K. In
addition, Gad

isolated of the S-edge at Nb-rich condition is −0.40
eV, which indicates that the S-edge is expected to adsorb NO2
as much as possible. This is in agreement with the high
sensitivity to NO2 and steady increase in NO2 response as
shown in Figure 3.
In order to understand the charge transfer between NO2 and

NbS2, we investigate the variation in the electron charge
density of the S-edge of NbS2 in Nb-rich condition upon
adsorption of NO2 (Figure 5). The blue and red charge

distribution in Figure 5 indicate positive and negative change
of electron densities, respectively, after adsorption of NO2. The
adsorption of NO2 increases the charge density on the oxygen
atoms on NO2, while it decreases the charge density on the
nitrogen atom. The Bader charge analysis shows that the
charge density on the oxygen molecules increased by 0.27 e,
whereas the charge density on the niobium molecules

Figure 4. Stable edges of 2D NbS2 synthesized under (a) S-rich and (b) Nb-rich conditions. The bottom schematic shows the configurations of
stable S- and Nb-edges. Stable adsorption sites of NO2 on (c) S- (left) and Nb-edges (right) of S-rich stable edges and (d) S- (left) and Nb-edges
(right) of Nb-rich stable edges. The adsorption energies are displayed on the upper side of each schematic.

Figure 5. Bader charge analysis of adsorption of NO2 on S-edge
synthesized in Nb-rich condition.
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decreased by −0.13 e. This confirms that the NO2 molecule
adsorbs on Nb molecules on the edge sites.
To analyze the sensing performance of NbS2 in Figure 3,

densities of states (DOS) of the S-edge site were compared
before and after the NO2 adsorption (Figure 6a and b,

respectively). After the adsorption, the projected DOS
(PDOS) of NO2 is delocalized over a large energy range
(see the red line in Figure 6b). This signifies that the NO2
molecular orbital and edge states are hybridized and
subsequently have a strong bonding, which is consistent with
low adsorption energy of NO2 at the S-edge (Figure 4d). The
change of atomic coordinates (Figure 4) and spatial charge
distribution (Figure 5) of Nb and S atoms at the S-edge after
adsorption of NO2 also modulates the PDOS of NbS2 (see the
green line in Figure 6b). The PDOS of the edge site near the
Fermi level is increased when NO2 is adsorbed (SI Figure S9).
This indicates that the carrier density of the edge site is
increased when the NO2 molecule is adsorbed, which accounts
for the origin of the response of NO2 sensor in Figure 3.
While the present study focuses on the interaction between

NO2 and NbS2, the oxygen in the atmosphere can also affect
the sensing activity. Gad

isolated and Gad
saturated of the oxygen

molecule at the S-edge in Nb-rich conditions are −1.57 eV and
−0.41 eV, respectively (SI Figure S10a and b). These values
are negative and comparable to NO2, which indicates that both
NO2 and O2 bind to the edge site competitively. To verify the
effect of NO2 and O2 on the sensing mechanism, we compare
the density of states of the S-edge between various coverages of
adsorbed O2 and NO2 (SI Figure S10c and d). Figure S10e
shows that the density of states around the Fermi level
increases with increasing proportion of NO2, which shows
similar trends without the oxygen molecule in Figure S9.
Figure 7 shows the comparison of sensing properties in

different temperatures ranging from room temperature to 100
°C. Despite the remarkable sensing properties at room
temperature, we demonstrate that the sensing ability of NbS2
can be tuned by temperature changes. According to the
purposes and requirements of practical sensing applications,
the tunable sensing abilities are important. The response and
recovery t90 became much faster under 100 °C. This
demonstrate that the NbS2 nanosheets have a great potential

in various applications with different purposes because the
conventional metal oxide-based chemoresistive sensors only
operate at certain temperatures, >150 °C, resulting in high
power consumption and thermal safety issues. Furthermore,
the 2D NbS2 sensor exhibits the extremely high sensitivity at
100 °C showing response to under 200 ppb of NO2.

■ CONCLUSIONS
We have demonstrated synthesis of 2D NbS2 nanosheets
through thermolysis of the NbCl5 solution precursor using
chemical vapor deposition. Various material characterizations
were conducted to verify the physical and chemical properties
of synthesized NbS2 nanosheets. The NbS2 sensors exhibited
reversible and selective NO2 sensing performance at room
temperature. Moreover, the sensing mechanisms are revealed
by DFT calculations. The calculation revealed that the sensing
properties of 2D NbS2 can be modified by different edge
configurations depending on synthetic conditions. The results
demonstrated that 2D NbS2 prepared by a facile synthesis
process have great potential for future chemoresistive sensing
applications.
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