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MoSe2-based room temperature gas sensor
with a sub-parts-per-billion limit for ammonia
and N,N-dimethylformamide†

Virendra Singh Choudhary,a Ramandeep Singh,a Ashok Kumar, a C. S. Yadav,b

Sandeep Sharma, d Joel Garcia *c and Surender Kumar Sharma *a

A limit of detection of toxic gases at the level of ppb is critical for industrial safety. Here, we designed a

room temperature MoSe2-based sensor for dual detection of ammonia (NH3) and N,N-

dimethylformamide (DMF). The MoSe2/TiO2 composite exhibits a rapid and highly selective response to

both NH3 and DMF compared to other industrial analytes. The MoSe2/TiO2 heterostructures exhibit a

band gap of 0.31 eV, highlighting their electronic structure, adsorption energy, and fundamental gas

sensing mechanism. NH3 and DMF demonstrated robust spontaneous adsorption on the below-

MoSe2 surface, exhibiting the lowest adsorption energy (�0.12 eV) and (�0.09 eV) of NH3 and DMF,

respectively. Bader charge analysis revealed charge transfer from the gas molecule to the

heterostructure surface, enhancing its conductivity and gas detection sensitivity. The adsorption of NH3

on the MoSe2 site is exothermic whereas on the TiO2 side it is endothermic, indicating the potential of

MoSe2/TiO2 composites for efficient room-temperature gas sensing. The sensor achieved an 85% higher

response to NH3 and an 80% higher response to DMF, with density functional theory (DFT) simulations

confirming a high negative adsorption energy. Detection limits were calculated at 4.91 ppb for NH3 and

7.82 ppb for DMF under 40% relative humidity, with robust sensitivity across varying humidity levels.

Response times were reasonably stable, with NH3 detection at 150 s and recovery in 37–110 s, while

DMF was detected in 150–160 s and recovered in 45–74 s. This study highlights the potential of the

MoSe2/TiO2 composite in real-time, room-temperature monitoring of both NH3 and DMF, making it a

valuable tool for industrial safety and environmental monitoring without the need for external recovery

mechanisms.

1. Introduction

In recent years, gas sensors have become widely used in
various fields, including industrial production,1 the auto-
motive industry,2 medical applications,3 indoor air quality
supervision,4 and environmental monitoring.5 These applica-
tions demand sensors that are sensitive and selective for
specific gas analytes, as well as compact and easy to manufac-
ture. Additionally, these sensors should operate at room
temperature,6 be energy-efficient, and be cost-effective

compared to existing technologies.7 The emission of volatile
organic compounds (VOCs) and hazardous gases has contrib-
uted to air quality degradation and poses significant risks to
human health due to increasing gas pollution.8 According to
the World Health Organization, air pollution is a major con-
tributor to illness and premature death, particularly in devel-
oping countries.9

Ammonia (NH3) and N,N-dimethylformamide (DMF) are two
common industrial chemicals that pose significant health
risks.10 NH3 is a colorless gas with a pungent odor, produced
by agricultural activities and industrial processes.11 It is used in
various applications like refrigeration systems, water purifica-
tion, and household cleaning products. However, exposure to
NH3 can cause eye irritation, burns to the nose and throat, and,
in severe cases, respiratory failure.12,13 Due to its high volatility,
detecting low concentrations of NH3 is crucial for safety appli-
cations. DMF is widely used as a solvent in industries such as
textiles and leather,14 but exposure to DMF vapors can cause
hepatotoxicity and cancer, and poses particular risks to
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pregnant women.15 Thus, detecting DMF at low levels is equally
important.

The development of faster, lower detection limit sensors has
become a priority, with numerous methods being investi-
gated,16 including chemiresistive sensors,17 which are favored
for their simplicity, cost-effectiveness, and ease of integration.18

Metal oxide semiconductors (MOSs) are commonly used in
chemiresistive sensors due to their stability and high sensitivity
to gases.19 However, MOS-based sensors generally require high
operating temperatures to achieve optimal gas responses,20

leading to high energy consumption and complicated sensor
designs.21 Conducting polymers, which can operate at room
temperature, have emerged as an alternative, but they suffer
from stability issues and sensitivity degradation over time.22

Recent advancements in 2D materials, particularly
transition metal dichalcogenides (TMDCs), such as MoS2,
MoSe2, and WS2, have brought new possibilities to gas sensing
technologies.23–25 TMDCs offer a large surface area, tunable
electronic properties, and layer-dependent gas-sensing charac-
teristics, making them ideal candidates for room temperature
applications.26 MoSe2, in particular, has shown promise in
detecting gases like NH3, H2S, and NO2. However, challenges
remain in achieving high selectivity and stability under humid
conditions, a crucial factor for real-world applications in indus-
tries and environmental monitoring.27,28

In this study, we address these challenges by utilizing
MoSe2/TiO2 composites for the dual detection of NH3 and
DMF at room temperature. By forming a heterostructure, we
aim to enhance the sensitivity and selectivity of the sensor
through their synergistic interaction. Unlike previous studies,
which focused on high-temperature operation of TiO2-based
sensors, our work demonstrates effective room temperature
operation, low detection limits, and stability under varying
humidity conditions. As highlighted in Table S1 (ESI†), most
existing sensors show diminished performance in humid
environments,29–33 whereas our sensor exhibits consistent per-
formance, making it a viable candidate for real-world applica-
tions. This work presents a significant advancement in sub-
parts-per-billion (ppb) gas detection for both NH3 and DMF,
addressing a critical need for low-cost, energy-efficient sensors
that operate effectively under ambient conditions.

2. Experimental section
2.1 Materials

Pure selenium powder (Se), sodium molybdate dihydrate
(Na2MoO4�2H2O), hydrazine hydrate, titanium(IV) isopropoxide
Ti[OCH(CH3)2]4, and sodium boro hydrate (NaBH4) were pur-
chased from Sigma-Aldrich, India, and used without any
further purification.

2.2 Synthesis of the MoSe2/TiO2 nanocomposite

The MoSe2/TiO2 composite was synthesized by the hydrother-
mal method. The first step involved the synthesis of TiO2.
Initially, 20 mL of titanium(IV) isopropoxide was added

dropwise in DI-water and stirred continuously for 30 minutes
to obtain a clear solution. The resultant solution was filtered
with DI water and ethanol several times and dried at 65 1C.
After collecting the white precipitates, the material was cal-
cined at 500 1C for 2 hours in a tubular furnace and this way
TiO2 powder was obtained.34 This procedure reliably produces
B1 g of TiO2 powder per batch, and similar reproducibility was
observed across multiple batches.

In the second step, the MoSe2/TiO2 composite was synthe-
sized using a hydrothermal method. First, 200 mg of TiO2

powder (obtained in the previous step) was bath-sonicated in
50 mL of distilled water to obtain a suspension of TiO2. To this
suspension, after adding 0.4 gm of selenium powder and
0.6 gm of sodium molybdate dihydrate, the resulting mixture
was bath sonicated for 10 minutes. 0.2 g of NaBH4 and 10 mL of
hydrazine hydrate were added to the above mixture. The
obtained mixture was bath-sonicated for an hour, and the
resulting red-colored mixture was transferred into a 100 mL
Teflon-lined stainless-steel autoclave. The autoclave was main-
tained at 200 1C in a furnace for 48 hours and then allowed to
cool to room temperature naturally. After cooling, the black
precipitates were collected by filtration using filter paper,
followed by multiple washes with deionized water and ethanol.
The final product was dried in a vacuum oven at 60 1C for
24 hours. This sample was designated as MT21 (B1.2 g).
Subsequently, using an identical procedure but changing the
weight ratio, two more samples were synthesized namely MT11
and MT12. More details can be found in Table S2 of the ESI.† It
is to be noted that the same name was assigned to two terminal
devices that were obtained from the respective composites.

2.3 Characterization of sensing materials

The structural and morphological characteristics of the pure
and composite materials were examined using field emission
scanning electron microscopy (FESEM) with a Merlin Compact
model, which is equipped with energy-dispersive X-ray spectro-
scopy (EDX). The crystallinity of the materials was confirmed
through X-ray diffraction (XRD) using a PANalytical Empyrean
system and Cu-Ka radiation (wavelength: 1.54 Å). Raman
spectroscopy was conducted with a RIMS-U-DC spectrometer
that utilizes a 532 nm laser source. Additionally, X-ray photo-
electron spectroscopy (XPS) analysis was performed using an
ESCALAB instrument coupled with Omicron nanotechnology to
determine the elemental composition and oxidation states of
the materials.

2.4 Sensor fabrication and sensing measurements

To fabricate the sensing device, 10 mg of the dried MoSe2/TiO2

composite powder was combined with two to three drops of
distilled water to create a uniform paste. This paste was then
applied to an alumina substrate featuring gold electrodes
spaced approximately 2 mm apart, using a paintbrush. Follow-
ing the application of the sensing layer, the sensor was dried in
a vacuum oven at 65 1C for 2 hours. A digital photograph of the
two-terminal sensor device, measuring 1 cm � 1 cm, is pro-
vided in Fig. S1 (ESI†). Sensing measurements were conducted
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using a homemade setup, details of which have been previously
described in other studies.33,35 The sensing measurements
were performed at different natural relative humidity (RH)
levels (40–80%), which were recorded using a digital hygro-
meter. Hence, the sensing measurements mimic the real-world
situation. All VOC gases with variable concentration can be
obtained by evaporation of pure ethanol, methanol, acetone,
propanol, formaldehyde (40 wt%), N-methyl pyrrolidone (NMP),
dimethylformamide (DMF) and ammonia (25 wt%) on a small
hot plate placed at the corner of the test chamber. The known
volume of the respective VOC was injected into the test cham-
ber using a Hamilton microliter syringe. The required concen-
trations were calculated using eqn (1).33,35

C ¼ 22:4roTVs
273MV

� 1000 (1)

In this equation, C represents the concentration of various
gases in parts per million (ppm), r denotes the density of the
concentrated liquid (g mL�1), o indicates the purity of the
liquid, T signifies the temperature (K), Vs refers to the volume
of the evaporated liquid (mL), M is the molecular weight of the
liquid (g mol�1), and V represents the volume of the test
chamber (L).

2.5 Computational methodology

We investigated the gas sensing properties of MoSe2/TiO2

heterostructures, employing first principles calculations based
on density functional theory (DFT). We utilized the Vienna Ab
Initio Simulation Package (VASP) with the Perdew Burke–Ern-
zerhof (PBE) exchange–correlation functional and the general-
ized gradient approximation (GGA).36–39 A substantial vacuum
distance of 20 Å in the z-direction prevented interaction
between two periodic images. Monkhorst–Pack k points of
8 � 8 � 1 points were used to analyze the geometric optimiza-
tion of the MoSe2/TiO2 heterostructure.40 We employed the
conjugate gradient method during the geometrical relaxation,
with a plane-wave basis set and cutoff energy of 450 eV. The
criteria for energy convergence were set at 10�4 eV.

3. Results and discussion
3.1 Structural characterizations

The XRD patterns of the MoSe2/TiO2 (1 : 1), MoSe2/TiO2 (1 : 2),
and MoSe2/TiO2 (2 : 1) composites were obtained in the range of
101–801. The XRD patterns of TiO2 calcined at 500 1C and
MoSe2 are also given for comparison, as shown in Fig. S2
(ESI†). The diffraction peaks of TiO2 observed at 25.541,
37.171, 38.041, 38.981, 48.251, 54.141, 55.261, 62.891, 69.121,
70.041, and 75.301, correspond to the (101), (103), (004), (112),
(200), (105), (211), (204), (116), (220), and (215) crystal planes of
the anatase phase of TiO2 (JCPDS 73-1764), respectively.41

Similarly, the diffraction peaks at 13.21, 28.61, 31.21, 41.51,
56.51, and 65.31 correspond to the (002), (004), (100), (006),
(008), and (108) planes, respectively, which are indexed to
the hexagonal crystal structure of MoSe2 (JCPDS 29-0914).42,43

A few more peaks at 23.41, 29.61, 45.31, 51.51, and 61.61

corresponding to the (110), (130), (320), (410), and (160) planes
confirm the presence of orthorhombic MoO3 (JCPDS 35-0609).
In the MoSe2/TiO2 composites, the diffraction peaks corres-
ponding to TiO2 and MoSe2 are present with a minor phase of
MoO3, hence confirming the formation of a MoSe2/TiO2 com-
posite with high purity. Fig. 1(a) shows the Raman spectrum of
MoSe2 with five dominant peaks clearly observed at 149, 241,
280.8, 336, and 378 cm�1. Here, the peaks observed at 241 and
280.8 cm�1 correspond to the A1g and E1

2g modes of 2H-MoSe2

and the peak corresponding to 378 cm�1 predicts the interlayer
modes of vibration of the Mo and Se atoms.44,45 Moreover, the
additional resonance peaks in the as-prepared sample at
149 cm�1 have been identified as the J2 phonon modes of
1T-MoSe2. The peaks at 149 cm�1 and 196 cm�1 correspond to
Se–Se bonding.42 The peaks at 336 and 212 cm�1 have been
attributed to the O–Mo–O bending in MoO3.35 The Raman
spectrum of TiO2 calcined at 500 1C is shown as an inset in
Fig. 1(b). It matches with the anatase phase of TiO2, which has
six Raman active modes: Eg(1) (144 cm�1), Eg(2) (197 cm�1),
B1g(1) (399 cm�1), A1g/B1g(2) (overlapped at 519 cm�1), and Eg(3)
(639 cm�1).46 The presence of the Eg(2) peak, which is usually
very hard to detect, evidences the high degree of crystallinity of
the samples. In the Raman spectrum of the MoSe2/TiO2 com-
posite (MT21), the dominant peaks of MoSe2 are observed at
241, 282, 336, and 378 cm�1 and the peaks of TiO2 are observed
at 146, 197, and 399 cm�1, respectively. Certain peaks of TiO2

have low intensity due to the larger content of MoSe2 phase.
Moreover, all MoSe2 and TiO2 peaks are observed in the
expected region.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the chemical states and electronic structure of
MoSe2, TiO2, and the MoSe2/TiO2 composite (Fig. 2 and Fig.
S4, S5, ESI†). Fig. S4 (ESI†) features the complete survey spectra,
confirming the presence of molybdenum (Mo), selenium (Se),
titanium (Ti), and oxygen (O) in the MoSe2/TiO2 composite. The
high-resolution spectra for Mo 3d, Se 3d, Ti 2p, and O 1s are
illustrated in Fig. 2(a)–(d). The Mo signal shown in Fig. 2(a) can

Fig. 1 Raman spectra of (a) MoSe2 and the MoSe2/TiO2 (2 : 1) composite
and (b) TiO2.
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be fitted into three sets of doublet peaks. The lower binding
energy doublet peaks (231.4 eV for Mo 3d3/2 and 228.3 eV for
Mo 3d5/2) correspond to the 1T-MoSe2 phase.47–49 The doublet
peaks at medium binding energies (232.1 eV for Mo 3d3/2 and
229 eV for Mo 3d5/2) are associated with the 2H-MoSe2

phase,47–49 while the peaks at higher energies (235.7 eV for
Mo 3d3/2 and 232.6 eV for Mo 3d5/2) are attributed to Mo in the
+6-oxidation state.50 This analysis indicates the presence of the
1T phase in the synthesized MoSe2 sample. The Se 3d spec-
trum, shown in Fig. 2(b), exhibits a significantly broadened
peak profile, which can be fitted into two sets of doublet peaks.
The lower energy doublet (54.7 eV for Se 3d3/2 and 53.7 eV for Se
3d5/2) corresponds to the 1T phase, while the higher energy
doublet (55.3 eV for Se 3d3/2 and 54.3 eV for Se 3d5/2) represents
the 2H phase.51 Fig. 2(c) displays the Ti 2p spectra, where two
peaks at 458.8 eV and 464.5 eV are assigned to Ti 2p3/2 and Ti
2p1/2, respectively, confirming the presence of Ti4+ and indicat-
ing the dominant valence state of +4 for titanium in TiO2. In the
O 1s spectra shown in Fig. 2(d), peaks at 530.7 eV and 532 eV
correspond to the oxygen-deficient structure of TiO2 and the
O2� oxidation state in TiO2, respectively.51,52 Overall, the XPS
analysis clearly indicates that the various samples contain
traces of both 1T and 2H phases of MoSe2. The individual
MoSe2 and TiO2 XPS data are provided in Fig. S5 (ESI†).

3.2 Electrical and gas-sensing characteristics of the MoSe2/
TiO2 composite

The electrical properties of the MoSe2/TiO2 composites and
MoSe2 are studied using current–voltage (I–V) measurements at
room temperature and shown in Fig. S6(a) (ESI†). Both devices

exhibited linear curves in a fixed voltage range, suggesting their
ohmic nature. This advocates that MoSe2 and the MoSe2/TiO2

composite exhibit semiconducting properties.13 Fig. S6(b)
(ESI†) displays the I–V curves when a MoSe2 based two-
terminal device was exposed to three different concentrations
of DMF (3, 10, 20 ppm) at 30 1C. With increased DMF concen-
tration, the current level increases, indicating a decrease in
device resistance in the presence of DMF. Almost similar
behavior with increased current levels was displayed by the
MoSe2/TiO2-based devices, thus indicating that the latter has
improved sensitivity towards DMF. Due to their sensitivity
towards DMF, the devices were also tested with different levels
of ammonia (see Fig. S6, ESI† panels (d) and (e)). The MoSe2-
based devices have shown better sensitivity towards NH3

than DMF. In panel (f), a joint comparison between two
different analytes is displayed for MoSe2/TiO2. As clear from
the data, the device exhibited superior detection of NH3 than
that of DMF at 30 1C. Therefore, it is clear that the devices
exhibit ohmic behavior and selective behavior towards NH3 and
DMF. More detailed sensing measurements were performed
with different levels of NH3, as shown in Fig. 3. As we see, when
a device (MoSe2/TiO2) is exposed to NH3, its resistance
decreases. And then after removal of NH3 from the test cham-
ber, the resistance again recovered to its initial value, which
indicates that the MoSe2/TiO2 composite exhibits a n-type
character. As evident from Fig. S6(f) (ESI†), in a separate I–V
measurement at 30 1C, when a MoSe2/TiO2 (2 : 1) device was
exposed to DMF and NH3, an increase in current level was
observed at a fixed voltage, thereby indicating that the compo-
sites exhibit n-type conductivity.45 These changes in resistance

Fig. 2 XPS spectra of MoSe2/TiO2 (2 : 1) composites, including (a) Mo 3d spectrum, (b) Se 3d spectrum, (c) Ti 2p spectrum, and (d) O 1s spectrum.
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in response to different analytes serve as a basis for their
detection.

Prior to conducting detailed sensing experiments, a repre-
sentative measurement was performed at 30 1C and 40%
relative humidity (RH) with 1 ppm of NH3, as shown in Fig. 3
panel (a). The resistance of the device in air (Ra) decreased from
15.16 kO to 15.01 kO when exposed to NH3 (Rg). This change in
resistance allows for the calculation of various sensor para-
meters. Specifically, the absolute change in resistance in the
presence of gas molecules is defined as DR = Rg � Ra. The
relative response, expressed as a percentage, is calculated using
the formula [DR/Ra] � 100. The sensor response time (tresponse)
is defined as the duration required for the sensor to reach 90%
of its maximum response upon exposure to the target gas, while
the recovery time (trecovery) is the time taken to return to a
response value that is 10% above the maximum sensor
response. A comparative analysis of the sensing performance
between five different devices—MoSe2, TiO2, MoSe2/TiO2 (1 : 1),
MoSe2/TiO2 (1 : 2), and MoSe2/TiO2 (2 : 1) composites, is illu-
strated in Fig. 3(a) and (c) and Fig. S7 (ESI†). Fig. S7a (ESI†)
shows that the MoSe2 sensor exhibits a 0.9% response at 20
ppm gas concentration under 40% humidity at room tempera-
ture. Fig. S7b (ESI†) represents the TiO2 sensor, where the lower
intrinsic conductivity of TiO2 at room temperature might have
contributed to the unstable response. However, the MoSe2/TiO2

(1 : 1) and MoSe2/TiO2 (1 : 2) composites exhibited unstable
signals when exposed to NH3 gas, as shown in Fig. S7c and d
(ESI†). This instability can be attributed to the improper
balance between the components in the composite. The higher
proportion of TiO2 in these ratios may have hindered the active
sites required for NH3 adsorption and disrupted the charge
transfer mechanism between MoSe2 and TiO2, leading to signal
fluctuations. Additionally, the lower intrinsic conductivity of
TiO2 at room temperature, particularly in higher TiO2 ratios,
might have further contributed to the unstable response. In
Fig. 3, these measurements were conducted for 1 ppm of NH3 at
both room temperature and at 40% and 80% RH. The advan-
tages of employing composite materials over pure MoSe2 or
TiO2 are evident, attributed to factors such as increased specific
surface area, the presence of defects, oxygen vacancies, and the
synergistic effects that arise from composite formation.35,53,54

Fig. 3(a) and (c) present the response transients at 40% and
80% RH, respectively. The baseline resistance of the sensor
varies between the two RH conditions (40% and 80% RH) due
to the presence of water molecules in the atmosphere. At higher
humidity levels, more water molecules are adsorbed on the
surface of the sensor, which can contribute to an increase in the
baseline resistance due to the formation of a resistive water
layer. This phenomenon is common in semiconducting metal
oxides and TMDC-based sensors, where the adsorption of water

Fig. 3 (a) and (c) Response transient curves for the MoSe2/TiO2 (2 : 1) sensor exposed to various concentrations of NH3 ranging from 1 to 100 ppm at
30 1C and relative humidity (RH) levels of 40% and 80%. (b) and (d) Relative response versus NH3 concentration curves at 40% and 80% RH.
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molecules leads to changes in charge carrier density, impacting
the sensor’s conductivity. Panels Fig. 3(b) and (d) depict the
relative response against NH3 concentration. The response
showed a linear relationship from 1 to 100 ppm, with satura-
tion observed at higher concentrations for both RH levels. The
fitting curves for the sensor response versus NH3 concentration
demonstrated strong linear correlations, with coefficients of
determination (R2) of 0.95 and 0.99 for 40% and 80% RH,
respectively. From the linear fitting, the theoretical limit of
detection (LOD) can be calculated using the equation known as
sensitivity, defined as three times the standard deviation (s) of
sensor noise divided by the slope (s) of the fitted curve, as
expressed in eqn (2).

LOD ¼ 3s
s

(2)

For ammonia (NH3), the limit of detection (LOD) was
determined to be B4.91 ppb at 40% relative humidity (RH)
and B10.02 ppb at 80% RH. The sensitivity of the sensor,
represented by the slope (s), was calculated to be 0.049 per ppm
at 40% RH and 0.02 per ppm at 80% RH. Notably, the response
of the composite sensor exhibited minimal variation as humid-
ity levels increased, highlighting the importance of response
stability and consistency in practical sensor applications. Sta-
bility and repeatability, along with long-term durability, are
critical parameters for assessing gas sensor performance. The
sensor’s response to 5, 10, and 40 ppm NH3 is illustrated in Fig.
S8(c) (ESI†), where the device demonstrated consistent perfor-
mance across multiple cycles with negligible changes in
response transients. Recovery times varied, being shorter or
longer than the response times at 40% and 80% RH.

To evaluate sensor reproducibility, we prepared two addi-
tional sensors using the same methodology. The response
transient curves for these devices, which are MoSe2/TiO2 (2 : 1)
sensors, are presented in Fig. S8(a) and (b) (ESI†). These figures
represent the response to increasing NH3 concentrations from
1 ppm to 100 ppm and decreasing concentrations from 100 ppm
to 1 ppm. Both sensors were tested under 40% and 80%
humidity at room temperature, demonstrating consistent per-
formance under varying humidity conditions. Over a continu-
ous testing period of 10 weeks, the MoSe2/TiO2 (2 : 1) composite
sensor was exposed to 10 ppm NH3, as shown in Fig. S8(d)
(ESI†). Remarkably, there was no significant decrease in
response, with only slight variation, indicating excellent long-
term durability and stability. As clearly seen, the sensing curves
in Fig. S8d (ESI†) were constructed based on measurements
taken at different time intervals-such as the 1st week, 2nd week,
3rd week, and so on. These measurements were then compiled
into a single figure to provide a comprehensive overview of the
sensor’s performance over time. The variations observed in the
curves can be attributed to slight fluctuations in humidity and
temperature during each set of measurements conducted under
real-world conditions. Additionally, the gas sensing experiments
were carried out using a homemade gas sensing setup. In this
setup, gas is injected using a syringe, which may introduce
small variations in gas concentration due to manual handling.

While we strive for precision, minor human error and
variations in gas injection can occur, leading to slight differ-
ences in the sensing curves. Nevertheless, the robustness,
accuracy, and reliability of the MoSe2/TiO2 (2 : 1) sensor
were further demonstrated by consistent responses across all
tested conditions, reinforcing confidence in its ability to deliver
accurate measurements in real-world applications. As depicted
in Fig. 4 panels ‘‘a’’ and ‘‘b’’, the response time remained
consistent at 150 s across both humidity levels 40% and 80%,
while recovery times were 37 s and 110 s, respectively. The
response time under higher humidity (80% RH) is generally
higher compared to lower humidity (40% RH). This is because
the water molecules adsorbed on the surface of the sensor may
act as a barrier, slowing down the adsorption of ammonia
(NH3) molecules onto the active sites of the composite material.
Water molecules can compete with ammonia for adsorption
sites, leading to slower response times. Conversely, at lower
humidity levels (40% RH), fewer water molecules are present,
allowing NH3 molecules to interact more freely with the sen-
sor’s surface, thus reducing the response time. Selectivity and
specificity are also vital for high-performance chemiresistive gas
sensors. The MoSe2/TiO2 (2 : 1) composite sensor was tested at
30 1C and 40% RH against a variety of volatile organic compounds
(VOCs), including NH3, N,N-dimethylformamide (DMF), acetone,
ethanol, methanol, propanol, formaldehyde (FMD), and N-methyl-
2-pyrrolidone (NMP), each at a concentration of 150 ppm, excluding
NH3 and DMF. The sensor exhibited significantly higher responses
to NH3 (E2.6%) and DMF (E2.4%) at 150 ppm compared to the
other gases, underscoring its high selectivity towards NH3 and
DMF, as shown in Fig. 4(c).

Because the MoSe2/TiO2 (2 : 1) composite sensor is more
sensitive to DMF, we evaluated its performance at low concen-
trations and compared it with other sensors, as shown in Fig.
S9 (ESI†). One can see that the MoSe2 signal is visible, but TiO2

does not show any signal at room temperature. Additionally, no
signal is observed for the MoSe2/TiO2 (1 : 1) and MoSe2/TiO2

(1 : 2) composites with DMF. The reason that the TiO2, MoSe2/
TiO2 (1 : 1), and MoSe2/TiO2 (1 : 2) composites do not show any
significant signal in DMF can be attributed to several factors.
Firstly, TiO2 has low intrinsic conductivity at room tempera-
ture, which limits its ability to respond to DMF molecules,
particularly without external stimuli such as elevated tempera-
tures. In the case of MoSe2/TiO2 (1 : 1) and (1 : 2) composites,
the higher proportion of TiO2 in these composites may have
reduced the number of active sites available for DMF adsorp-
tion on the MoSe2 surface. This imbalance in the composite
structure likely disrupts the charge transfer process between
MoSe2 and TiO2, making it less effective in detecting DMF.
Furthermore, the presence of a higher amount of TiO2 in these
ratios might hinder the overall sensor response by diluting the
electroactive MoSe2 component, which is primarily responsible
for detecting DMF molecules. As a result, no significant signal
is observed for these composites at room temperature.

Interestingly, the relative response of the MoSe2/TiO2 (2 : 1)
composite sensor with varying levels of DMF ranging is strik-
ingly different (see Fig. 5 and Fig. S10, ESI†). The response
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Fig. 5 (a), (c) Response transient curves for the MoSe2/TiO2 (2 : 1) sensor when exposed to varying concentrations of DMF from 3 to 70 ppm at 30 1C and
relative humidity (RH) levels of 40% and 80%. (b) and (d) Relative response versus DMF concentration curves at 40% and 80% RH.

Fig. 4 (a) A representative response-recovery transient for the MoSe2/TiO2 (2 : 1) sensor with 1 ppm ammonia at 30 1C and 40% RH. (b) Sensing response
of the MoSe2/TiO2 (2 : 1) composite sensor for different humidities and different analytes. (c) Selectivity tests for the MoSe2/TiO2 (2 : 1) composite sensor
to various gases at room temperature. (d) Relative response vs concentration in different humidities and different analytes (NH3 and DMF).
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exhibited a linear variation from 3 to 70 ppm and tended to
saturate at higher concentrations at both RH (40% and 80%)
levels. The fitting curves of the sensor response versus the DMF
concentration (ppm) displayed a good linear correlation with
R2 = 0.99, for different humidity levels. From linear fitting, one
can calculate the theoretical LOD to be B7.82 and B7.71 ppb at
RH 40% and RH 80%, respectively. To assess the reproducibility
of the sensors, we fabricated two additional MoSe2/TiO2 (2 : 1)
sensors using the same methodology. The response transient
curves for these sensors are shown in Fig. S10(a) and (b) (ESI†).
These figures illustrate the sensor responses to increasing DMF
concentrations, ranging from 3 ppm to 70 ppm, and then
decreasing concentrations from 70 ppm to 3 ppm. Both sensors
were evaluated under 40% and 80% humidity at room tempera-
ture, demonstrating consistent and reliable performance across
varying humidity levels. Fig. S10(c) (ESI†) presents repeatability
cycles for the MoSe2/TiO2 (2 : 1) composite sensor response to
20 and 40 ppm DMF concentration. Over a continuous testing
period of 10 weeks, the MoSe2/TiO2 (2 : 1) composite sensor was
exposed to 10 ppm DMF, as shown in Fig. S10(d) (ESI†).
Remarkably, there was no significant diminution in response,
with only slight variation, indicating excellent long-term dur-
ability and stability. The robustness, accuracy, and reliability of
the MoSe2/TiO2 (2 : 1) sensor were further demonstrated by
consistent responses across all tested conditions, reinforcing
confidence in its ability to deliver accurate measurements in
real-world applications. Similar to NH3 sensing experiments, the
measurements for DMF sensing were also taken at regular
intervals such as the 1st week, 2nd week, 3rd week, and so on.
These results were compiled into a single figure to provide a
comprehensive view of the sensor’s performance over time. The
slight variations observed can be attributed to environmental
factors such as fluctuations in humidity and temperature. As
with the ammonia experiments, the gas was injected manually
using a syringe in a homemade gas sensing setup, which
may have introduced minor variations in gas concentration.
Despite these small inconsistencies, the sensor’s performance
remained consistent, further demonstrating its reliability for
real-world applications. Fig. 4(b) shows the DMF response time
(160 s, and 150 s) and recovery time (74 s, 45 s) of different
humidity conditions 40% and 80%. Fig. 4(d) shows the relative
responses of four different composite sensors under varying
humidity and analytes. We observed that the highest response
occurs with NH3 when the room temperature is at 40%
humidity, indicating that the sensor performs best under these
conditions.

3.3 Density functional theory studies

3.3.1 Structural and electronic properties. We explored the
absorption behaviour of NH3 and DMF on the MoSe2/TiO2

heterostructure, vertically stacked by MoSe2 and TiO2 mono-
layers with an interlayer distance of 3.61 Å. The 2 � 1 � 1
supercell of the MoSe2 monolayer and 2 � 2� 1 supercell of the
TiO2 monolayer was used to construct the MoSe2/TiO2 hetero-
structure, which consists of 16 Mo atoms, 32 Se atoms, 16 Ti
and 32 O atoms. The MoSe2/TiO2 heterostructure has optimized

lattice parameters a and b, which are 13.26 Å and 11.49 Å,
respectively. Notably, the heterostructure exhibits approxi-
mately 3% lattice mismatch. Top and side views of the opti-
mized MoSe2/TiO2 heterostructure are shown in Fig. S11(a) and
(b) (ESI†). To examine the affinity of the gas molecules, we
investigated the behavior of the NH3 and DMF on various sites
of the MoSe2/TiO2 heterostructure. These distinct sites were
labelled as ‘‘below-MoSe2 surface’’ and ‘‘top-TiO2’’ surface’’, as
shown in Fig. S12(a)–(d) (ESI†).

We also studied the adsorption behavior of NH3 and DMF
on these different surfaces of heterostructure and the value of
relevant adsorption energy and optimum distance, as illu-
strated in Table 1.

We determined the adsorption energy (Eads) using the below
equation. The equation can be represented as:

Eads = Ehetero+molecule � Ehetero � Emolecule

where Ehetero+molecule represents the entire energy of the hetero-
structure, Ehetero indicates the energy of the MoSe2/TiO2 hetero-
structure, and Emolecule represents the energy of the NH3

molecule and DMF.
We investigated the adsorption energy (Eads) of NH3 mole-

cules and DMF at various adsorption sites on the MoSe2/TiO2

heterostructure. NH3 exhibits the lowest Eads value (�0.12 eV)
and is most favourable at the below-MoSe2 surface, as com-
pared to the top-TiO2 surface. Notably, the Eads value for DMF at
both the below-MoSe2 and top-TiO2 sites is negative, indicating
spontaneous and heat-releasing adsorption mechanisms. DMF
exhibits lowest absorption energy (�0.09 eV) at the below-
MoSe2 surface, illustrated in Table 1, highlighting its strong
interaction with this substrate compared to the top-TiO2

surface.
To deeply examine the impact of the NH3 and DMF adsorp-

tion on the MoSe2/TiO2 heterostructures, we calculated the
electronic band structure, which revealed that the heterostruc-
ture exhibits an indirect band gap of (0.31 eV), significantly
increased by approximately (0.09 eV) after NH3 adsorption on
the below-MoSe2 surface, as shown in Fig. 6(a) and (c). How-
ever, this change is attributed to the heterostructure’s quantum
confinement effects, surface dipoles, and charge redistribution.
Additionally, we examined the projected density of states
(PDOS) for each constituent atom. Notably, Mo and Ti atoms
predominantly influence the electronic state near the Fermi
level in the heterostructure, depicted in Fig. 6(b) and (d).

Furthermore, we examined the absorption behaviour of
DMF on the below-MoSe2 surface, and the bandgap slightly
increased (0.36 eV), as depicted in Fig. S13(a) (ESI†).

Table 1 The adsorption energy (Eads) and the optimum distance between
gas molecules and the adsorbent (d) of the heterostructure

Gas species Adsorption site Eads (eV) Optimum distance d (Å)

NH3 Below-MoSe2 �0.12 3.45
top-TiO2 0.27 2.98

DMF below-MoSe2 �0.09 3.25
top-TiO2 �0.05 2.76
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Additionally, we computed the projected density of states
(PDOS) as shown in Fig. S13(b) (ESI†), highlighting the intricate
interaction between the constituent atom and adsorbate,
emphasizing the importance of the heterostructure modulating
the electronic behaviour of materials.

We analyzed the Bader charge of NH3 and DMF on the
MoSe2/TiO2 heterostructure. A positive value of Bader charge
(0.01e) is observed, confirming physisorption,55 highlighting
the high sensitivity of the MoSe2 surface toward the NH3

molecule,53,56 as shown in Fig. 7(a) and (b). The small negative
value of Bader charge (�0.09e) of DMF indicates a slight
electron accumulation on the MoSe2 surface as depicted in
Fig. 7(c) and (d), affecting the electronic properties of the
heterostructure, crucial for gas sensing application.57

The charge transfer influences the surface charge distribu-
tion, impacting the material’s overall reactivity and interactions

with other adsorbates. The amount of charge transfer indicates
the exchange of electrons within this system. The Bader charge
analysis obtained the charge transfer (Q) outcomes, while a
positive value of NH3 (electron are transfer from the monolayer
to NH3 molecule) and a negative value of DMF (electron are
transfer from DMF to the monolayer) suggests depletion and
accumulation, respectively.57 The charge transfer was deter-
mined through Bader analysis, as shown in Table 2. Based on
the adsorption energy and Bader charge analysis, we conclude
that the below-MoSe2 surface of the heterostructure exhibits
strong adsorption capability for NH3 and DMF.

3.4 Sensing mechanism and discussion

The experimental findings demonstrated that the MoSe2/TiO2

(2 : 1) hybrid material exhibited enhanced sensing properties,
particularly as an NH3 gas sensor. The sensing mechanism for

Fig. 6 (a) and (c) Electronic band structure and (b) and (d) projected density of state of the MoSe2/TiO2 heterostructure and after NH3 adsorbed on the
heterostructure, respectively, using the GGA + PBE method.

Fig. 7 (a) and (c) Top and (b) and (d) side view of the charge density difference of NH3 and DMF absorption at the below-MoSe2 site of the
heterostructure, respectively; hence, cyan and yellow colours represent the depletion and accumulation of charges, respectively.
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MoSe2/TiO2 (2 : 1) based chemiresistive sensors relies on varia-
tions in electrical conductance caused by the adsorption and
subsequent charge transfer between gas molecules and the
material’s surface. As discussed earlier, the MoSe2/TiO2 (2 : 1)
sensor had the most pronounced response (negative relative
response) to NH3. Additionally, density functional theory (DFT)
simulations were employed to assess the adsorption energy
(Eads) and the charge transfer (e) for reducing gases like NH3.
The computed values for NH3 were Eads = �0.12 eV and
e = 0.01e. The negative adsorption energy and significant charge
transfer from the MoSe2 surface indicate a spontaneous,

exothermic physisorption process. The operating principle of
the MoSe2/TiO2 sensor is based on semiconductor behavior,
where the surface resistance is regulated by the adsorption of
gas molecules. When NH3 molecules adsorb and desorb from
the MoSe2/TiO2 surface, it leads to a measurable change in
resistance, enabling the detection of NH3.58 In semiconductors,
O2 molecules may capture free electrons to form oxygen ions
(such as O2

�, O�, or O2
2�). This surface reaction can be

described by the following equations:

O2(air) - O2(ads), (3)

O2(ads) + e� - O2(ads)
�, (4)

Based on the structural design of the sensing material and
theoretical principles, when the MoSe2/TiO2 sensor is exposed
to reducing gases like NH3, the surface-adsorbed oxygen spe-
cies interact with NH3 molecules, leading to the production of
N2, H2O, and the release of free electrons into the conduction
band. These electrons recombine with holes, which lowers the
Schottky barrier height and reduces the thickness of the
electron depletion layer (EDL). As a result, the sensor experi-
ences a decrease in resistance.

4NH3 + 3O2
� - 2N2 + 6H2O + 3e� (5)

The MoSe2/TiO2 surface shows a distinct response to oxygen
and ammonia gases. Both MoSe2 and TiO2 exhibit n-type
semiconductor behavior, with TiO2 having a bandgap of 3.2 eV
and a work function of 5.2 eV (anatase phase).59 In contrast,
n-type MoSe2 has a bandgap of 1.3 eV and a work function of

Table 2 The net Bader charge on NH3 and DMF at below-MoSe2 sites of
the heterostructure

Gas species Atom Qtransfer (e) Bader charge (e)

NH3 N �1.25 0.01
H 0.43
H 0.43
H 0.40

DMF O �0.85 �0.09
N �0.59
C �0.32
C �0.34
C 0.73
H 0.18
H 0.20
H 0.19
H 0.18
H 0.19
H 0.22
H 0.15

Fig. 8 (a) and (b) Simulated energy band diagram before and after contact and schematic showing the NH3 sensing mechanism (c) and (d) in the NH3

and DMF gas atmosphere, for the MoSe2/TiO2 heterojunction.
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4.6 eV.60 The formation of a composite leads to the creation of
an n–n type heterostructure. As illustrated in Fig. 8(a), the lower
work function of MoSe2 results in its Fermi level being higher
than that of TiO2. When the two materials come into contact,
electrons are transferred from MoSe2 (with a lower work func-
tion) to TiO2 (with a higher work function), resulting in the
development of a depletion layer at the junction until the Fermi
levels of both materials equalize as shown in Fig. 8(b). Electrons
in the accumulation layer of TiO2 combine with oxygen from
the environment to form O2

� ions. When the MoSe2/TiO2

heterostructure is exposed to NH3, the gas interacts with the
adsorbed oxygen species, releasing electrons into the MoSe2

conduction band. This leads to an increase in electron concen-
tration in MoSe2 and a reduction in hole concentration in TiO2,
thereby thinning the depletion layer and reducing the sensor’s
resistance, as shown in Fig. 8(c). A similar decrease in resis-
tance (negative relative response) is observed when the sensor
is exposed to DMF, showing a significant response, second only
to NH3.

21O2
� + 4(C3H7NO) - 12CO2 + 14H2O + 4NO2 + 21e�

(6)

When the sensor is exposed to DMF vapors, the DMF
molecules interact with the oxygen species adsorbed on the
sensor’s surface, leading to the release of electrons into the
conduction band. This interaction increases the electron
concentration and enhances the hole concentration in the n–
n type junctions of the MoSe2/TiO2 composite. Consequently, as
shown in Fig. 8(d), the depletion layer becomes thinner,
resulting in a decrease in the sensor’s resistance.

4. Conclusion

In this study, MoSe2/TiO2 composite-based sensors were
successfully fabricated and tested for gas sensing at room
temperature. Both experimental and theoretical analyses
demonstrated selective and rapid responses to NH3 and DMF
compared to other analytes. The sensor exhibited a signifi-
cantly higher response, approximately 85% for NH3 and 80%
for DMF, compared to other gases tested. Adsorption charac-
teristics revealed a feasible exothermic physisorption process
for both gases, supported by the negative adsorption energy
values. DFT calculations further confirmed these results, with
the computed bandgap of the MoSe2/TiO2 heterostructure
slightly increasing from 0.31 eV to 0.36 eV after DMF adsorp-
tion, and to 0.40 eV after NH3 adsorption, indicating improved
electronic properties for gas sensing applications. Bader charge
analysis revealed a charge transfer of 0.01e from NH3 to the
MoSe2/TiO2 heterostructure, enhancing its conductivity and
sensitivity. The Bader charge value of �0.09e for DMF indicated
weak physisorption, with minimal electron accumulation on
the MoSe2 surface, affecting conductivity and overall reactivity.
These results suggest that the MoSe2/TiO2 composite is well-
suited for reversible gas sensing. The modulated band gap,

alongside the negative adsorption energy results, underscores
the potential of the MoSe2/TiO2 composite for NH3 and DMF
detection. The sensor demonstrated impressive room-
temperature performance, with calculated limits of detection
for NH3 of approximately 4.91 ppb at 40% relative humidity and
10.02 ppb at 80% relative humidity, with sensitivity slopes of
0.049 and 0.02 per ppm, respectively. For DMF, the limits of
detection were 7.82 ppb at 40% RH and 7.71 ppb at 80% RH.
The sensor showed response times of 150 s and 160 s for DMF
at 40% and 80% RH, respectively, with recovery times of 45 s
and 74 s. For NH3, the response time was consistent at 150 s
under both humidity conditions, while the recovery times were
37 s at 40% RH and 110 s at 80% RH.

Moreover, the sensor exhibited stable and repeatable per-
formance during long-term durability assessments. The ability
to operate at room temperature without requiring additional
recovery mechanisms confirms the practical usability of the
device. These findings strongly support the potential of MoSe2/
TiO2 heterostructures as highly efficient and selective sensors
for NH3 and DMF detection in ambient conditions.
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