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A B S T R A C T

This work presents a novel light-modulated gas sensor based on hybrid Indium Selenide (InSe)-graphene syn
thesized via the liquid phase exfoliation (LPE) technique. We investigated the effects of the operating temper
ature and light irradiation on the sensing layer performance. The morphology, composition and structural 
characteristics of the sensing layer are analyzed using different material characterization techniques including 
scanning and transmission electron microscopies, X-ray photoelectron spectroscopy, and Raman. The response to 
NO
2 of the InSe-graphene hybrid gas sensor while operated under dark conditions or excited at one of three 
different wavelengths (i.e., 375, 470, and 530 nm), which correspond to UV, blue and green light, respectively, is 
studied. Results show that UV light excitation of the film when operated either at room temperature or at 150 ◦C 
resulted in an enhanced NO2 response, with a limit of detection below 50 ppb, and an excellent selectivity against 
other gaseous like CO, CO2, C6H6 and H2. Remarkably, the hybrid nanomaterial is characterized by showing 
significantly faster response and recovery times than those often found in the literature.

1. Introduction

The concentration of hazardous gases shows a constantly rising trend 
in our environment as a result of the increase in industrial activity [1] 
and vehicle emissions [2]. The industrialization-related environmental 
damage is exposing the vast majority of the Earth’s population to un
healthy air. One of the most widespread noxious gases is NO2, which has 
multiple adverse effects on human health, including the onset of respi
ratory disorders or skin conditions. The long-term exposure of pop
ulations to NO2 has been related to increased mortality rates [3,4]. The 
U.S. Environmental Protection Agency (U.S. EPA) has also specified the 
average exposure limit of NO2 within one year, which is 53 ppb [5]. 
Therefore, it is crucial to develop affordable sensors for the widespread 
detection of NO2.

Although metal oxide semiconductor (MOS) based sensors, which 
have been marketed for a long time, show high sensitivity towards NO2, 
they suffer from significant disadvantages such as poor selectivity and 
high working temperatures [6]. In the deployment of an NO2 monitoring 
network with high granularity, the access to the power grid is not always 

easy and this triggers the need of developing battery-operated sensor 
systems, for which the use of power-hungry sensors is unpractical.

Recently, 2D materials such as transition metal dichalcogenide 
(TMDs), transition metal monochalcogenides (TMMs), graphene, black 
phosphorus, and others [7] have emerged as promising candidates in the 
field of gas sensing. These materials come with some fascinating char
acteristics, such as enhanced photoelectric properties, thin film depen
dent physical properties, a high on/off ratio, an abundance of reactive 
sites or a high surface to volume ratio, only to cite a few [8–10].

Among these materials, InSe stands out as an important III-VI group, 
layered semiconductor with advanced photoelectric properties. InSe has 
three polymorphs: ε, which has an indirect bandgap of approximately 
1.4 eV; β, which has a direct bandgap of around 1.28 eV in bulk form, 
and γ, which features a direct bandgap of 1.29 eV. When InSe is in 
monolayer form, its bandgap for the β polymorph increases significantly 
from about 1.28 eV to approximately 2.11 eV [11–13]. The bandgap 
changes from indirect to direct as the thickness of InSe increases to more 
than six monolayers [14–16]. There literature states different reasons for 
this behavior: a) The strong quantum confinement in few-layer InSe, 
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which causes the valence band maxima to lie away from the Γ point, 
making the bandgap indirect [17]; b) The occurrence of interlayer 
coupling in thicker films. As more layers are added (>6), interlayer in
teractions hybridize electronic states, especially near the Γ point in the 
Brillouin zone, making the bandgap direct in thicker films [17]; c) DFT 
and photoluminescence studies also confirm that the PL intensity in
creases significantly beyond ~6 layers due to direct-gap recombination 
[18]. Additionally, InSe exhibits high on/off ratios [19] and remarkable 
carrier mobility, reaching approximately 1000 cm2 V− 1s− 1 at 
room-temperature (RT) [20]. Some other notable electronic properties 
of InSe are its good stability and excellent photoresponsivity, covering a 
broad spectral range from the UV to near-infrared [20,21]. It exhibits 
superior gas sensing and photoelectric performance when stacked 
randomly instead of in a single crystal orientation [22,23].

Graphene, a 2D carbon material with a honeycomb structure and sp2 
hybridization, has been explored extensively in gas sensing applications. 
It possesses outstanding optical [24,25] and electrical properties [26]. 
Moreover, graphene exhibits ultrafast optical response time, an 
ultra-high ballistic transport effect, and thus ultra-high carrier mobility. 
Due to these characteristics, graphene and InSe are among the promising 
materials for a new generation of gas sensors. InSe and graphene 
nanosheets can be produced using various techniques, including liquid 
phase exfoliation (LPE), chemical vapor deposition (CVD), and me
chanical exfoliation (ME). However, techniques like CVD and ME have 
disadvantages such as high costs and low scalability, respectively. In 
contrast, LPE [27–31] offers excellent scalability and low cost for pro
ducing few-layer 2D materials (i.e., layered nanosheets) when compared 
to other techniques.

Very few works can be found in the literature demonstrating opto
electronic InSe-based gas sensors for detecting NO2. Lu Zhang et al. [32] 
reported a gas sensor based on InSe nanosheets with sensitivity towards 
NO2. But the recovery time reported by Lu Zhang and co-workers is 
rather high (i.e., 1400 s). Qiaoyan Hao et al. [33] reported 1D nano 
scrolls of InSe activated with visible light that were highly sensitive to 
NO2. However, the limit of detection (LoD) for this device lies above 
100 ppb, which is a value clearly above the safe exposure limit recom
mended by the US EPA. Jin-Le-Fan et al. [34] reported a UV-light 
assisted gas sensor based on the PdSe2/InSe heterojunction with high 
sensitivity towards NO2 down to ppb levels. However, its high recovery 
time (i.e., 1078 s) represents a limitation for the practical use of this 
sensor. Wei Zheng et al. [35] presented InSe nanosheets for the photo
electrical detection of NO2 reporting high responses. However, this 
works reports a response of 2.75 for 10 ppm of NO2, which is clearly too 
high a concentration, considering the high toxicity of this gaseous spe
cies. Once more, the verified LOD reported for NO2 is clearly above safe 
exposure levels.

In this paper, we present a UV light assisted hybrid InSe-graphene 
gas sensor. We produced InSe and graphene nanosheets using the LPE 
method and characterized our sensing material using field emission 
scanning electron microscopy (FESEM), atomic force microscopy (AFM), 
high resolution transmission electron microscopy (HRTEM), X-ray 
diffraction (XRD), Raman spectroscopy, energy dispersive X-ray (EDX) 
and X-ray photoelectron spectroscopy (XPS). Our sensor was tested at 
RT in the dark and under three different light excitation wavelengths. 
Additionally, the sensor was tested under mild heating for different NO2 
concentrations at ppb levels. We found that 150 ◦C is the optimal 
working temperature under UV light assistance. Under these conditions, 
our sensor shows unprecedently high response to NO2 and significantly 
faster response and recovery times than those reported in the literature.

2. Experimental section

2.1. Materials synthesis and sensor fabrication

InSe powder (99.995 %, CAS#1312-42-1) was purchased from 
Ossila, Spain and graphene nanopellets (CAS-1034343-98-0) were 

purchased from STREM Chemicals, USA and were used further for liquid 
phase exfoliation. A total of 3 ml of 99.5 % 2 propanol from Alfa Aesar 
and 7 ml of DI water were combined with 5 ml of InSe and 5 ml of 
graphene. To create a uniform solution at 30 ◦C, this suspension was 
sonicated for 8 h. Graphene and InSe nanosheets were exfoliated in this 
process. Further, the sonicated solution underwent centrifugation to 
divide the precipitate and the exfoliated nanosheets. After that, the so
lution was instantly drop casted onto alumina transducers that had a 
meander heater on the back and interdigitated electrodes on the front 
(electrode spacing of 300 μm). Alumina transducers were purchased 
from Ceram Tech GmbH in Plochingen, Germany. Drop casting was used 
to provide the required baseline resistance and a uniform thin layer on 
the electrode area. During the process, the transducer alumina sub
strates were placed on a hotplate set to 80 ◦C, which enabled the fast 
evaporation of the solvents, and 110 μl of the solution were drop casted. 
Supporting Information S1 illustrates the sensor preparation. While InSe 
films coating the interdigitated electrode area show very high, electrical 
resistances of typically a few GOhms, the InSe-graphene hybrids show 
significantly lower resistances (typically of hundreds of Ohms). This 
characteristic makes the latter suitable for developing chemoresistive 
devices. A more detailed description of the material preparation and 
sensor fabrication, can be found in Ref. [36].

2.2. Gas sensing characterization setup

The fabricated sensors were positioned within a 35 ml Teflon 
chamber able to host up to 4 sensors. The Supporting Information S2
shows a schematic illustration of gas sensing setup. The volume of the 
test cell is 25 cm2 (i.e, 25 ml). The cover lid of the chamber was 
machined to enable connecting ultra-bright LEDs (Thorlabs, model 
370E, 375 nm wavelength, 2.5 mW; Thorlabs M470 L5 - 470 nm, 809 
mW and Thorlabs M530L4 - 530 nm, 370 mW), in front of the electrode 
area of every gas sensor device. This Teflon chamber was coupled to a 
gas mixture and delivery system that provides different concentrations 
of gases for testing using Bronkhorst mass flow controllers. Calibrated 
gas bottles with gases balanced in dry air were employed (i.e., NO2, CO2, 
CO, H2, and C6H6). Dry air was used as the carrier gas and a constant 
flow of 100 ml/min was kept throughout the measurements. Such a flow 
rate means that the entire volume of gas in the test chamber was 
replaced every 15 s (i.e., 25 ml ÷ 100 ml × min− 1 = 0.25 min = 15 s). 
Before starting the measurements, sensors were kept in the chamber for 
5 h under a flow of dry air in order to stabilize their baseline resistance. 
A typical measurement consisted of exposing the sensors to 10 min of the 
desired gas concentration followed by 30 min recovery in dry air. The 
sensor responses were measured when sensors were operated either at 
room temperature or at 150 ◦C, under dark or under light excitation (at 
three different wavelengths). Sensor responses were calculated using 
equation (1) for oxidizing gases and equation (2) for reducing gases: 

R%=
(
Rair– Rgas

) /
Rair × 100 (1) 

R%=
(
Rgas – Rair

) /
Rair × 100 (2) 

where Rair and Rgas are the sensor resistances in dry air (i.e., baseline 
resistance) and in the presence of a gas, respectively.

2.3. Physicochemical characterizations

FESEM, AFM, HRTEM, XRD, Raman, XPS and EDX were utilized to 
investigate the morphological and structural properties and the chemi
cal composition of bulk InSe and the sensing film. Thermo Scientific 
Scios 2 field emission scanning electron microscope with focused ion 
beam was utilized to examine how the bulk InSe orientation changed 
before and after exfoliation. The atomic force microscope Agilent 5500 
was used with intermittent contact (Tapping mode) to analyze the 
thickness of the sensing layer. High resolution transmission electron 
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microscope from JOEL, with F200 TEM ColdFEG was operated at 200 kV 
for studying the morphological structures of nanosheets and Fourier 
transform SAED was performed to study the crystallographic structure of 
the sensing films. The crystal structure was analyzed using X-ray 
diffraction equipped with a vertical θ-θ goniometer, XYZ motorized 
stage, parallel incident beam (Globel mirror) and a general area 
diffraction system (GADDS) from the Bruker AXS D8 ADVANCE 
diffractometer. The Raman spectra were recorded using a Renishaw in 
Via, equipped with a 633 nm argon laser -Novatech 25 mW. Energy 
Dispersive X-ray elemental mapping was performed from Quanta 600 
ESEM microscope from FEI Company. The ESEM microscope uses elec
tron beam to form the image. It features high resolution (3 nm) and a 
deep depth of field, allowing it to focus on different heights of the 
sample simultaneously. This ESEM can perform various functions such 
as - topographic imaging, atomic number contrast imaging and energy- 
dispersive X-ray spectrometry. The X-ray photoelectron spectroscopy 
analysis was carried out to confirm the presence of elements and to 
investigate their oxidation states on the surface of the synthesized 
hybrid material. XPS analysis was performed using an ProvenX-NAP 
(Specs Surface Nano Analysis GmbH, Berlin, Germany) spectrometer 
with a dual (AlKα = 1487 eV/AgLα = 2984 eV) monochromatic X-ray 
source (μFocus450).

3. Results and discussion

3.1. Materials characterization results

The hybrid InSe-graphene hybrid was obtained using the LPE 
approach, as described in the preparation process. FESEM analysis was 
performed to investigate the morphology of the bulk InSe and the hybrid 
InSe-graphene film coating the electrode area of an alumina substrate, as 
shown in Fig. 1(a). The FESEM images revealed that the bulk InSe is 
properly stacked in multilayers, whereas the exfoliated hybrid InSe- 
graphene nanosheets are randomly dispersed on the electrode surface. 
After the LPE process, the bulk material, with large sheets, the length of 
which lies approximately in the micrometer range, has been transformed 
into nanometer-sized flakes, shown in Fig. 1(b). It is well known that 
exfoliated monolayers perform exceptionally well photoelectrically 
when layered randomly [37].

Fig. 1(c and d) displays an AFM image of hybrid InSe-graphene 
nanosheets on a silicon wafer, showing an average thickness of 1.79 
μm. The image indicates the presence of multilayered stacks of exfoli
ated nanosheets. According to previous reports, InSe exhibits a direct 
bandgap structure when endowed with more than ~6–7 monolayers, 
which enhances light absorption and in turn increases the photoelectric 
response [17].

A solution of the exfoliated hybrid was drop casted onto a TEM 
copper grid to obtain transmission electron micrographs. Fig. 1(f) dis
plays the array pattern of the exfoliated sheets. Fig. 1(e) shows the 
exfoliated nanosheets with distinct edges arranged one on top of the 
other. The inset in Fig. 1(e) shows the SAED having a distinct hexagonal 
atomic pattern of graphene with scattered spots, which can be attributed 
to the structural deformation of InSe in graphene.

Fig. 1(g), depicts the XRD data recorded to study the crystallographic 
structure of the hybrid. Samples were placed directly on the sample 
holder and the area of interest was selected with the aid of a video-laser 
focusing system. An X-ray collimator system allows to analyze areas of 
500 μm. The X-ray diffractometer was operated at 40 kV and 40 mA to 
generate Cukα radiation. The GADDS detector was a VÅNTEC-500 (sil
icon strip technology of 30 × 30 cm with 2048 × 2048 pixels) placed at 
15 cm from the sample. We collected three frames in omega-scan mode 
(2D XRD patterns) covering 8–92◦ 2θ. The exposure time was 600 s per 
frame and it was chi-integrated to generate the conventional 2θ vs. in
tensity diffractogram. The XRD diffractogram for the hybrid nano
material was analyzed using ICDD card number- 34–1434 for InSe, ICDD 
card number- 75–2078 for graphene and ICDD card number- 034–1431 

for Al2O3 corundum. InSe was found to be in the hexagonal phase in 
P63/mmc space group and graphene was found to be in rhombohedral 
phase in R-3m space group. Peaks found for InSe, graphene and alumina 
corundum are [(006), (105), (110), (114), (0012)], [(101), (110), (107)] 
and [(104), (006), (024), (116), (018), (214), (300)] respectively. which 
correspond to 2θ = [21.29◦, 25.68◦, 32.25◦, 37.44◦, 45.30◦, 
50.52◦,67.52◦], [43.45◦, 77.69◦and 80.73◦] and [35.15◦,41.6◦, 52.55◦, 
57.50◦, 61.22◦, 66.4◦,68.20◦] respectively. The Al2O3 corundum exists 
in the rhombohedral lattice of R-3c (167) space group with lattice pa
rameters a = b = 4.75 and c = 12.99. Fig. 1(h) depicts the Raman 
spectrum of the hybrid InSe-graphene. Raman scan was performed in the 
range of 15 cm− 1 to 300 cm− 1. Laser exposure power and accumulation 
time were set to 10 % and 100 s, respectively.

The Raman results for InSe and graphene are displayed in the sepa
rate insets within panel h of Fig. 1 due to the differences in intensity and 
for clear understanding. In InSe a total of 7 vibrational modes are pre
sent, out of which five are active in this hybrid which are - E′, E″, A1

’ , E” 
and A1

’ . These modes correspond to the 17 cm− 1, 41 cm− 1, 114 cm− 1, 
175 cm− 1 and 221 cm− 1 Raman shifts. These active modes confirm that 
InSe exists in β polytype [38,39]. For graphene, Raman peaks D, G, 2D, 
D + G and 2G bands are active. Band D at 1370 cm− 1 indicates the 
strength of graphene damage, band G at 1399 cm− 1 depicts the amount 
of graphitic content in solution, and bands 2D at 1568 cm− 1 and 2G at 
1565 cm− 1 represent the secondary peaks of graphene disruption and 
graphitic content, respectively [40]. The intensities of the graphene 
disruption peaks indicate that the sample is not heavily impacted due to 
the exfoliation process and that the graphitic structure remains intact. 
Raman results confirm the presence of both elements (i.e., InSe and 
graphene) in the sample. EDX data was acquired from multiple spots on 
the sample, and the aggregate of all locations was used to calculate the 
exact average weight% and atomic% for each element. Please refer to 
Supporting Information S3 for the average weight % and atomic% per
centage for each element and the EDX spectrum of the InSe and gra
phene sample. EDX elemental mapping validates the existence of all 
elements and justifies the quantities utilized to synthesize the sensing 
layer, which were 5 mg for InSe and graphene, respectively.

An XPS analysis of the sensing material was performed to study the 
surface elemental composition present. The measurements were 
collected under the following conditions: 100 W power (AlKα anode), 
the hemispherical analyzer operating in the main fixed analyzer trans
mission mode, entrance slit of 7 × 20 mm and exit slit open with mesh. 
The data were recorded with a PHOIBOS 150 NAP 1D-DLD and the total 
pressure in the main vacuum chamber during analysis was better than 
2⋅10− 9 mbar. Survey spectrum was collected at 80 eV of pass energy and 
0.7 eV of step size. The InSe-graphene hybrid constitutes of In 3.00 %, Se 
2 %, O 15.11 %, C 73.82 % and Si from substrate 6.82 % according to 
atomic weight percentage of the sample. Fig. 2 (a) shows the recorded 
survey spectrum. Fig. 2 (b) shows the high resolution spectrum for the 
In3d region in which two main peaks have been observed at 445.4 eV 
(In3d5/2) and 452.9 eV (In3d3/2). This value of BE (445.3eV) has been 
reported in the literature for adsorbed oxygen on the In surface [41]. 
This adsorption of oxygen is due to prolonged sonication process the 
material underwent during the exfoliation step, as already reported [42,
43]. Fig. 2 (c) shows the high-resolution spectrum in the Se3 region. 
Four peaks can be observed at 54.5 eV (Se3d5/2) and 55.4 eV 
(Se3d3/2), and 55.5 eV (Se3d5/2) and 56.3 eV (Se3d3/2). The binding 
energy at 54.5 eV confirms that selenium is in the Se2− oxidation state 
(InSe). The other value at 55.5 eV could correspond to partially oxidized 
Se, considering the adsorbed water on the surface and the presence of 
–OH species found in the O1s region. This value has been reported in the 
literature to belong to metallic Se. When a slight superficial degradation 
of InSe happens, elemental Se (Se0) can be formed, which is in agree
ment with what has been observed. This spectrum also confirms that 
there are no SeO2 species, as its corresponding feature around 59 eV 
does not appear in the high resolution spectrum [44]. Fig. 2 (d) shows 
the auger Se + C region peaks. In this region, 5 different components 
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Fig. 1. (a) FESEM image for bulk InSe. (b) FESEM image for exfoliated flakes of hybrid InSe-graphene. (c–d) AFM images of exfoliated flakes of hybrid InSe-graphene 
with measured thickness. (e–f) HRTEM images of hybrid InSe-graphene. (g). XRD diffractogram for the hybrid InSe-graphene sample. (h). Raman spectrum for the 
hybrid InSe-graphene sample.
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have been observed at 284.8 eV, 286.3 eV, 287.8 eV, 289.3 eV and 
291.0 eV. These values can be associated with C––C/C–H/C–C, 
C–OH/C–O–C, C––O, O–C––O and Π* - Π* satellite [45]. Fig. 2 (e) shows 
the In O1s region, three components have been observed at 530.5, 532.2 
and 534.0 eV. These values could be associated with oxygen lattice 
(In2O3), –OH/ox. defects and H2O -OH adsorbates, respectively [46]. 
Fig. 2 (f) shows the high resolution spectrum for the Si2p region. In this 
region two main peaks have been observed at 104.5 eV (Si2p3/2) and 
105.1 eV (2p1/2). This value has been reported in literature to be 
associated with Si–O bonds (Si4+) [47].

3.2. Gas sensing results

The hybrid InSe-graphene sensor was tested toward 1 ppm NO2 gas 
at RT (25 ◦C) in the dark and under three different light excitation 
wavelengths (365 nm for UV excitation, 470 nm for blue excitation, and 
530 nm for green excitation), as shown in Fig. 4(a) and also at the 
Supporting Information S5. On exposure to different light sources, in 
contrast to the dark operation, a significant improvement in respon
siveness is observed. Particularly, in the presence of UV light, response 
increases from 1.74 % to 2.75 %. This enhancement can be attributed to 
UV radiation generating numerous electron-hole pairs showing the 

Fig. 2. XPS analysis for InSe-graphene hybrid showing (a). Complete Survey of the sample (b). In3d region peaks (c). Se3d region peaks (d). auger Se + C1s region 
peaks (e). O1s region peaks (f). Si2p region peaks.
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greatest resistance drop in the sensing device. The photoexcited elec
trons may increase NO2 adsorption, while the interaction of photoex
cited holes with negatively charged NO2 could facilitate desorption. This 
interaction may alter the material’s electrical properties, rendering it 
more receptive to gas molecules [32,34,48]. Additionally, we assessed 
the behavior of our sensor in the dark and during UV exposure while 
being heated at moderate temperatures of 50, 100 and 150 ◦C. These 
results are shown in Fig. 3 and indicate that 150 

◦

C is the operating 
temperature in which a higher response is achieved. The sensor was not 
tested at operating temperatures above 150 ◦C as this would have 
increased the risk of degrading the sensor surface via promoting 
oxidation processes. Fig. 4(b) shows the response dynamics curves for 
the sensor operated at 150 ◦C under either dark or UV excitation con
ditions. In addition to improving the sensor’s response, especially when 
combined with UV exposure, heating also ameliorated substantially the 
problem of mild linear baseline drift that was experienced during room 
temperature operation. The baseline drift can be attributed to the fact 
that, under continuous UV exposure, adsorbed NO2 or other ambient 
species (like O2 or H2O) can desorb from the surface of InSe and gra
phene. This cleaning effect leads to a lower density of surface charges, 
reducing the baseline conductivity as reported in Refs. [49,50]. Addi
tionally, a slight drift remains visible under UV light, this can be 
attributed to the fact that a continuous exposure to UV light can lead to 
intrinsic photo-doping of the graphene or InSe layer [51]. This strategy 
of raising the operating temperature to the sensor is conventional in 
metal oxide-based NO2 gas sensors [52,53]. In essence, a sensor oper
ating at ambient temperature may have a low response because NO2 
adsorption is a thermally activated process. As the temperature rises 
from RT to 150 ◦C, the thermal energy increases, resulting in more 
thermally excited electrons and more sensitivity than at room temper
ature (as nitrogen dioxide is an electron acceptor). The sensor response 
increased from 1.74 % under dark, RT conditions to 7.12 % with the 
combined effect of UV and temperature.

The exfoliated pristine InSe films show an extremely high resistance 
(usually in giga Ohms), making the use of pristine InSe nanomaterial 
films in chemoresistive devices impractical. A sensor employing exfoli
ated InSe only was prepared as well. Its electrical resistance in clean air 
was too high to be measured properly with a standard multimeter. This 
InSe sensor was exposed to NO2, but the response was sluggish with an 
extremely low signal to noise ratio. These results can be found in the 
Supporting Information, S4. It was to solve the issue of having too high a 

resistance, that employing an InSe/graphene hybrid material was 
envisaged. However, this strategy not only enhances clearly the con
ductivity of the resulting hybrid material, but also enables improving the 
sensing performance of pure InSe or the one of pristine graphene sen
sors. For instance, F. Yavari reported a pristine graphene sensor 
detecting NO2 and NH3, which showed a response of 4 % to 0.1 ppm of 
NO2 at 200 ◦C with 3000 s response and recovery times [54]. X. Yan 
reported a pristine graphene, UV-assisted sensor detecting 100 ppm of 
NO2 at RT under a 265 nm UV light excitation. The response intensity 
was 26 % and the response and recovery times were 200 s and 1000 s, 
respectively [55]. The hybrid InSe-graphene sensor outperforms pristine 
graphene sensors in terms of sensitivity, selectivity, response/recovery 
time, and limit of detection (LoD).

Thus, the hybrid sensor was investigated further for detecting lower 
concentrations of NO2, which ranged from 50 ppb to 1 ppm. Again, the 
sensor was operated either at RT or at 150 ◦C, in the dark or under UV 
excitation. These results are summarized in Fig. 4(c). A drastic 
improvement in response was observed when the sensor was operated 
under continuous UV excitation and mild heating to 150 ◦C. The limit of 
detection for the sensor is also experimentally confirmed to be below 50 
ppb of NO2. Additionally, Fig. 5(a) clearly compares the responses with 
varying NO2 concentrations under these two operating conditions, 
elucidating the combined effect of temperature and UV excitation.

In addition to NO2, the cross sensitivity of the sensor was investi
gated to reducing gases, such as CO, H2, C6H6 and CO2. The responses for 
CO (50 ppm), H2 (1000 ppm), C6H6 (1 ppm) and CO2 (1000 ppm) are 
shown in Fig. 5(b). All these gases were tested under the same conditions 
of our best response to NO2, i.e., under UV excitation and at an operating 
temperature of 150 ◦C. The sensor response was found to be much higher 
for NO2 compared to any other gas tested. While for all the gases but not 
NO2, sensor response remains below 1 %, for 1 ppm of NO2 the response 
is 7.12 %. This can be attributed to the fact that, in comparison to other 
gas molecules, NO2 has a higher adsorption energy (− 0.24 eV) and a 
charge transfer (− 0.039 e) in InSe This explains the selectivity of the 
sensor towards NO2 [56,57]. The dynamic sensor responses upon the 
exposure to these potentially interfering species can be found in the 
Supporting Information S6.

Furthermore, as shown in Fig. 5(c and d), the response and recovery 
times under dark conditions at 150 ◦C and under UV light at 150 ◦C were 
calculated. Under dark, the response and recovery times were 108 and 
325 s, respectively. Under UV light excitation, response and recovery 
remained virtually unchanged. The sensor responses under UV light 
combined with heating increased, but response and recovery times 
remained unchanged. For sensor response and recovery time curves 
under UV light and RT operation, please see the Supporting Information 
S7. Even though the cross-sensitivity towards humidity of InSe/gra
phene operated at 150 ◦C and under UV excitation has not been tested, 
previous results reported for InSe/graphene at 150 ◦C and under dark 
conditions let us anticipate that the sensitivity towards NO2 would in
crease if background humidity levels were increased [36]. The sensor 
long-term stability has also been tested for the period of over 4 weeks, 
and the responses are presented in Fig. 6. Initial long-term stability re
sults show that a decrease in sensor response appears in the early stages 
and then a tendency to achieve stability over time is observed. This 
could be due to certain factors like degradation of sensor surface with 
ambient environment and impurities adsorbed on the surface over time. 
Additionally, the response intensity towards NO2, response and recovery 
times, and limit of detection (LOD) of the InSe-graphene hybrid sensor 
presented here have been compared to those of other hybrid sensing 
materials and pure graphene from the literature. These results are 
summarized in Table 1. The response intensity reported in the literature 
is for NO2 concentrations ranging from 5 to 100 ppm, and the reported 
LOD are higher than 50 ppb. In contrast, our InSe-graphene sensor has 
demonstrated a higher response, even for NO2 concentrations lower 
than 1 ppm, and the LOD is clearly below 50 ppb. Furthermore, the 
response and recovery times for the InSe-graphene sensor compare 

Fig. 3. Effect of the sensor operating temperature in its response towards 1 
ppm of NO2 under UV light excitation.
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favorably to most of those reported in the literature.

3.3. Sensing mechanism

Theoretical studies conducted on InSe indicate that the adsorption 
energy of NO2 is − 0.24 eV and that there is a fraction of electronic 
charge (0.039 e) transferred from the InSe to the NO2 molecule upon 
adsorption. Such adsorption energy and associated electronic charge are 
higher than those estimated for other gas molecules (e.g., CO, NH3, H2O, 
NO) [56,57]. These characteristics suggest that InSe physisorbs NO2 
molecules, and this significantly alters the number of charge carriers, 
thus, device resistance. InSe behaves as a p-type semiconductor and 
electron injection towards the NO2 molecule results in an increased 

number of holes (i.e., the majority charge carriers), which translates in a 
resistance drop, when the device is exposed to nitrogen dioxide[64–66]. 
The material reported here is an InSe/graphene hybrid. Graphene has 
undergone an exfoliation process implying a long sonication, which is 
known to inflict some degradation to its structure (i.e, generation of 
defects) and to promote oxidation [67,68]. Sonicated graphene shows a 
p-type semiconductor behaviour [36,69–71]. It is known to physisorb 
NO2 and, similarly to the InSe case, electronic charge transfer from the 
graphene towards the adsorbed NO2 molecule is derived [69,72]. The 
response towards nitrogen dioxide of pure graphene that had undergone 
the same exfoliation procedure was reported in Ref. [36], and found to 
be two times lower than that of InSe/graphene hybrids. This is indicative 
that the interaction of InSe with NO2 and the resulting modulation of the 

Fig. 4. (a) Hybrid InSe-graphene sensor response towards 1 ppm NO2 in presence and absence of UV light at RT. (b). Sensor response in dark and in UV light at 
optimum temperature towards 1 ppm NO2. (c). Sensor response towards lower concentrations of NO2 in the dark at RT and in presence of UV light at an operating 
temperature of 150 ◦C.
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Schottky barrier height of the p-InSe/p-sonicated graphene hetero
junctions is essential for achieving this increase in response. When UV 
irradiation is applied, electron-hole pairs are photogenerated [73]. 
These charge carriers are separated by the electric field existing between 

the interdigitated electrodes, since a small DC voltage is applied to 
measure the device resistance. Photogenerated electrons can then 
participate in the adsorption of further NO2 molecules, which results in a 
significantly increased response in comparison to that of devices oper
ated under dark conditions.

4. Conclusions

A hybrid sensor based on InSe-graphene has been developed. After 
testing the sensor at three different light excitation wavelengths, we 
found that the best response was obtained under UV excitation (365 
nm), greater than when operated in the dark. We also investigated the 1 
ppm NO2 response at a moderate temperature of 150 ◦C with and 
without UV excitation. The responses towards 1 ppm of NO2 increased 
from 1.74 % under dark conditions to 7.12 % under UV light and tem
perature excitation. Results show a limit of detection below 50 ppb, and 
excellent selectivity. Remarkably, the hybrid nanomaterial is charac
terized by showing significantly faster response and recovery times than 
those found in the literature. Therefore, it could be concluded that UV 
exposure enhances sensor responses and that the best responses occur 
when mild heating is combined with UV excitation, thus enhancing the 
overall sensing performance. This enhancement is attributed to UV light 
generating extra electronic charge carriers that become available for 
adsorbing further NO2 molecules.
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The direct-to-indirect band gap crossover in two-dimensional van der Waals 
Indium Selenide crystals, Sci. Rep. 6 (2016) 1–10, https://doi.org/10.1038/ 
srep39619.

[15] S. Lei, L. Ge, S. Najmaei, A. George, R. Kappera, J. Lou, M. Chhowalla, 
H. Yamaguchi, G. Gupta, R. Vajtai, A.D. Mohite, P.M. Ajayan, Evolution of the 
electronic band structure and efficient photo-detection in atomic layers of InSe, 
ACS Nano 8 (2014) 1263–1272, https://doi.org/10.1021/nn405036u.

[16] G.W. Mudd, S.A. Svatek, T. Ren, A. Patanè, O. Makarovsky, L. Eaves, P.H. Beton, Z. 
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V. Lebedeva, A. Meyer, C. Klinke, A. Kornowski, M. Scheele, H. Weller, Solution- 
processed two-dimensional ultrathin InSe nanosheets, Chem. Mater. 28 (2016) 
1728–1736, https://doi.org/10.1021/acs.chemmater.5b04646.

[45] M.C. Biesinger, Accessing the robustness of adventitious carbon for charge 
referencing (correction) purposes in XPS analysis: insights from a multi-user 
facility data review, Appl. Surf. Sci. 597 (2022), https://doi.org/10.1016/j. 
apsusc.2022.153681.

[46] Thermo Fisher Scientific, Oxygen X-ray photoelectron spectra, oxygen electron 
configuration, and other elemental information, Thermo Fish. Sci. 1 (2022). https 
://www.thermofisher.com/co/en/home/materials-science/learning-center/perio 
dic-table/non-metal/oxygen.html.

[47] A. Chanthaphan, T. Hosoi, T. Shimura, H. Watanabe, Study of SiO2/4H-SiC 
interface nitridation by post-oxidation annealing in pure nitrogen gas, AIP Adv. 5 
(2015), https://doi.org/10.1063/1.4930980.

[48] X. Chen, J. Hu, P. Chen, M. Yin, F. Meng, Y. Zhang, UV-light-assisted NO2 gas 
sensor based on WS2/PbS heterostructures with full recoverability and reliable 
anti-humidity ability, Sensors Actuators, B Chem. 339 (2021) 129902, https://doi. 
org/10.1016/j.snb.2021.129902.

[49] T.-C. Chen, Y.-C. Yang, H.-L. Liu, C.-M. Yang, M. Meyyappan, C.-S. Lai, in: The 
Effect of Monolayer Graphene on the UV Assisted NO2 Sensing and Recovery at 
Room Temperature, vol. 461, 2017, https://doi.org/10.3390/ 
proceedings1040461.

[50] C.M. Yang, T.C. Chen, Y.C. Yang, M. Meyyappan, Annealing effect on UV- 
illuminated recovery in gas response of graphene-based NO2 sensors, RSC Adv. 9 
(2019) 23343–23351, https://doi.org/10.1039/c9ra01295h.

[51] C. Lee, J. Kim, S. Kim, Y.J. Chang, K.S. Kim, B. Hong, E.J. Choi, Strong hole-doping 
and robust resistance-decrease in proton-irradiated graphene, Sci. Rep. 6 (2016) 
1–9, https://doi.org/10.1038/srep21311.

[52] P.K. Sahu, R.K. Pandey, R. Dwivedi, V.N. Mishra, R. Prakash, Polymer/Graphene 
oxide nanocomposite thin film for NO2 sensor: an in situ investigation of 
electronic, morphological, structural, and spectroscopic properties, Sci. Rep. 10 
(2020) 1–13, https://doi.org/10.1038/s41598-020-59726-5.

[53] J. Wu, Z. Wu, H. Ding, Y. Wei, W. Huang, X. Yang, Z. Li, L. Qiu, X. Wang, Flexible, 
3D SnS2/Reduced graphene oxide heterostructured NO2 sensor, Sensors Actuators, 
B Chem. 305 (2020) 127445, https://doi.org/10.1016/j.snb.2019.127445.

[54] F. Yavari, E. Castillo, H. Gullapalli, P.M. Ajayan, N. Koratkar, High sensitivity 
detection of NO 2 and NH 3 in air using chemical vapor deposition grown 
graphene, Appl. Phys. Lett. 100 (2012), https://doi.org/10.1063/1.4720074.

[55] X. Yan, Y. Wu, R. Li, C. Shi, R. Moro, Y. Ma, L. Ma, High-Performance UV-Assisted 
NO2 sensor based on chemical vapor deposition graphene at room temperature, 
ACS Omega 4 (2019) 14179–14187, https://doi.org/10.1021/acsomega.9b00935.

[56] Y. Cai, G. Zhang, Y.W. Zhang, Charge transfer and functionalization of monolayer 
InSe by physisorption of small molecules for gas sensing, J. Phys. Chem. C 121 
(2017) 10182–10193, https://doi.org/10.1021/acs.jpcc.7b02286.

[57] D. Ma, W. Ju, Y. Tang, Y. Chen, First-principles study of the small molecule 
adsorption on the InSe monolayer, Appl. Surf. Sci. 426 (2017) 244–252, https:// 
doi.org/10.1016/j.apsusc.2017.07.198.

[58] N. Harathi, M. Bollu, K.S. Pasupuleti, Z. Tauanov, K.R. Peta, M.D. Kim, 
M. Reddeppa, A. Sarkar, V.N. Rao, PrGO decorated TiO2 nanoplates hybrid 
nanocomposite for augmented NO2 gas detection with faster gas kinetics under UV 
light irradiation, Sensors Actuators B Chem. 358 (2022) 131503, https://doi.org/ 
10.1016/j.snb.2022.131503.

[59] L. Zhang, J. Zhang, Y. Huang, H. Xu, X. Zhang, H. Lu, K. Xu, P.K. Chu, F. Ma, 
Hexagonal ZnO nanoplates/graphene composites with excellent sensing 
performance to NO2 at room temperature, Appl. Surf. Sci. 537 (2021) 147785, 
https://doi.org/10.1016/j.apsusc.2020.147785.

[60] J. Bao, S. Zeng, J. Dai, X. Wang, Q. Liu, H. Li, X. Huang, W. Huang, 
Heterostructures between a tin-based intermetallic compound and a layered 
semiconductor for gas sensing, Chem. Commun. 57 (2021) 5590–5593, https:// 
doi.org/10.1039/d1cc00015b.

[61] M. Reddeppa, B.G. Park, G. Murali, S.H. Choi, N.D. Chinh, D. Kim, W. Yang, M. 
D. Kim, NOx gas sensors based on layer-transferred n-MoS2/p-GaN heterojunction 
at room temperature: study of UV light illuminations and humidity, Sensors 
Actuators, B Chem. 308 (2020) 127700, https://doi.org/10.1016/j. 
snb.2020.127700.

[62] X. Duan, W. Zhao, R. Yan, T. Yu, W. Quan, Y. Chen, D. Xu, Efficient detection of 
NO2 in Rh-modified SnS/WS2 gas sensor: structural optimization and sensing 
performance improvement, Chem. Eng. J. 509 (2025), https://doi.org/10.1016/j. 
cej.2025.161219.

[63] Y. Cheng, Z. Li, T. Tang, X. Wang, X. Hu, K. Xu, M. Hung, N. Duc, H. Xie, H. Yu, 
H. Chen, J. Zhen, Journal of Colloid and Interface Science Functionalization : 

J. Sharma et al.                                                                                                                                                                                                                                 Materials Today Chemistry 48 (2025) 103022 

10 

https://doi.org/10.1021/acsnano.8b08726
https://doi.org/10.1021/acsnano.8b08726
https://doi.org/10.1021/acs.jpcc.4c01104
https://doi.org/10.1002/adma.201402427
https://doi.org/10.1002/adma.201402427
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1039/c5tc01208b
https://doi.org/10.1021/nl5038177
https://doi.org/10.1063/1.4986781
https://doi.org/10.1021/nl071168m
https://doi.org/10.1103/PhysRevLett.100.016602
https://doi.org/10.1103/PhysRevLett.100.016602
https://doi.org/10.1016/j.mtphys.2020.100196
https://doi.org/10.1021/acsomega.4c03166
https://doi.org/10.1021/acsomega.4c03166
https://doi.org/10.1126/science.1226419
https://doi.org/10.1126/science.1226419
https://doi.org/10.1002/admi.202001131
https://doi.org/10.1002/admi.202001131
https://doi.org/10.1038/nnano.2008.215
https://doi.org/10.1038/nnano.2008.215
https://doi.org/10.1039/c7tc01001j
https://doi.org/10.1039/c7tc01001j
https://doi.org/10.1021/acs.analchem.0c01941
https://doi.org/10.1021/acs.analchem.0c01941
https://doi.org/10.1016/j.cej.2022.136937
https://doi.org/10.1039/d2nr03881a
https://doi.org/10.1039/d2nr03881a
https://doi.org/10.1016/j.snb.2020.129127
https://doi.org/10.1016/j.snb.2020.129127
https://doi.org/10.1021/acssensors.4c03521
https://doi.org/10.1002/adfm.201705237
https://doi.org/10.1002/adfm.201705237
https://doi.org/10.3390/MA13163447
https://doi.org/10.3390/MA13163447
https://doi.org/10.2174/157341312803989088
http://refhub.elsevier.com/S2468-5194(25)00512-9/sref41
http://refhub.elsevier.com/S2468-5194(25)00512-9/sref41
http://refhub.elsevier.com/S2468-5194(25)00512-9/sref41
https://doi.org/10.1088/2053-1591/ab1ffd
https://doi.org/10.1039/c6ra03996k
https://doi.org/10.1039/c6ra03996k
https://doi.org/10.1021/acs.chemmater.5b04646
https://doi.org/10.1016/j.apsusc.2022.153681
https://doi.org/10.1016/j.apsusc.2022.153681
https://www.thermofisher.com/co/en/home/materials-science/learning-center/periodic-table/non-metal/oxygen.html
https://www.thermofisher.com/co/en/home/materials-science/learning-center/periodic-table/non-metal/oxygen.html
https://www.thermofisher.com/co/en/home/materials-science/learning-center/periodic-table/non-metal/oxygen.html
https://doi.org/10.1063/1.4930980
https://doi.org/10.1016/j.snb.2021.129902
https://doi.org/10.1016/j.snb.2021.129902
https://doi.org/10.3390/proceedings1040461
https://doi.org/10.3390/proceedings1040461
https://doi.org/10.1039/c9ra01295h
https://doi.org/10.1038/srep21311
https://doi.org/10.1038/s41598-020-59726-5
https://doi.org/10.1016/j.snb.2019.127445
https://doi.org/10.1063/1.4720074
https://doi.org/10.1021/acsomega.9b00935
https://doi.org/10.1021/acs.jpcc.7b02286
https://doi.org/10.1016/j.apsusc.2017.07.198
https://doi.org/10.1016/j.apsusc.2017.07.198
https://doi.org/10.1016/j.snb.2022.131503
https://doi.org/10.1016/j.snb.2022.131503
https://doi.org/10.1016/j.apsusc.2020.147785
https://doi.org/10.1039/d1cc00015b
https://doi.org/10.1039/d1cc00015b
https://doi.org/10.1016/j.snb.2020.127700
https://doi.org/10.1016/j.snb.2020.127700
https://doi.org/10.1016/j.cej.2025.161219
https://doi.org/10.1016/j.cej.2025.161219
http://refhub.elsevier.com/S2468-5194(25)00512-9/sref63
http://refhub.elsevier.com/S2468-5194(25)00512-9/sref63


towards high-performance room-temperature NO 2 Sensing, vol. 645, 2023, 
pp. 86–95.

[64] M. Kim, D. Yeom, Y. Seok, J. Song, H. Jang, Y. Choi, Y. Ko, K. Watanabe, T. 
Taniguchi, K. Lee, Minsu Kim, + Dongju Yeom, + Yongwook Seok, + Jungi Song, 
Hanbyeol Jang, YiTaek Choi, Yeonghyeon Ko, Kenji Watanabe, Takashi Taniguchi, 
and Kayoung Lee *, (2024).

[65] A. Bag, N.E. Lee, Gas sensing with heterostructures based on two-dimensional 
nanostructured materials: a review, J. Mater. Chem. C 7 (2019) 13367–13383, 
https://doi.org/10.1039/c9tc04132j.
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