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Transition metal dichalcogenides (TMDs) with a larger surface area, abundant surface defect, and controlled
electrical performance are promising in field of gas sensor. While, their drawbacks are low sensitivity, sluggish
recovery kinetics, and poor selectivity. Herein, graphene is functionalized with SnS; nanosheets by a hydro-
thermal process. Compared to pure SnSy and graphene, the room-temperature response to 500 ppm NHj is about
91.32 %, which is increased by 1700 % and 63.63 %, respectively. With increase of temperature and humidity,
the baseline resistance and NHz-sensing response decreases strongly. The effect of temperature and humidity on
resistance change of composites is high and the desired NHs-sensing response of composites may not yet be
reached due to its high sensitivity towards humidity and temperature fluctuations. Additionally, the room-
temperature response to 100 ppm NO is only about 17.83 %, which is much smaller than that of NHj
(62.36 %) and the resistance couldn’t recovery to initial value, behaving the poor recovery performance for NOa.
The Density-functional theory calculations reveal that the stronger NH3 adsorption ability of SnS», higher carrier
mobility of graphene, and more effective charge transfer at p-n heterointerface contribute to the enhancement.

1. Introduction

example, Qin et al. have prepared two-dimensional SnS; with 1-3 layers
by chemical exfoliation capable of detecting 20 ppm NH3 representing a

The large amount of ammonia (NH3) released into the atmosphere
during the production of agricultural fertilizers, medicines, textiles, and
petrochemicals causes environmental and health hazards [1-4]. For
example, long-term exposure to 50 ppm NHj causes eye irritation and
skin burning, leading to discomfort and potential bacterial infection, and
long-term exposure to 300 ppm NH3 can damage human organs, causing
pulmonary edema and bronchitis [1-4]. In medical diagnosis, an NH3
concentration larger than 10 ppb in the breath of patients can be a sign
of kidney failure [5], and therefore, accurate real-time detection of NH3
is important clinically.

The SnS, with larger surface area, layered structure, and high carrier
mobility, has large potential in NHg detection applications [6-10]. For

32-fold enhancement compared to bulk SnS, [6]. Xiong et al. have syn-
thesized thin SnS; nanosheets by a solvothermal method. Besides
showing a response of 86.48 % to 100 ppm NHj3 at 200 °C, a low
detection limit (0.5 ppm) and high selectivity to NH3 are observed [8].
Zhang et al. have prepared SnS; nanosheets by the solvothermal process
in combination with argon plasma treatment showing excellent NH3
sensing response at 100 °C [9]. However, these SnSy gas sensors still
need a high working temperature while the sensitivity and sensing ki-
netics must be improved [10]. Hence, room-temperature SnS; gas sen-
sors with high sensing response, high selectivity, and short recovery
time are in high demand.

In order to enhance room-temperature NH3 sensing properties of

* Corresponding authors at: School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong, Shaanxi 723001, China.
** Corresponding author at: Department of Physics, Department of Materials Science and Engineering, and Department of Biomedical Engineering, City University

of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong.

E-mail addresses: zhanglizhai0512@snut.edu.cn (L. Zhang), aitaotao0116@126.com (T. Ai), paul.chu@cityu.edu.hk (P.K. Chu).

https://doi.org/10.1016/j.snb.2025.137565

Received 27 September 2024; Received in revised form 2 March 2025; Accepted 3 March 2025

Available online 4 March 2025
0925-4005/© 2025 Published by Elsevier B.V.


https://orcid.org/0000-0002-5581-4883
https://orcid.org/0000-0002-5581-4883
mailto:zhanglizhai0512@snut.edu.cn
mailto:aitaotao0116@126.com
mailto:paul.chu@cityu.edu.hk
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2025.137565
https://doi.org/10.1016/j.snb.2025.137565
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2025.137565&domain=pdf

L. Zhang et al.

SnS,, fabrication of SnS; based composites have been proposed [11-15].
He et al. have reported the room-temperature NH3 sensing response of
SnS, by combining with TizCyTy. Without Ti3CyTy, the SnS; behaves no
response to10 ppm NHj at room temperature (RT), but the response of
SnS,/Ti3CyTy compounds is enhanced by 42.9 % at RT. And the NHj
detection limit is reduced to 10 ppb [11]. Bai et al. have prepared
composites of SnS; and SnO3 hydrothermally showing high response to
NHj at RT while offering the high selectivity, reliable long-term stabil-
ity, as well as fast response and recovery rate [12]. Compared to MXene
and metal oxides, graphene has larger surface area, higher conductivity,
and carrier mobility [16-18]. Therefore, it is proposed that if SnSy is
combined with graphene, the room-temperature NH3 sensing response
maybe improved.

Herein, the compounds of SnS; and graphene are prepared by a
hydrothermal method. The graphene serves as the substrate for Sn* *
and S* ions adsorption, reaction, nucleation, and then growth of SnS;
hexagonal nanosheets. During NHs-sensing response, the graphene
mainly serves as the underlying layer, providing the efficient channels
for electron transport at RT and the SnS; mainly provides the active sites
for NH3 adsorption. The response results reveal that the composites
behave the excellent response of 91.32 % for 500 ppm NH3 at RT, which
is approximately 1.57 and 18 times better than that of the pristine SnS;
and graphene, respectively, along with the short response and recovery
times, long-term stability, and low detection limit. The sensing mecha-
nism and synergistic effects of p-n heterojunction between SnS, and
graphene are investigated and discussed experimentally and
theoretically.

2. Experimental details
2.1. Preparation of SnS, and graphene composites

As displayed in Fig. 1, the modified Hummers’ method was used to
prepare graphene [18]. In the preparation of SnSy/graphene composites,
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the graphene powder was dissolved in 0.03 L of distilled water and
sonicated for 1.5 h. SnCl4-5 H20 (250 mg) and CH4N3S (350 mg) were
added into solution and stirred for 120 min. The solution was transferred
into a 50 mL autoclave and heated at 200 °C for 24 h. The prepared
samples were washed with distilled water and ethanol three times and
vacuum-dried at 60 °C for 720 min. To study the role of graphene on the
sensing response, 0.2 wt% (0.5 mg), 0.4 wt% (1 mg), 2.5 wt% (5 mg), and
4 wt% (10 mg) graphene (Related to amount of SnCly-5 Ho0O) were
tested, and sampled as SnSy/G-a, SnS,/G-b, SnS;/G-c and SnS,/G-d,
respectively. The pure SnS; was prepared by the same method without
graphene.

2.2. Materials characterization

The crystal structure of SnS,/graphene composites was measured by
x-ray diffraction with Cu Koy radiation (Bruker D8 Advance, A =
1.5406 A) in the 20 range from 5° to 90°. The Raman spectra of SnSy,
graphene and composites were acquired by using the LabRAM HR
Evolution with 532 nm laser excitation. To examine the microstructure
of materials, the field-emission scanning electron microscopy (ZSEM,
Zeiss Gemini SEM 500) was used. The transmission electron microscopy
(TEM) picture of compounds was performed with JEOL-JEM-2100 Plus.
X-ray photoelectron spectroscopy was employed to determine the
elemental composition and chemical states (Thermo Fisher ESCALAB
Xi™). The elements of composites were examined by energy dispersive
spectrometry (EDS) during measurement of FESEM system with the
acceleration voltage of 15 kV.

2.3. Gas sensor fabrication and response measurements

The prepared SnS,/graphene samples (20 mg) were added into
100 pL of DI water to obtain the suspension. After that, the prepared
suspension was coated onto commercial gold electrode. Finally, the
prepared sensing device was aged at 25 °C for one night. For

Fig. 1. Schematic diagram of the preparation of SnS, and graphene composites.
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comparison, pure graphene and SnS,-based sensors were fabricated by
the similar method. The NHj3 sensing properties were determined by the
static testing system (CGS-8HP). During measurement, the NH3 gas was
obtained by vaporizing organic ammonia solution (25 wt%). The con-
centration (C,, ppm) of NH3 was calculated by Eq. (1):

_pxCxVp

1
MOXVC ()

Ce
where, the density of liquid is represented as p (g/cm®), C is the con-
centration of liquid (Wt%), V; and V¢ are the volume of liquid and
chamber (mL), respectively. The molar mass of organics is denoted by

R 5 100%,
where R, and R, were the resistance of sensor in air and target gas at RT
(25 °C), respectively. The response (z.s) and recovery time (z,,.) were
defined as time needed for achieving 90 % of maximum resistance

change after injecting and exhausting target gas, respectively.

M, (g/mol). The sensor response (S,) is defined S; =

2.4. DFT calculations

In the process of Density-functional theory (DFT) calculation, the
Vienna Ab initio Simulation Program (VASP) was performed. The Per-
dew—Burke—Ernzerhof (PBE) was used as exchange correlation poten-
tial for all calculations [19-21]. The plane-wave cutoff energy was fixed
to 500 eV. The Hellmann-Feynman forces and energy convergence were
setas 5 x 102 eV/A and 107 eV, respectively. The Monkhorst-pack
k-point grids were setas 5 x 5 x 1 and 7 x 7 x 1 for structure optimi-
zation and density of states, respectively. The thickness of vacuum layer
is set as 10 A. The adsorption energy (Eqgs) was calculated as:

Eads = ESensor+NH3 - ESensor - ENH3 (2)

whereEsensor+NH;» Esensor, and Enp, are the total energy of sensor with
adsorbed NHs, pure sensor and NH3 molecule, respectively.

3. Results and discussion
3.1. Materials characterization

The structure of SnSy and SnSy/graphene composites is determined
by X-ray diffraction (XRD). In Fig. 2, the peaks at about 15.01°, 28.19°,
32.24°, 41.87°, 49.98°, 52.51°, 55.06°, 60.63°, 67.39°, 70.61°, 84.63°,
and 88.35° can be indexed to the (001), (100), (101), (102), (110),
(111), (103), (201), (202), (113), (114), and (105) crystal planes of
hexagonal SnS; (No. 23-0677). While, the characteristic peaks of

Fig. 2. XRD spectra of SnS,, SnS»/G-a, SnS»/G-b, SnS,/G-¢, and SnS,/G-d.
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graphene are not detected in the composites. The Raman spectra of SnS,,
graphene, and composites is depicted in Fig. 3. The Raman peaks at
about 1354.93 cm ™! and 1592.4 cm ™! correspond to the D and G bands
of graphene, imparting information about defects originating from
functional groups and scattering of C in graphene, respectively [22,23].
In composites, the intensity ratio of D to G is about 0.89, which is higher
than that of pure graphene (0.29), suggesting more surface defects
caused by SnS,. The Raman peak at about 313.45 cm™! is ascribed to
SnSy, thus confirming that the compounds of SnS; and graphene are
successfully prepared [24].

The morphologies of pristine SnSy and SnSy/graphene composites
are examined by SEM and TEM. Fig. 4a and b show that SnS, is
composed of hexagonal nanosheets. Because of the non-uniformity of
precursor and nanosheet damage during hydrothermal preparation,
some irregular SnS; nanosheets are formed. Fig. 4(c-e) display the SEM
morphology of SnS, and graphene composites, revealing that the SnSy
nanosheets are confined to the graphene surface and that graphene is a
suitable substrate for the nucleation and growth of SnS; nanosheets.
Fig. 4(f-i) present the EDS maps showing that S, Sn, and C are evenly
distributed and the formation of SnS; and graphene heterojunction. The
TEM images in Fig. 5(a-c) behave the hexagonal SnS; nanosheets were
formed during hydrothermal method and lattice spacing is about
0.58 nm, which is corresponded to the (001) facet of SnS,. Fig. 5d and e
display the TEM images of SnS, and graphene composite, revealing the
hexagonal SnS; nanosheets are decorated on graphene. Graphene with a
large specific surface area provides abundant nucleation sites for SnSy
nanosheets. The detailed microstructure is investigated by high-
resolution TEM, and Fig. 5f shows the interplanar spacing of 0.58 nm
for the (001) plane of hexagonal SnS.

Fig. 6a displays the S 2p XPS spectrum of pure SnS,. The two peaks at
about 161.48 eV and 163.21 eV are assigned to S 2p3,5 and S 2pj /o,
respectively. The Sn 3d spectrum of pure SnS, in Fig. 6b shows peaks at
about 486.65 eV and 495.16 eV for Sn 3ds/2 and Sn 3d3,2, respectively.
Fig. 6¢ displays the survey spectrum of SnS,/graphene composite
disclosing the presence of Sn, S, and C. The carbon peak in Fig. 6d shows
the peak of 284.8 eV is attributabled to C-C of graphene and 286.85 eV
for C-O bond. As displayed in Fig. 6e and f, the binding energies of S 2p
(S 2p3/2 and S 2p;,2) and Sn 3d ( Sn 3ds/2 and Sn 3ds,2) increase to
161.76 eV, 163.98 eV, 487.32eV, and 495.87 eV, respectively,
implying loss of outer electrons and that SnS; and graphene have
distinct interfacial electron transfer between SnS; and graphene.

Fig. 3. Raman scattering spectra of SnS,, graphene, and SnS,/graphene (Ce-
Mo-b).
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Fig. 4. SEM images of (a-c) SnS, and (d, e) SnS,/graphene (SnS,/G-b), (f-i) EDS elemental maps of the SnS, and graphene composite (SnS,/G-b).

3.2. Sensing properties

The NHj3 sensing properties of pristine SnS,, graphene, and SnSy/
graphene composites are investigated at RT. Fig. 7a presents the re-
sponses to 500 ppm NHs, revealing responses of 5.28 % and 58.93 % for
graphene and SnSs, respectively. In comparison, the response of com-
posite is enhanced with SnS,/G-b showing 1.5-fold and 17-fold
improvement over the pristine SnS, and graphene, respectively. With
increasing graphene amounts, the response increases initially and then
decreases, and that of SnS;/G-b is the optimal sensor. Based on the re-
sults of Nitrogen adsorption-desorption experiments, the Brunauer-
Emmett-Teller (BET) surface area of SnS; is about 12.1912 mz/g
(Fig. S1a). When composited with 0.4 wt% graphene, the BET surface
area is increased to 91.4592 m2/g (Fig. S1b). And thus the NHs-sensing
response is enhanced. While if the graphene content is increased further,
the BET surface area is reduced (Figure Slc and d). Hence, the room-
temperature NHs-sensing response becomes poor at high content of
graphene. Fig. 7(b-d) display the resistance change curves of graphene,
SnS,, and SnS,/G-b to different concentrations of NH3 at RT. The
resistance of graphene increases immediately upon exposure to NHs and
then stabilizes, suggesting that graphene has p-type semiconducting
properties. Upon exposure to air, the resistance of graphene can’t
recover to its initial value (Fig. 7b), whereas for pure SnS,, the resistance
decreases immediately showing n-type semiconducting characteristics.
During exposure to air, the resistance couldn’t completely recover to the
initial state (Fig. 7c). In comparison, the resistance of SnS; and graphene
composite decreases showing the n-type semiconducting behavior, and
upon air exposure, the resistance recovers to the initial value (Fig. 7d).
The response time of SnS,/G-b decreases from 31 s to 23 s when the NH3

concentration is added from 50 to 500 ppm. At the same time, the re-
covery time increases from 435 s to 1427 s (Fig. 7e). Fig. 7f presents the
NHj concentration versus response relationship of SnS;/G-b. At con-
centrations between 1 and 50 ppm, the response improves evidently.
More importantly, a linear relationship is observed between the
response and NHj concentration with the correlation coefficient R? of
0.99. The response of SnS2/G-b is enhanced by 1.01472 % when the NH3
concentration is increased by 1 ppm at RT. At concentrations between
100 and 500 ppm, the response improves slowly at RT, only by 0.039 %
when the NH3 concentration is increased by 1 ppm at RT. At low con-
centrations, the current is directly proportional to the NH3 concentra-
tion because most of the sites are available, but at high NHj
concentrations, these active sites are all occupied by NH3 thus reaching a
steady state [25-27]. The detection limit (DL) is calculated by Eq. (3)
[27]:

RMS

DL =
3x Slope

3

where RMS represents the root-mean-square of noise, and the slope is
calculated from the linear response between 1 and 50 ppm NHs. The DL
of SnSy/G-b sensor is about 0.1 ppm, that is below the typical ammonia
concentration (1 ppm) in exhaled air from patients with kidney diseases
boding well for early diagnosis and prevention of kidney diseases [11].
Fig. 7g shows the resistance changes of SnSy/G-b to 100 ppm NHj for
five successive cycles revealing good repeatability and reversibility. The
long-term stability of SnS,/G-b is evaluated by recording the
room-temperature response to 100 ppm NHj under 48 % RH for 15
days. The test was repeated for three cycles. In Fig. 7h, a slight change in
baseline resistance was observed, which subsequently stabilized again.
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Fig. 5. TEM images of (a-c) SnS, and (d, e) SnS,/graphene (SnS»/G-b).

Fig. 6. (a) XPS S 2p and (b) Sn 3d spectra of SnS,; (c) Survey, (d) C 1s, (e) S 2p, (f) and Sn 3d spectra of SnS,/graphene (SnS,/G-b).

The relative standard deviation (RSD) of resistance and response was
about 3.53 % and 8.95 %, respectively. Additionally, the response after
15 days decreases by only 16.67 %, behaving the better stability. Good
selectivity is also crucial, and the room-temperature response of
SnS,/G-b sensor to 100 ppm NHs, C3HgO, CoHsOH, CH30H, CsHgO,

NO,, HyS and CO is shown in Fig. 7i. The response to C3HgO, CoHsOH,
CH30H, C3HgO, HsS, CO and NO; are about 2.81 %, 4.51 %, 3.16 %,
6.18 %, 5.28 %, 2.36 % and 17.83 %, respectively. The SnS,/G-b sensor
is slightly sensitive to NO,, While the response is still much smaller than
that of NH3 (62.36 %) and the resistance couldn’t recovery to initial
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Fig. 7. (a) Response of graphene, SnS, and SnS,/graphene; Real-time resistance variations of (b) Graphene, (c) SnS,, and (d) SnS,/G-b to 50-500 ppm NHj at RT; (e)
Response and recovery time of SnS,/G-b to 50-500 ppm NHj3 at RT; (f) Response of SnS,/G-b to 1-500 ppm NHj3 at RT; (g) Five cycle repeatability of SnS,/G-b to
100 ppm NHj at RT; (h) The response (left) and base resistance (right) of SnS,/G-b to 100 ppm NH3 for 15 days at RT; (i) Selectivity of SnS,/G-b for NH3 at RT.

value, behaving the poor recovery performance for NOy (Fig. S2).
Hence, the composites behave the excellent selectivity to NHg at RT.
The sensing properties of SnSy/G-b at different temperatures and
relative humidity are investigated. As shown in Fig. 8a, as the temper-
ature goes up from 23 to 132 °C, the response diminishes from 28.36 %
to 1.03 %. The response is decreased by 0.566 % as the working

temperature is added by 1 °C, which is equal to decrease of 557.78 ppb
NH; at RT. A higher temperature leads to faster desorption. The time for
NH3 to react with SnSy/graphene compounds is not enough, resulting in
poor response [26-28]. In addition, at higher temperature, the baseline
resistance also decreases. At higher temperature, the more electrons
form valence band are excited into conduction band and thus the

Fig. 8. The response (left) and baseline resistance (right) of SnS,/G-b to 20 ppm NHj under different (a) Temperature and (b) Relative humidity.
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concentration of electrons is increased, resulting in the decrease of
resistance [26-28]. Fig. 8b shows the baseline resistance and NHj
response of SnSy/G-b under different environmental humidity (RH).
With increasing RH, the baseline resistance and response decreases. The
response to 20 ppm NHs is decreased by 0.645 % as the RH is added by
1 %, which is equal to decrease of 635.64 ppb NH3 at RT. At high RH,
H,0 molecules in air absorb onto the surface. The OH of H,O may
dissociate and become an electron donor to transfer electrons to con-
duction band of materials and thus the resistance is decreased [29,30].
Additionally, the water molecules inhibit the adsorption ability of NHs,
leading to poor response. In addition, the comparison of NH3 sensing
properties of sensors in this work with those in the previous work is
presented in Table S1 [8,31-35]. The response of SnS; and SnS,/ZnS
composites is much higher than that of SnSy/graphene composites in
this work. While, the working temperature is much higher (>100 °C) [8,
31]. The pure SnO; behaves no response to NHs at RT [32]. For the WSy
[33], TisCyTx [34], SnO2/SnS, [32] and ZnO/TizC,Tx [35], the working
temperature is RT. However, the response is poorer in comparison with
this work. Hence, the SnS,/graphene composites in this work behave the
excellent room-temperature NHs-sensing performance.

Sensors and Actuators: B. Chemical 433 (2025) 137565

3.3. Sensing mechanism

The superior RT NHj sensing properties can be explained by three
factors of strong adsorption ability of SnSj, high carrier mobility of
graphene, and heterojunction enhancement. In the first-principles
calculation of Fig. 9, the adsorption energy of SnS; to NH3 is much
more negative than that of graphene, indicating SnSy has stronger
adsorption ability for NH3. Hence, when composite is exposed to a
reducing gas like NH3, NH3 on the surface of SnS; releases electrons to
the conduction band of SnS,. The free electrons flow across the heter-
ojunction to graphene, thereby reducing the resistance and yielding the
n-type behavior (Fig. 10a and b).

Graphene plays a crucial role in enhancing the room-temperature
NHj sensing response of SnS,. During sample preparation, the oxygen-
containing groups on graphene are negatively charged. The Sn** ions
are attached to graphene, and then nucleation and growth of SnS; ensue
via sulfidation of Sn*". Moreover, graphene increases the electrical
conductivity and electron exchange with NH3 molecules. Since graphene
has a large surface area, NH3 adsorption also increases. Finally, the
interface between SnS; and graphene modulates charge transfer as
shown by our first-principles calculation.

To reveal the sensing mechanism of sensor toward C3HgO, CoHsOH,

Fig. 9. Side views of (a) SnS,, (b-d) SnS, adsorbing NH3, (e) Graphene, (f-h) graphene adsorbing NH3, and (i) Adsorption energies of SnS, and graphene for NH3.
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Fig. 10. (a) Schematic illustration of the sensing mechanism of the SnS, and graphene composite; (b) Schematic diagram of NH3 adsorption on the composite.

CH30H, H,S and NHgj, the room-temperature response of SnSy/G-b obviously in Oy compared to that in Ny. In Ny, almost no O, is adsorbed
sensor to 100 ppm of C3HgO, CoHsOH, CH30H, HS and NHj in Ny, air on the surface of sensor and few O; ions are formed. The C3HgO,
and O, are measured, respectively. As presented in Fig. 11 (a-e), the CoHsO0H, CH30H, H,S and NH3 molecular directly release electrons to
response to C3HgO, CoHsOH, CH3OH, H,S and NHj is not enhanced sensor causing reduced resistance. In O3, abundant O, are adsorbed on

Fig. 11. The response of SnS,/graphene (SnS,/G-b) sensor toward 100 ppm of (a) C3HgO, (b) Co;HsOH, (c) CH30H, (d) H.S and (e) NH3 at RT in the different
background gas of Ny, air and O,. (f) The adsorption energy of SnS, toward C3HgO, CoHsOH, CH30H, H,S and NH3.
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the surface of sensor and lots of O ions are formed. Surprisingly, the
response is not enhanced obviously. It confirms that the resistance
variation is mainly relied on the direct electron transfer between gas
molecular (C3HgO, CoHs0H, CH3OH, H,S and NHs) and SnSy/graphene
composites sensor. In addition, the adsorption energy of C3HgO,
C,oHs0H, CH3OH, H,S and NHs on the surface of SnS, is calculated and
displayed in Fig. 11f. It’s found that the SnS, behaves the highest
adsorption ability to NHg in comprimario with other gas. The more
electrons are released from NH3 to SnSj, behaving the excellent selec-
tivity to NH3 at RT.

To further reveal the dependence between heterojunction and
sensing response, the work functions of SnS, and graphene are derived
and displayed in Fig. 12a. The work function of SnS; is 4.4 eV, which is
lower than that of graphene (4.6 eV). In the composite, free electrons
move from SnS; to graphene until the Fermi levels of SnS; and graphene
reach a balance, consequently forming a heterojunction. As shown in
Fig. 12b, the structure of SnS, bends upward, and diffusion and drift of
charge carriers create a depletion zone at interface. Oxygen absorbs onto
the surface to form O;. The electron potential is shifted upward and thus
the space charge region is broadened, inhibiting the electron transfer
(Fig. 12c). When NH3 molecules adsorb onto the active sites, the elec-
tron of NHs is transferred to sensor, thus changing the electron potential.
The barrier shifts downward to narrow the space charge region and
allow electrons to pass more easily (Fig. 12d). The current across the
SnSy/graphene p-n junction obeys the thermionic emission model
expressed by Eq. 4: [36]

_AprT2 _ €Pspu evy
I=AAT exp( T )[EXp<nKT> 1} ()]

Since NHj is a reducing gas, it has a strong electron donation ability.
After adsorbing onto SnS;, NH3 molecules donate electrons to the con-
duction band of SnS; and the electron concentration increases and the
resistance decreases. The SnS, and graphene interface modifies the
junction potential and the sensitive ability to NH3 is obviously enhanced

Sensors and Actuators: B. Chemical 433 (2025) 137565

[29,30].

The total and partial density of states of SnSj, graphene, and com-
posites are also derived and displayed in Fig. 13. The bandgap of SnS; is
about 2.1 eV. The bottom of conduction band (CB) and the top of
valence band (VB) are mainly associated with the Sn d and S p orbitals,
respectively (Fig. 13a-c). The electrons in VB isn’t easily jumped to CB,
behaving the poor conductivity at RT. As for graphene, the bandgap is
zero. The bottom of CB and top of VB is overlapped at Fermi level,
behaving as a metal (Fig. 13d-f). In Fig. 13(g-i), the bandgap of SnSy and
graphene heterojunction is about 0.28 eV. The bottom of CB and top of
VB are mainly related to the C p and Sn d orbitals, respectively. Electrons
can more easily jump from VB to CB, thus behaving the excellent con-
ductivity and better NH3 response at RT.

4. Conclusion

Heterostructure SnS; and graphene composites are prepared hydro-
thermally. Compared to pure SnS; and graphene, the SnS, and graphene
composites have excellent responses to ppm level NH3 under ambient
conditions, such as high response, short response and recovery times,
long-term stability, and low detection limit of 0.1 ppm. Except for NH3,
the composite is also slightly sensitive to NOy. The room-temperature
response to 100 ppm NO; is only about 17.83 %, which is much
smaller than that of NH3 (62.36 %) and the resistance couldn’t recovery
to initial value, behaving the poor recovery performance for NO,.
Hence, the composites also behave the excellent selectivity to NH3 at RT.
DFT calculations disclose that the improved room-temperature NHs-
sensing response stem from stronger NHj3 adsorption of SnSj, higher
carrier mobility of graphene, and more effective charge transfer at
interface. The results enrich our understanding of the detection and
enhancement mechanisms, and the outstanding sensing properties sug-
gest a large potential in sensing applications.

Fig. 12. (a) Work functions of SnS, and graphene; Energy band diagrams of the heterojunction: (b) Vacuum, (c) Air, and (d) NH3.



L. Zhang et al.

Sensors and Actuators: B. Chemical 433 (2025) 137565

Fig. 13. Atomic structure, DOS, and PDOS of (a-c) SnS,, (d-f) graphene, and (g-i) SnS,/graphene heterojunction.
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Fig. S1 The Nitrogen adsorption-desorption isotherms of (a) SnS,, (b) SnS»/G-b and (c) SnS,/G-c,

(d) BET surface area of SnS, and SnS»/graphene composites.



Fig. S2 Real-time resistance variations of SnS»/G-b to 100 ppm NO; at RT



Table S1. Comparison of NH3 Sensing Properties of sensors in this work with those in the

previous work.

. WOl'kiIlg . Tres/Trec
Materials Concentration | Response Reference
temperature (s)
SnS, 200 °C 100 ppm 86.48% 40.6/624 [8]
SnS»/ZnS 160 °C 50 ppm 87.5% 11/22 [31]
Sn0»/SnS; RT 100 ppm 47.3% 100/incomplete [32]
WS, RT 250 ppm 2.67% 200/232.3 [33]
SnO, RT 100 ppm No response | No response [32]
Tiz3CoTx RT 100 ppm 0.8% 300/900 [34]
ZnO/Ti3C,Tx RT 100 ppm 28.89% 34/103 [35]
SnS,/graphene RT 100 ppm 64.38% 63/586 This work
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