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SnS, is very promising for next-generation gas sensors due to the abundant edge-exposed sites, large surface-to-
volume ratio, and high charge carrier mobility. However, SnS suffers from low response and poor selectivity in
gas sensing. In this paper, the self-activated SnS;, gas sensor functionalized with TizCyTx is designed and fabri-
cated to monitor NH3 at room temperature (RT) in daily life. The response of SnS; and TizC,Tx composites to 500
ppm NHj is about 86.35 % at RT, which is enhanced by 43.82 % and 38.33 % in comparison with pure SnS, and
Ti3CyTy, respectively. The SnS,-functionalized Ti3CoTyx micropatterns show high selectivity to NHs and a low
detection limit of 143 ppt. Density-functional theory (DFT) calculations reveal that the SnS,/TizCyTy hetero-
junction provide the additional active sites for NH3 adsorption, enhancing the absorption and diffusion capa-
bilities of NHs. In addition, the remarkable metallic conductivity of TizC2Tx MXene ensures efficient electron

transfer to improve the sensing characteristics.

1. Introduction

Meat products such as beef, pork, and fish decay rapidly under
ambient conditions because the high protein content provides a suitable
environment for microbial growth [1]. As meats rot, the microbial ac-
tivity increases, resulting in the production of various gases such as
ammonia, hydrogen sulfide, and volatile organic compounds [2]. Hence,
accurate and sensitive detection of ammonia (NH3) can monitor food
quality. Furthermore, NH3 serves as a biomarker to monitor kidney and
liver disorders, and early detection can prevent cancer [3-6]. Therefore,
real-time detection of NH3 is important to ensure public safety, monitor
food quality, and develop disease diagnostics.

Because of the abundant edge-exposed sites, large surface-to-volume
ratio, and high carrier mobility, SnS; has attracted significant research
attention, especially with respect to NH3 gas sensing [7-13]. Xiong et al.
have prepared SnS; nanoflowers hydrothermally and observed excellent

response to NHg at 200 °C as well as short response and recovery times
[11]. Zhang et al. have prepared 3D SnS; hierarchical micro-flowers by a
hydrothermal method with ZnSn(OH)g hollow nanospheres as the pre-
cursor and found a good response to 50 ppm NHs at 160 °C with
response and recovery times of 4 s and 15 s, respectively [12]. Theo-
retical calculations indicate that NHs molecules chemisorb on S-vacancy
SnS, monolayers by strong covalent bonds and behave as charge donors
[13]. Unfortunately, gas sensors based on SnS; need a high working
temperature [7-10] and the restacking and agglomeration of 2D SnS,
during gas adsorption and desorption diminish the surface area and
number of active sites, thereby degrading the response and selectivity
[7-12].

To enhance the response and selectivity of SnSj, constructing het-
erojunction of SnS; and other 2D materials is the effective strategy
[13-17]. On one hand, the heterostructures could integrate the struc-
tural advantages of multiple components and avoid self-stacking of SnS,
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nanosheets. On the other hand, the van der Waals interactions between
2D/2D heterostructures facilitate interfacial charge transfer, conse-
quently avoiding the lattice mismatch encountered by semiconductor
heterostructures [18-20]. In addition, the construction of hetero-
structures can also effectively increase the number of adsorption sites
and improve the gas sensing response and selectivity [18-20]. For
example, Liao et al. have synthesized SnS; and graphene composites by
the hydrothermal method and observed excellent NHs-sensing proper-
ties at room temperature (RT). The response of SnS,/graphene com-
posites to 100 ppm NHj is enhanced by 36 % and 28.63 % at RT in
comparison with pure SnS; and graphene, respectively [14]. TizCoTk, a
new class of 2D materials, has a unique layered structure, adjustable
electrical properties, and abundant terminal groups [21-24]. The
accordion-like delaminated layer structure of TisCyTyx provides abun-
dant edge-exposed sites for gas adsorption and expedites charge trans-
port during gas sensing [21-24]. Hence, if the SnS is deposited on the
surface of Ti3CyTy, the NHs-sensing performance at RT may be effec-
tively enhanced.

Herein, a composite comprising SnS; and TizC,Ty is prepared by a
hydrothermal method. The SnS; nanosheets on Ti3gCoTx could inhibit
restacking of SnSy and oxidation of TizCyTx. The TizCyTx serves as
template for growth of SnS; nanosheets and generates interfacial sites
for NHj3 gas adsorption. The composites show the enhanced NH3 sensing
response ranging from 15.8 % to 86.35 % as the NH3 concentration is
increased from 10 to 500 ppm at RT. More importantly, it has excellent
selectivity, stability, fast response and recovery rate. First-principles
calculation is conducted to elucidate the enhanced NH3-sensing mech-
anism at RT.

2. Experimental Section
2.1. Synthesis of SnSy and TisCsTy composites

HF-etched Ti3CyTx was placed in 30 mL deionized water and
magnetically stirred for 60 min, followed by addition of 0.25 g of
SnCly-5H20 and 0.35 g of thiourea. After magnetic stirring for 120 min,
the solution was introduced into a 50 mL Teflon-lined stainless-steel
autoclave and treated to 200 °C for 24 h. After cooling to RT, the pre-
cipitate was washed three times with ethanol and deionized water,
centrifuged at 6,000 rpm, and dried at 60 °C in vacuum overnight. To
study the effects of Ti3Co Ty contents, solutions with 0.19 wt% (0.49 mg),

Applied Surface Science 712 (2025) 164190

0.48 wt% (1.2 mg), 1.32 wt% (3.3 mg), and 2.12 wt% (5.3 mg) TizCaTx
were prepared, and the samples were designated as Sn-Ti-a, Sn-Ti-b, Sn-
Ti-c, and Sn-Ti-d, respectively (Fig. 1). The pure SnS; sample was pre-
pared by the same method without Ti3CyTy. In order to inhibit the
oxidation of Ti3CyTy during the hydrothermal process, N, was bled into
the solution to purge dissolved oxygen before reaction.

2.2. Characterization

The crystal structure was analyzed by X-ray diffraction (XRD, Bruker
D8 Advance) using Cu K, radiation (A = 1.5418 A), and Raman spectra
were acquired from SnSy, Ti3CyTx, and SnSy/TizCaTx composites with
532 nm laser excitation (LabRAM HR Evolution). The morphology and
microstructure were observed by field-emission scanning electron mi-
croscopy (FE-SEM, Zeiss Gemini SEM 500) and transmission electron
microscopy (TEM, JEM-2100F Plus). The elemental composition and
chemical states of SnS,/Ti3CyTx composites were determined by the X-
ray photoelectron spectroscopy (Thermo Fisher ESCALAB Xi + ).

2.3. Fabrication of gas sensor and Measurement

To fabricate the gas sensor, a viscous slurry was prepared by grinding
the mixture consisting of 1 mg of the sample in 0.1 mL of deionized
water. The sensing film was prepared by coating 0.02 mL of the slurry
onto the surface of a commercial Au electrode obtaining a sensing film of
100 pm thickness. The static testing system (CGS-8HP) was used to
measure the gas sensing properties. Different amounts of liquid
ammonia were injected onto a heater placed inside the sensing chamber
using the Hamilton microliter syringe. The gas concentration (C, ppm)
was attained by Eq. (1):

224 xpxdx Vg

¢ MxV

(@)
where, V; is the volume of liquid (mL), V is the volume of the chamber
(mL), M is the molecular weight of gas (g), p is the liquid purity (wt%),
and d is the liquid density (g/cm®). The response to resistance change is
derived from Eq. (2):

S= ‘RﬂiRg‘

a

x 100, 2

where R, and R; denote the sensor resistances in air and NHs,

Fig. 1. Schematic diagram of the preparation of SnS, and Ti3C;Tx composites.
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respectively. The response and recovery time correspond to a 90 %
change of the total resistance. The environmental humidity was changed
by injection of water into a heater placed inside the sensing chamber
using the hamilton microliter syringe.

2.4. Theoretical calculation

The theoretical calculations were performed with the Vienna Ab
Initio simulation package (VASP) by the projector augmented wave
method for the core region and a planewave kinetic energy cutoff of 500
eV [25-27]. The generalized gradient approximation (GGA) in the form
of Perdew-Burke-Ernzerhof (PBE) was used for the exchange—correlation
potentials. The vacuum layer of the slab models was set to be at least 20
A in the Z direction to isolate the surface and prevent interactions be-
tween two periodic units. The 3 x 3 x 1 and 5 x 5 x 1 Monkhorst-Pack
sampled k-point grid was employed in structure optimization and
calculation of density of states, respectively. The convergence of energy
and residual force on each atom was smaller than 1 x 10~* eV and 0.05
eV A%, respectively. The adsorption energy (Eqgs) of a gas molecule was
calculated by Eq. (3):

Eads = ESen.sor+ga.s - ESen.sor - Ega.s; (3)

where Egensor+gqs 1S the energy of the sensor and gas, while Egensor and Egqs
are the energy of the individual sensor and gas molecule, respectively.

3. Results and Discussion
3.1. Structural Characterization

The x-ray diffraction (XRD) is performed to determine the crystal
structure of Ti3AlC,, TizCyTy, SnSp and SnS,/TisCyTy composites. In
Fig. 2, compared with Ti3AlC, the (002) and (004) peaks of Ti3CoTx
MXene were shifted to smaller angles, indicating formation of laminated
microstructure after HF etching. In addition, the diffraction peaks of
original Ti3AlCy; MAX were vanished, which suggested that Al atoms
have been removed. Finally, the diffraction peaks at about 14.98°,
28.22°, 32.12°, 41.84°, 49.94°, and 52.48° correspond to the (001),
(100), (101), (102), (110), and (111) crystal plane of hexagonal SnSy
(JCPDS card no. 22-0951). The characteristic peaks of SnS; are observed
from SnS,/Ti3zCyTx composites, but not TizC,Ty, due to the small amount
of Ti3CyTy in the composites. The Raman scattering spectra of TizAlCy,
TizCaTx, SnSy and SnSy/Ti3CeTy composites are displayed in Fig. 3. In

Fig. 2. The XRD spectra of Ti3AlC,, TizCyTy, SnS,, Sn-Ti-a, Sn-Ti-b, Sn-Ti-c, and
Sn-Ti-d.
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the Raman spectrum of TisAlC,, the peak at about 286.9 cm™! corre-
sponds to the vibrational mode of Ti-Al The peak at about 205.6 cm ™
confirms formation of Ti3CyTy. For the SnS,, the peak at about 312.7
em ! corresponds to the Ajg vibrational mode of Sn-S. As for SnSy/
Ti3C2Tx composites, the A vibrational peak slightly blueshifts to 314.5
cm’l, suggesting charge transfer between SnS; and Ti3CyTx at interface
[22-24,28].

The morphologies of SnS,, Ti3CoTy, and SnS,/Ti3Co Ty composites are
characterized by scanning electron microscopy (SEM). As illustrated in
Fig. 4(a—c), SnSy has a hexagonal structure with the average thickness
and length of SnS, nanosheets being about 94 nm and 560 nm, respec-
tively. Fig. 4(d-f) present the SEM micrographs of TizC,Ty revealing an
accordion-like multilayer nanosheet structure. The small granular
Ti3CyTy is attached to the surface of accordion-like structure stemming
from nanosheet damage during sonication and stirring. Fig. 4 (g-i)
present the SEM morphologies of SnS,/Ti3CyoTx composites with
different magnifications. Compared with Ti3C,Ty and SnS,, hexagonal
SnS; is prepared on the edge and surface of Ti3CyTx in the composite to
facilitate formation of heterointerfaces and provide abundant adsorp-
tion sites for NHs molecular. The average length of SnS; nanosheets in
the composite is about 476 nm. As shown in Fig. 4(j-1), Sn and S are
uniformly distributed on the surface of TigCyTy. The results show that
SnS; nanosheets are grown on the surface of Ti3CyTx to form compact
heterogeneous interfaces with improved charge transfer. In addition, the
morphology of sensor device was measured again by SEM and the results
were illustrated in Fig. S1. It’s obviously found that the hexagonal SnS,
is prepared on the edge and surface of Ti3CoTy. The average thickness
and length of SnSy nanosheets are about 90.32 nm and 563.12 nm,
respectively. The morphology is not changed during the sensor
preparation.

Transmission electron microscopy (TEM) and high-resolution TEM
(HR-TEM) are conducted to examine the morphological and crystal
structures of SnSy and SnSy/TizCyTx composites. As displayed in Fig. 5a
and b, SnS; exhibits a hexagonal structure with an average length of 550
nm. The interplanar spacing of 0.31 nm is assigned to the (100) plane of
hexagonal SnS; (Fig. 5¢). The TEM images of SnS; and TizCyTy com-
posites are displayed in Fig. 5d and e. Consistent with SEM, hexagonal
SnS; nanosheets are formed on the edge and surface of TigCyTy. The HR-
TEM image in Fig. 5f shows the heterogeneous interface between SnS,
and Ti3CyTy. The lattice spacings of 0.31 nm and 0.25 nm correspond to
the (1 00) plane of SnS; and the (006) plane of Ti3C,Ty, respectively. The
TEM and SEM images confirm the heterointerfaces are formed in the
SnS,/Ti3CoTx composite.

The chemical states of SnS,/TigCyoTx composites are determined by
XPS. As shown in Fig. 6a, the high-resolution S 2p spectrum of SnS; can
be fitted with two components at about 161.86 eV and 163.42 eV,
attributable to the S 2p3/5 and S 2p; /5, respectively. As shown in Fig. 6b,
the peaks at about 486.73 eV and 495.17 eV are Sn 3ds,, and Sn 3ds/2,
respectively. The survey spectrum shown in Fig. 6¢ indicates that the
SnSy/Ti3CyTx composite is primarily composed of Sn, Ti, S, and C,
consistent with EDS elemental mapping. Fig. 6d presents the Ti 2p
spectrum of SnSy/TizCyTx, showing peaks at about 454.36, 458.91,
461.83, and 464.72 eV. The Ti 2p3,5 and Ti 2p; 2 peaks at about 454.36
and 461.83 eV correspond to Ti—C, while those at about 458.91 and
464.72 eV reflect Ti—O. As shown in Fig. 6e and f, the S 2p (S 2p3,2 and S
2p1,2) and Sn 3d (Sn 3ds,2 and Sn 3ds/3) peaks at about 161.72 eV/
162.93 eV and 486.81 eV/486.83 eV, respectively, confirm the forma-
tion of SnS, on the surface of TizCyTy.

3.2. Gas-Sensing properties

Fig. 7a shows the responses of SnS,, Ti3CyTx, and SnSy/Ti3CoTy
composites to 500 ppm NHj at RT. The room-temperature response of
SnS, is about 38.53 %, which is lower than that of Ti3CyTyx (51.23 %).
When SnS, is composited with Ti3CyTyx the NHgs-sensing response is
enhanced. The sensing response increases as the Ti3CyTx content is
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Fig. 3. Raman scattering spectra of TizAlCy, TizCyTy, SnS; and SnS,/TizCaTy (Sn-Ti-b).

increased from O to 0.4 wt% but decreases after that value. The
enhancement arises from the uniform SnS; nanosheets trapping NHjs
molecules at edge-exposed sites and Ti3CoTyx with high conductivity and
a large surface area. However, if the content of Ti3CyTy is too high, the
adsorption ability degrades due to the reduced availability of active sites
for NH3 adsorption. The results show that the composites with 0.48 wt%
Ti3CeTx (Sn-Ti-b) delivers superior NHgs-sensing performance, and
therefore, this sample is chosen for further assessment. Fig. 7(b-d)
exhibit the dynamic resistance change curves of SnSj, TizCyTyx, and
SnS,/Ti3CoTy composites to NH3 at RT. The resistance decreases
immediately in NH3 and then stabilizes, indicative of an n-type semi-
conducting behavior. After exposure to air, the resistance recovers to the
initial state. Fig. 7e presents the relationship of SnS,, TizC,Tx and SnSy/
Ti3CyTx composites between the NH3 concentration and response. The
response of Sn-Ti-b sensor is higher than that of SnS; and TizCyTx. The
response is enhanced by 0.49864 % at RT for each 1 ppm increase in the
NHj concentration from 1 to 100 ppm NHs. In the range of 100-500 ppm
NHg, the response increases slowly. It is only enhanced by 0.04551 %
ppm ! at RT. The limit of detection (LOD) is a crucial parameter for gas
sensors. The LOD is calculated by Eq. (4) [29-32]:

RMS

LOD =3
x Slope

(€3]

where RMS represents the root-mean-square of noise, and the slope is
calculated from the linear response. The LOD of SnSy/G-b sensor is
calculated to be about 143 ppb. Fig. 7f shows the response of Sn-Ti-b
sensor to 30-500 ppm NHjs at RT. With decreasing NH3 concentration,
the response diminishes. The response/recovery times are about 165/
1280 s, 56/689 s, 116/521 s, 132/326 s and 169/228 s for 500 ppm,
300 ppm, 100 ppm, 50 ppm, and 30 ppm NHj, respectively (Fig. 7g).
Good selectivity is also important to practical applications. The acetone,
ethanol, H,S, Hy, methanol, SO, and trimethylamine (TMA) are the
common harmful gas. Especially, the TMA is also a marker of food
spoilage. Hence, these gases are selected as the test gas. As displayed in
Fig. 7h, the response to 100 ppm NHs is about 61.23 %, which is much
higher than that to acetone (2.36 %), ethanol (3.12 %), H,S (1.36 %), Hy
(1.12 %), methanol (0.36 %), SO3 (5.36 %) and TMA (23.37 %), indi-
cating that SnS; and Ti3C,Tyx composites in this work show the excellent
selectivity to NHs. To reveal the selectivity mechanism of SnSy and
TigCyTx composites, the adsorption energy of SnS, toward NHs, acetone,
ethanol, HsS, Hy, methanol and SO, was calculated and the results were

illustrated in Fig. S2. The adsorption energy of SnSy toward NH3 is much
more negative that of SnS, toward other gases, indicating the stronger
adsorption ability to NH3 molecular. Hence, fabrication of SnS; and
Ti3CyTx composites show the excellent selectivity to NH3 gas molecular.
Fig. 7i shows the resistance changes of Sn-Ti-b to 100 ppm NHj in five
successive cycles at RT. Although the resistance baseline drifts slightly
after five cycles, the responses are basically similar, implying good
repeatability. The antioxidant properties of Ti3CyTx is evaluated by
recording the baseline resistance of Ti3CaTx and SnSy/Ti3CeTx compos-
ites in the long-term stability tests and the results are displayed in
Fig. S3. The relative standard deviation (RSD) of resistance of TizCyTx
and SnS,/Ti3CyTy composites are about 61.64 % and 30.49 %, respec-
tively. Additionally, after 10 days, the resistance of TizCyTx was
increased by 289.4 % While, the resistance of SnS;/Ti3C2Ty composites
is not almost changed. Hence, fabrication of SnS, and Ti3CyTx compos-
ites could enhance the antioxidant properties of TizC2Tx. In addition, the
long-term stability of Sn-Ti-b toward 100 ppm NHj3 at RT is displayed in
Fig. S4. The response exhibits relatively slight fluctuations, showing a
decrease only by 13.45 % after 15 days, behaving the excellent long-
term stability.

The sensing response of Sn-Ti-b at different temperatures and envi-
ronmental humidity (RH) is investigated. As shown in Fig. 8a, with
increasing temperature, the sensor exhibits a downward trend. At a high
temperature, NH3 molecules move faster and desorb before they have
time to participate in reaction, thus giving rise to a poor response
[29-32]. Fig. 8b shows the response of Sn-Ti-b to 100 ppm NHj at
different RH, revealing a decreasing trend as the RH goes up from 35 %
to 87 %. At high humidity, HoO molecules adsorb easily from the air
onto the sensing surface. The hydroxyl group of H,O may be dissociated
and serves as an electron donor to transfer electrons into the conduction
band and reduce resistance. At same time, the adsorbed H,O molecules
on the surface inhibit the adsorption of NH3 to reduce the response at RT
[30-33]. In addition, the comparison of NHs-sensing performance of
SnS,/Ti3CyTy composites in this work with other previous work is pre-
sented in Table S1 [11,12,34-39]. The pure Ti3CyTx and VoCTy show the
poor room-temperature NHs-sensing response [34-36]. The SnS; show
the excellent NHs-sensing response. While, the working temperature is
high [11,12]. For the SnO2/SnSy [37], TisCaTx/TiO2 [38] and PANI/
Ti3CaTx [39] composites, the working temperature is RT. While the
response is lower. Hence, fabrication of SnS; and Ti3CoTyx composites in
this work could realize the excellent NHs-sensing response at RT.
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Fig. 4. SEM images of (a-c) SnS,, (d-f) TizCyTy, (g-i) SnS,/TizC,Ty composites (Sn-Ti-b) and (j-1) EDS elemental maps of the SnS, and Ti3C,Tx composite (Sn-Ti-b).

3.3. Gas sensing mechanism

During gas sensing, chemical adsorption, oxidation, and desorption
occur at the interface between NH3 and SnSy/TizC2Tx composites. In air,
the oxygen is adsorbed on the surface of composites and captures elec-
trons to form the chemisorbed oxygen ions (0;). In NH3, the NH3 mo-
lecular would react with adsorbed O; ions to release electrons to the
composite and thus the resistance is reduced (Eq. (5)-(8)). The adsor-
bates on the SnSy/TizC2Tyx composite have been determined previously
by in situ DRIFTS [28]. As shown in Fig. S5, the black curve shows the
spectra of SnSy/TizCyTyx composites in air, and the other curves show the
spectra of SnSy/TisCyTy composites in NHs. The peaks at 1,070 cm™?
and 1,563 cm™! are related to N—H bonds coupled to Lewis acid sites,
while those at 1,506 cm_l, 1,539 cm_l, and 1,693 cm~! are associated
with NHZ chemisorbed at Brgnsted acid sites. The Lewis and Brgnsted
acid sites have strong adsorption ability toward alkaline NHs. The strong

peaks at 1,624 cem™ ! and 1,693 ecm™! correspond to adsorbed NO,
indicating that NOg is generated in the gas-sensing process [28].

02 (gas)—0;(ads) )
0 (ads) + e~ —0, (ads) (6)
4NHs(gas) + 50, (ads)—4NO + 6H,0 + 5e” )
2NO(ads) + O,(gas)—2NO, ®

Fig. 9 shows the adsorption energies of SnS,, Ti3CTx, and SnSy/
Ti3CyTx heterojunction toward NH3 molecular. The adsorption energies
of SnS; and Ti3CyTy heterojunctions for NHs are much more negative
than those of SnS; and TizCyTx. It indicates that the composite has
enhanced adsorption ability for NHs. The adsorbed oxygen captures
electrons from n-type SnS, to form chemisorbed oxygen ions (O;), and
the NH3 molecular reacts with O; to release electrons to the composite,
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Fig. 5. TEM images of (a-c) SnS; and (d-f) SnS,/Ti3C,Tx composite (Sn-Ti-b).

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

reducing the resistance [28-30]. In addition, the Ultraviolet-visible
(UV-vis) absorption spectra of SnS;, TizCyTx and composites are
measured and the results are shown in Fig. S6. The band gap of SnS,,
Ti3CaTx and composites are about 2.07 eV, 1.58 eV and 1.35 eV,
respectively. Hence, fabrication of SnS; and Ti3CyTx composites could
reduce the band gap and thus enhance the conductivity.

The interaction between SnS; and TizCyTx MXene could be explained

by the structural interaction and heterojunction interaction. According
to the results of SEM, the Ti3CyTy show the accordion-like multilayer
nanosheet structure. It has the larger surface area and high carrier
mobility. The SnS; has the strong adsorption ability for NHs molecular.
The uniform hexagonal structure and edge-exposed SnS; nanosheets
deposited on the conductive TizC,Tyx have a large surface area to pro-
mote the adsorption of NH3 molecules. At the same time, SnS; prevents
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Fig. 7. (a) Response of SnS, TizC,Ty and SnS,/TizC,Ty composites; Real-time resistance variations of (b) SnS,, (c) TizC,Ty, and (d) Sn-Ti-b to 500 ppm NHj3 at RT; (e)
Response of Sn-Ti-b to 1-500 ppm NHj at RT; (f) Response curve of Sn-Ti-b to 30-500 ppm NH3 at RT; (g) Response and recovery time of Sn-Ti-b to 30-500 ppm NH3
at RT; (h) The selectivity of Sn-Ti-b to 100 ppm NHj at RT; (i) Five cycle repeatability of Sn-Ti-b to 50 ppm NHj at RT.

Fig. 8. Response of Sn-Ti-b to 50 ppm NHj: (a) Temperature and (b) Relative humidity.

oxidation-induced degradation of TizCyTyx to improve the stability.

To reveal the effects of the heterojunction on the NHs-sensing per-
formance, the work functions is calculated. As shown in Fig. 10, the
work function of SnSs is smaller than that of Ti3C,Tx [28]. When SnS, is
in contact with TizC,Ty, electrons are transferred from SnS; to TizCoTy to
establish an equilibrium Fermi level. Electron injection gives rise to
band bending in both materials and formation of Schottky barriers at
interface. Upon exposure to NHgs, the reaction with adsorbed oxygen

releases electrons back to the sensing materials to increase the electron
density, reduce the Schottky barrier height, and promote electron
transfer at interface. As a result, the electrical conductivity increases and
the NH3-sensing response is enhanced.

Finally, the density of states (DOS) and partial density of states
(PDOS) of SnS,, Ti3CoTx, and SnS,/TizCoTx composites are calculated
and displayed in Fig. 11. As shown in Fig. 11a and b, SnS; has a larger
bandgap (E; = 1.734 eV). The conduction band bottom (CBB) and
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Fig. 9. Side views of (a) SnS,, (b-d) SnS, adsorbing NH3, (e) TizCyoTy, (f-h) TizCoTy adsorbing NHs, and (i) Adsorption energies of SnS,, TizCoTyx and composites for
NH; molecular.

Fig. 10. (a) Work functions of SnS, and Ti3C,Ty; Energy band diagrams of the heterojunction in (b) Vacuum, (c) Air, and (d) NHs.

valence band top (VBT) are mainly composited with Sn s and S p states, at the Fermi level, thus showing metallic properties. The bandgap of
respectively. At RT, electrons are harder to transfer from VBT to CBB, SnS,/Ti3CyTx composites decreases to 0.12 eV with the CBB and VBT
resulting in poor conductivity. As for TizCyTy, the CBB and VBT overlap being mainly the Ti d and S s states, respectively. At RT, electrons are



L. Zhang et al.

Applied Surface Science 712 (2025) 164190

Fig. 11. Atomic structure, DOS, and PDOS of (a-c) SnSy, (d-f) Ti3C.Ty, and (g-i) SnSy/TizCyTy heterojunction.

transferred from VBT to CBB easily, thereby increasing the conductivity
and providing electron exchange between SnS, and Ti3CyTy. Therefore,
the heterojunction improves charge transfer and ultimately the sensing
properties.

4. Conclusion

The NHj3 gas sensing performance of SnS; and TizC2Tx composites at
RT is studied. Surface functionalization of Ti3C,Tyx with SnS, enhances
the adsorption capacity and charge transfer ability for NH3 to improve
the sensing properties. Compared with SnS; and Ti3Cy Ty, the response of
SnS,/Ti3CyTx composites to 50 ppm NHj at RT is enhanced by 34.5 %
and 52.6 %, respectively. Additionally, the sensor exhibits better
selectivity, long-term stability, and fast response and recovery rates.
DFT calculations reveal that the adsorption capability of SnS; to NHj is
much stronger than that of Ti3CoTy, indicating that introduction of SnS;
on the surface of TigCyTx could provide optimal active sites for
adsorption of NHs. In addition, based on the DFT calculation, the
bandgap of SnS; and Ti3CyTy heterojunction is about 0.12 eV, conse-
quently boosting electron exchange at interface and improving the
sensing response. The experimental and theoretical findings confirm
that the SnSy and Ti3CyTx composite is an ideal candidate for high-
sensitivity room-temperature NH3 gas sensors.
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Fig. S1. The morphology of SnS»/Ti3C,Tx composites in the sensor device.



Fig. S2. The adsorption energy of SnS; toward NH3, acetone, ethanol, H2S, Hz, methanol and SO»

molecular.



Fig. S3. The baseline resistance of Ti3C,Tx and SnS»/Ti3C,Tx composites in 10 days.
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Fig. S4. Long-term stability of the SnS; and Ti3C,Tx composites toward 50 ppm NHj3 at RT.




Fig. S5. In situ DRIFT spectra of the SnS; and Ti;C>Tx composites in air and NH; 2],



Fig. S6. The band gaps were calculated by the Tauc plot equation based on the UV—vis absorption

spectra of SnS,, Ti3C,Tx and composites (Sn-Ti-b).



Table S1. Comparison of NH3-sensing performance of SnS,/Ti3C,Tx composites in this work

with those in the previous work.

Sensing concentration | Response/recovery | Temperature | Response Ref
ef.

materials (ppm) time (s) (°C) (%)
Ti3Co T 100 300/900 RT 0.8 [34]
Ti3CoTx 500 -/- RT 6.13 [35]
V2CTx 100 300/400 RT 1.66 [36]
SnS; nanoflower 100 40.6/624 200 86.48 [11]

SnS»
50 4/15 160 89.58 [12]
micro-flowers

Sn0,»/SnS; 10 11/- 116 1.16 [37]
Ti3C, T/ TiO2 10 60/750 RT 3.1 [38]
PANI/Ti3C,Tx 10 240/490 RT 1.65 [39]
This

SnS»/TizCoTx 100 116/521 RT 61.36
work




Additionally, a similar work has been published titled with "Engineering a
surface functionalized Pt@SnS»/Ti;C>:Tx MXene sensor with humidity tolerance and
high sensitivity at room temperature for NH; detection" ( J. Mater. Chem. A, 2025,
13,2950-2964). And the authors did not present a different or novelty of the problem
they are studying in the introduction. Many previous references have already
reported similar results.

Answer: Thanks for the reviewer’s good suggestion. The difference between this
work and other previous work is showing following:

(1) The effect of Ti;C:T« content on the NH;z-sensing performance of
SnSy/Ti;C>T. composites has been studied in this work. In the previous work, the
ternary heterostructure of Pt@SnS2/Ti3C2Tx has been prepared and behaved excellent
room-temperature NHs-sesning performance. While, the optimum content of
composition ratio was not researched. Hence, in this paper, the effect of TizC2Tx
content on the NHs-sensing performance of SnSa/Ti3CoTx composites was mainly
studied. It’s found that the NHs-sensing response increases as the Ti3C2Tx content is
increased from 0 to 0.4 wt% but decreases thereafter. The composites with 0.4 wt%
Ti3C2Tx behave the optimum NH3-sensing response at RT.

(2) The selectivity mechanism of SnS»'TisC>Tx composites have been studied in
this paper. To revel the selectivity mechanism of SnS> and Ti3C2Tx composites toward
NH3s molecular, the adsorption energy of SnS2 toward NH3s, acetone, ethanol, H2S, Ha,
methanol and SO: was calculated. It’s found that the adsorption energy of SnS:

toward NH3 is much more negative that of SnS: toward other gases, indicating the



stronger adsorption ability to NH3 molecular. Hence, fabrication of SnS: and Ti3C2Tx
composites show the excellent selectivity to NH3 gas molecular.

(3) According to the results of in situ DRIFTS, it’s found that the NO; is
generated in the process of NHs-sensing response. The results of in situ DRIFTS is
shown in Figure S2. The peaks at 1,070 cm™ and 1,563 cm™! are related to N—H bonds
coupled to Lewis acid sites, while those at 1,506 cm™, 1,539 cm™!, and 1,693 cm™! are
associated with NH4" chemisorbed at Bronsted acid sites. The Lewis and Brensted
acid sites have strong adsorption ability toward alkaline NH3. The strong peaks at
about 1,624 cm™ and 1,693 cm™! correspond to adsorbed NO3, indicating that NOz is
generated in the gas-sensing process.

The following reference has been added in the revised manuscripr:

[20] K. S. Ranjith, S. Sonwal, A. Mohammadi, G. S. R. Raju, Y. S. Huh, Y. K. Han,
Engineering a surface functionalized Pt@SnS2/Ti3C2Tx MXene sensor with humidity
tolerance and high sensitivity at room temperature for NH3 detection, J. Mater. Chem.

A, 13 (2025) 2950-2964.
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What is the superiority of this new SnS> nanosheets functionalized Ti;C,T,?

Answer: Thanks for the reviewer’s good suggestion. The superiorities of this new
SnS2 nanosheets functionalized TizC2Tx are shown in following:

(1) The SnS2 show the hexagonal structure. When composited with TizC2Tx, the
SnS2 nanosheets on TizC2Tx could inhibit restacking of SnS2 and oxidation of Ti3CaTx.
The TisCoTx serves as template for growth of SnS: nanosheets and generates
interfacial sites for NH3 gas adsorption. Hence, the NH3-sensing performance is
enhanced.

(2) When SnS: is contacted with Ti3C2Tx, the heterojunction is formed at interface.
It would increase the lifetime of electron, promoting the electron exchange between
NH3s molecular and sensing materials and enhancing NH3-sensing response.

(3) Based on the results of DOS and PDOS, it’s found that the pure SnS2 show the
semiconductor property. The TisCoTx show the metal property. When the
heterojunction of SnS> and Ti3C2Tx is formed, the bandgap is zero, behaving the metal
property. Hence, fabrication of SnS: and TisC:Tx composites could enhance the

conductivity.
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