Journal of Alloys and Compounds 1037 (2025) 182542

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

Enhanced NHj sensing performance of Ti3CoTy MXene decorated with

flowered MoS,

a,b,c,*

Lizhai Zhang
Taotao Ai* , Paul K. Chu®

, Xinyu Lei “, Henghui Sun*, Dingyuan Wang“, Baisong Chen 9. Fei Ma",

& School of Materials Science and Engineering, Shaanxi University of Technology, Hanzhong, Shaanxi 723001, China
b State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China
¢ 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
4 Faculty of Optoelectronic Engineering, Xidian University, Xi’an, Shaanxi 710126, China

ARTICLE INFO ABSTRACT

Keywords:
MoS,/TizCaTx MXene
Heterojunction

NH3 sensor
Nanocomposites

Because of abundant terminal groups, metal electrical conductivity and multilayer structure, the Ti3CoTx have
attracted extensive application for detection of harmful gas. However, the poor reversibility and response limit
its application. Herein, the edge-enriched MoS; and Ti3C,Tx heterostructure was prepared hydrothermally and
applied for NH3 detection. The growth of flower-like MoS; on multilayer structure of TizCyTy could increase
number of edge sites for NH3 adsorption. This synergistic effect has led into a 553 % and 3060 % improvement in

sensing response compared to pure MoS; and Ti3C2Tx on exposure to 300 ppm of NHs at RT.The DFT calculations
reveal that the heterojunction could improve the activity of charge transfer between the sensor and NH3 mo-
lecular, enhancing the NHs-sensing response. These findings offer the valuable insights for the room-temperature

NHj detection.

1. Introduction

Air pollution is becoming more serious due to the emission of NOy,
CO, CO,, and NH3 from industrial production, fossil fuel combustion,
and automobile exhaust [1-5]. Among them, NHg, a colorless gas with a
strong odor, can cause irritation to the eye, skin, and throat, and even
health hazards [6-9]. Additionally, the NH3 molecular could serve as a
biomarker for kidney and liver disorders, which enables the early
detection of cancer [6-9]. Therefore, it is necessary to develop a simple,
portable, and stable sensor to detect NHz quickly and reliably.

Because of large specific surface area, high electrical conductivity,
and abundant functional groups (-F, -OH, etc.), TizC2Tx has been
investigated as an NH3-sensing material theoretically and experimen-
tally. For example, Tan et al. have prepared layered Ti3C2Tx by etching
Ti3AlC, with HF, and the response to 200 ppm NHj is about 7.6 % at
room temperature (RT). The response and recovery time are about 83 s
and 84 s, respectively [10]. Khakbaz et al. have calculated the adsorp-
tion energies of Ti3CyTy toward NHg and other gas molecules (NO, NO,
N20, CO, CO,, CHy4, and H,S) by the first-principles calculations, and

found that of Ti3CyTy toward NH3 is much more negative than that of
other gas, resulting in the higher NH3 sensing response [11]. Wu et al.
have prepared single-layer Ti3C,Tx dispersion by intercalation and ul-
trasonic, and the response to 500 ppm NH3 is about 6.13 % at RT [12].
Nevertheless, due to the strong interlayer van der Waals forces, the
self-stacking of Ti3CyTyx occurs easily, resulting in the poor sensing
response (below 10 %) at RT. In addition, the Ti3CyTy is easily oxidized
in air, behaving the poor reversibility.

To address these challenges, the NHs-sensing performance of TizgCoTx
can be enhanced by combining with other materials. For example, Guo
et al. have synthesized Ti3gCyTx and WO3 composites ultrasonically.
Compared with TizCyTy, the response of composites toward 1 ppm NHg
at RT increases by 15.4 times [13]. Zhou et al. have synthesized TizCyTx
and InpO3 nanocomposites ultrasonically and found the response to
30 ppm NHj3 at RT is about 63.8 %, which is 30.4 times higher than that
of TigCoTy [14]. Lee et al. have prepared Ti3CyTx and graphene fibers by
scalable wet spinning with enhanced NHj3 sensing response compared to
individual Ti3CyTx and graphene [15]. MoS, is a semiconducting
two-dimensional (2D) transition metal dichalcogenide (TMD) boasting
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Fig. 1. Flow chart of the experiment.

high carrier mobility, large adsorption coefficient, and tunable band
gaps. It may have a positive impact on the sensitivity and stability of gas
sensors if the MoS; is composited with TizCoTy.

Herein, the composites of MoS; and TizCaTx MXene are synthesized
hydrothermally. The growth of MoSy on the surface of TizCyTx could
prevent restacking and oxidation of Ti3gCoTx. And the large surface area
of conducting TizCyTx acts as a template for MoS,, generating more
interfacial sites for NH3 molecular adsorption. Compared with pure
MoS; and Ti3CyTy, the response of composites toward 300 ppm NH3 at
RT is obviously enhanced. In addition, the first-principles calculation
was used to reveal the mechanism of enhanced gas sensing performance.

2. Experimental details
2.1. Preparation of MoS, and TisCsTy composites

As displayed in Fig. 1, the MoS, and TigCyTx MXene composites were
prepared by a hydrothermal method. Firstly, Ti3CoTx MXene (10 mg)
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was dissolved in 30 mL of distilled water and stirred for 30 min, followed
by addition of 0.35 g of sodium molybdate (NazMoO4 2 H,0) and 0.25 g
(0.7 wt%), 0.3 g (0.85 wt%), 0.35 g (1.0 wt%), 0.4 g (1.15 wt%), or
0.45 g (1.3 wt%) of thiourea (relative to 0.35 g of NapMoO42 H30),
respectively, and subsequent stirring for 1 h. The mixture was trans-
ferred to a 50 mL polytetrafluoroethylene reactor and reacted hydro-
thermally at 200 °C for 24 h. After cooling to room temperature, the
black product was collected, filtered, centrifuged, washed with anhy-
drous ethanol and distilled water three times repeatedly, and then
placed in a vacuum oven at 60 °C for 10 h to prevent oxidization, and
finally milled to obtain the five samples of composites, which was
designated as MoS,/TizCoTx-a, M0S3/TizCaTx-b, M0oSy/TisCoTx-c, M0Sg/
Ti3CyTx-d and MoS,/Ti3CyTx-€, respectively.

2.2. Characterization and testing

X-ray diffraction (XRD, D/max-2200PC) with Cu-Ka radiation
(40 kV, 30 mA) was used to characterize the phase composition and
scanning angle (260) was ranged from 5° to 90°. The scanning electron
microscope (SEM, JSM-7610F) and transmission electron microscope
(TEM, JEM-2100P, 200 Kv) were performed to examine the micro-
structure and morphology. Energy-dispersive X-ray spectrometry (EDS,
JSM-7610F) was used to determine the elemental composition and
distribution. X-ray photoelectron spectroscopy (XPS, Thermo Scientific
K-Alpha) was conducted to determine the chemical states. During the
spectral acquisition process, the vacuum degree of the analysis chamber
is approximately 5 x 10~° mbar. The X-ray source energy is 1486.6 eV.
The operating voltage is set at 12 eV, the beam current is 6 mA, the
analyzer scanning mode is CAE. The full-spectrum energy is 150 eV,
with a step size of 1 eV. The fine-spectrum energy is 50 eV, and the step
size is 0.1 eV. The instrument work function is 4.2 eV. The analysis re-
gion is a circle with a diameter of 400 pm. During the experiment, a
10 mg powder sample was directly adhered using double-sided carbon
conductive adhesive or ordinary double-sided adhesive and loaded into

Fig. 2. Structural characterization of the MoS,/Ti3C,Tx MXene composites: (a) XRD patterns of TizC>Ty MXene [9] and composites; (b) Raman scattering spectrum of

MoS, and MoS,/Ti3CyTx-c; (c-f) XPS spectra of MoS,/TizCoTy-cC.
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Fig. 3. The SEM image of (a) Ti3CyTx and MoS,/TizC,Ty composites prepared with (b) 0.7 wt%, (c) 0.85 wt%, (d) 1.0 wt%, (e) 1.15 wt%, and (f) 1.3 wt% thiourea

concentration; (g, h) TEM and (i) HR-TEM images of MoS,/Ti3CyTx-C.

the spectrometer for testing. Raman scattering (Horiba LabRAM HR
Evolution, 514 nm) was used to study the vibrational states.

2.3. Fabrication of gas sensors and measurement

The 5 mg of samples were added into 1 mL distilled water to form a
slurry, uniformly coated on a gold-forked finger electrode with a width
of 5 mm, and dried at RT (296.15 K) for 24 h. The sensing properties
were determined on a CGS-8 intelligent gas-sensitive analyzer system
(Beijing Zhongju Hi-Tech Co., Ltd., China) at 296.15 K. Ammonia (NHs)
gas was obtained by evaporating aqueous ammonia solution (25 wt%).
The concentration of NH3 was calculated according to the Eq. 1:

C=(224xpx«x 71)/(Mx 77) 1)

where, C is the concentration of gas (ppm), the density of the liquid is
indicated by p (g/mL), The purity of organic liquid is denoted by ~, 7,
(pL) and 77, (L) represent the volume of the organic liquid and the
cavity, respectively. M (g/mol) is the molar mass of organic matter.
Environmental humidity is controlled by filling the evaporator with an
aqueous solution. The sensing response (S) is defined as:

R,—R,

a

S = x 100% 2

where R, is the resistance of sensor for target gas, and R, is the resistance
of sensor in air. The response time is defined as the time required for the
signal to rise from zero to 90 % of the maximum response, and the re-
covery time is the time required for the resistance of sensor to recover to
10 % of the initial resistance.

2.4. DFT calculation

The density states of MoSy, TizCaTx, and MoSy/TizCoTyx hetero-
junction were determined by density-functional theory simulation based
on Vienna ab initio calculations [16-18]. The Perdew-Burke-Ernzerhof
(PBE) was used as the exchange-correlation function. The kinetic en-
ergy cutoff and force threshold were 500 eV and 0.05 eV/A, respec-
tively. The Monkhorst-pack k-point grids were set as 3 x 3 x 1 and
5 x 5 x 1 to optimize the structure and energy, respectively. The vac-
uum slab was 10 A in the z-direction. The adsorption energy (Eqs) of
sensor toward gas molecular is calculated by Eq. (3):

Eads = ESen.sor+gas - ESensor - Ega.s (3)

whereEgensor+NH; > Esensors and Enp, are the total energy of sensor with
adsorbed gas molecular, pure sensor and gas molecule, respectively. The
more negative behaves the stronger adsorption ability.

3. Results and discussion
3.1. Structure characterization

The XRD is conducted to determine the crystal structure of TizgCoTy
and MoS,/Ti3CaTx composites. As illustrated in Fig. 2a, the diffraction
peaks at about 8.12°, 18.54° and 60.89° are arise from the (002), (004)
and (110) crystal plane of TigCoTx [9]. For the MoS,/TigCaTx compos-
ites, the diffraction peaks at about 13.86°, 28.57°, 33.12°, 47.55°,
56.35°,59.10°, 69.69° and 76.71° are arise from the (002), (004), (101),
(105), (106), (110), (201) and (204) crystal planes of MoS,, which can
be indexed to the 2 H structure of MoS, (JCPDS: PDF#75-1539). The
diffraction peaks of TizgCyTx in composites couldn’t be observed, which
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Fig. 4. EDS patterns of MoS,/Ti3CyTx-c: (a, b) SEM image; (b) Spectrum; (d-i) Elemental maps of Ti, S, Mo, O, C, and F.

due to the surface of Ti3CyTx is encapsulated by MoSs. The intensity of
XRD peak of MoS; in composites is enhanced with increase of thiourea
concentration. During preparation, the thiourea is served as the
reducing agent and sulfur source. At low thiourea concentration, a small
amount of NasMoOy4 could react with thiourea, resulting in poor crys-
tallinity of MoS,. Hence, the diffraction peaks of MoS; are poor. With
increase of thiourea concentration, the lots of Na;MoO4 could react with
thiourea, and a great amount of MoS; are formed on the surface of
Ti3CyTx. Hence, the XRD peak of MoS; in composites is clearly observed.
The Raman spectra of MoS,, TizsCyTx and composites are displayed in
Fig. 2b. The Raman peaks at about 384.2 cm ™! (in-plane E3 ¢ mode) and
406.8 cm™! (out-of-plane A; ; mode) corresponds to the MoS» [19]. The
Raman peaks at about 248.36 em ™}, 1354.93 cm ™! and 1592.4 cm ™!
arises from the Ti3CyTy. As for the composites, the Raman peaks of MoS;
and Ti3CyTy are occurred in the composites, indicating that MoS; hy-
bridizes with Ti3CyTx MXene to form the composites.

The pure MoS; and TizCyTx were characterized by XPS and the re-
sults were shown in Fig. S1. In Fig. S1a, the peaks at about 228.9 eV and
232.1 eV are corresponded to the Mo 3ds,5 and Mo 3ds,», respectively,
confirming formation of 2H-MoS,. In Fig. S1b, the peaks at about
161.9 eV and 163.2 eV are attributed to the S 2p3/2 and S 2p1/2. The
measured spectrum of Ti3CoTyx were displayed in Fig. Slc and S1d. In
Fig. Slc, the Ti 2p spectra of TizCyTx could be fitted into four peaks at
about 454.3 eV, 458.9 eV, 461.3 eV and 465.1 eV, which are attributed
to the Ti-C3/2, Ti 2p3/2 (Ti-03/2), Ti-C]/z, and Ti 2p1/2 (Ti-ol/z),
respectively. During the hydrothermal process, part of Ti3CoTx was
oxidized to TiOg, forming the Ti-O bonds. As displayed in Fig. S1d, the
C1s spectrum could be divided into three peaks with binding energies of
281.3 eV, 285 eV, and 287.5 eV, which corresponding to the Ti-C, C-C,
and C-O valence states, respectively. The survey spectrum of MoSy and

TigCyTx composites were measured and the results were displayed in
Fig. 2c. The C, Ti, Mo and S peaks are clearly observed in the survey
spectrum. In Fig. 2(d-f), the binding energies of Mo 3d (Mo 3d5/2 and
Mo 3d3/2) and S 2p (S 2p3/2 and S 2pl/2) spectra are decreased to
228.74 eV, 231.99 eV, 161.65 eV and 162.76 eV, respectively. While,
the binding energy of Ti 2p spectra (Ti-Cs/2, Ti 2p3/2 (Ti-O3,2), Ti-Cy 2,
and Ti 2pj» (Ti-O1,2)) are increased to 455.58 eV, 459.19 eV,
461.78 eV, and 465.38 eV, respectively. The results confirm the electron
exchange occurs at interface of MoS; and Ti3CyTy.

The microstructures of Ti3CyoTx and MoS,/Ti3CeTyx composites were
measured by SEM. As shown in Fig. 3a, Ti3CoTx MXene behaves the
typical multilayered lamellar structure. The microstructure of MoS; in
the composites depends on the content of thiourea during preparation.
When the concentration of thiourea is 0.7 wt%, the sparse-flower
globular MoS; is grown on the surface of TizCyTy. If the thiourea con-
centration is added up from 0.70 wt% to 1.0 wt%, the density of MoS is
increased and uniformly cover Ti3CoTx MXene (Fig. 3b-d). If the thio-
urea concentration is increased further, the MoS; morphs gradually into
flower-like nanosheets (Fig. 3e and f). Fig. 3g and h display the TEM
images of MoSy/TisCaTx composites (1.0 wt%), revealing that the
flower-like MoS; are grown on the surface of MXene and behaving the
layered structure. The layer spacings of 0.617 nm and 0.26 nm are
attributed to the (002) plane of MoS; and (100) plane of TizCyTy,
respectively (Fig. 3i). The EDS mapping of the MoS,/TizC2Tx composite
(1.0 wt%) is also conducted. As displayed in Fig. 4, the S and Mo element
are uniformly distributed on the Ti3CyTy, which further reveals the
growth of MoS; on the surface of TizCoTx.
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Fig. 5. (a) Response of MoS,, Ti3C,Ty and composites to 300 ppm NHj at RT; (b) Dynamic response-recovery curves of MoS; and MoS,/Ti3CoTy-c to 300 ppm NHj at
RT; (c) Response of MoS,/Ti3C,Ty-c sensor to different NH3 concentrations at RT; (d) Response/recovery time of MoS,/TizC,Ty-c to different NH;3 concentrations at
RT; (e) Response of MoS»/Ti3CoTx-c to 300 ppm NHj3 at different temperatures; (f) Response of MoS, and MoS,/Ti3C,Tx-c to different gases; (g) Response of MoS,/
TizCyTx-c to 300 ppm NHj at different humidity; (h) Cycling response performance of MoS,/Ti3CoTx-c; (i) Stability of MoS»/Ti3CoTx MXene-c.

3.2. Gas sensing properties

The room-temperature NH3-sensing performance of MoSy, TizCoTy,
and composites is investigated. As illustrated in Fig. 5a, the response of
MoS; and TizCyTy is only 4.7 % and 0.1 %, which is much smaller than
that of composites. In addition, if the content of thiourea is increased
from 0.7 to 1.0 wt%, the response of composites is enhanced, but upon
further increase, the response becomes poorer. According to SEV, if the
concentration of thiourea is 1.0 wt% during preparation, the MoS; ex-
hibits the flower globular structure and is uniformly grown on the sur-
face of TigCyTy, resulting in a larger specific surface area and better NHg
adsorption. Thus, the composites of MoS; and Ti3CyTx prepared at
1.0 wt% thiourea (Mo0S,/Ti3CyTx-c) shows the highest response to NHg
at RT and is further studied. Fig. 5b shows the response change curves of
MoS; and MoS,/Ti3CyTx-¢ to 300 ppm NHj3 at RT. Compared to pure
MoS,, the response of composites is enhanced by 650 % as well as the
response and recovery time are reduced to 340 s and 710 s, respectively.
Fig. 5¢ shows the response of MoS,/Ti3CoTy-c sensor toward different
NHj concentrations (50-800 ppm) at RT. As the NH3 concentration is
increased from 50 ppm to 300 ppm, the response is obviously enhanced

and shows a better linear relationship (R? = 0.875). The response is
enhanced by 0.1 % when the NH3 concentration is increased by 1 ppm.
If the NH3 concentration is further increased, the response reaches
saturation. At low NH3 concentrations, the most sites are available and
the charge transfer is proportional to the gas concentration. While, at
higher NH3 concentrations, all the active sites may be occupied, and the
response reaches saturation [20-23]. The lowest detection limit (LDL) is
calculated by Eq. (4)[22]:

RMS

LDL = 3 x Slope

4

where RMS represents the root-mean-square of noise, and the slope is
calculated from the linear response [22]. The LDL of MoSy/TizCoTx-c
sensor is calculated to be about 1.986 ppm. In addition, the response and
recovery time decrease with increasing NH3 concentration (Fig. 5d).
Fig. 5e shows the response of Mo0Sy/Ti3CoTx-c composite to 300 ppm
NHj at different temperatures. The response decreases with increase of
temperature due to reduced NH3 adsorption at active site and enhanced
desorption [20]. Moreover, the MoS; substrate may be oxidized during
heating, resulting in a poor response at higher temperatures [24].
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Fig. 6. Resistance change curves of (a) MoS, and (b-f) MoS,/Ti3C,Tx composites a-e in NH3 at RT.

Therefore, RT is the optimal operating temperature. In Fig. 5f, the
response of MoS; and TizCyTx composites toward 300 ppm NHgs at RT is
much higher than that of acetone, ethanol, HCOH and CH3COCHs3,
behaving the excellent selectivity performance [20,25-27]. According
to the knudsen diffusion theory, the diffusion rate of gases can be
correlated to their molecular weight. The higher molecular weight
means the poorer diffusion rate. In addition, to reveal the selectivity
trends of MoS; and Ti3CyTx composites, the adsorption energy of com-
posites toward NHg, acetone, ethanol, HCOH and CH3COCHj3 molecular
was calculated and the result was illustrated in Fig. S2. The adsorption
energy of MoS, and Ti3CoTx heterojunction toward NHg is much more
negative than that of acetone, ethanol, HCOH and CH3COCHj3 molecu-
lar. In general, the more negative adsorption energy behaves the
stronger adsorption ability. Hence, the composites of MoSs and TizCaTx
behave the excellent selectivity to NH3 molecular at RT. Fig. 5g shows
the response of MoSy/MXene-c at different humidity levels. The
response rises with increase of humidity from 50 % to 70 %. After that
value, the response becomes poor. With the increases in humidity, the
NH; molecular would solvate into NH*" ions on the surface of sensor
and then react with adsorbed oxygen ions, leading to a higher sensing.
While, when the humidity is to high, the partial active sites of sensing
materials are occupied by the water molecules, leading to the lower
sensing response [28]. Fig. 5h shows the response of Mo0Sy/Ti3CoTx-C
composite to 100 ppm NHs in three consecutive cycles. The response
decreases obviously after three cycles. The long-term stability of
MoS,/TizCaTx-c is evaluated by recording the baseline resistance and
room-temperature response for 15 days. In Fig. 5i, the obvious change in
baseline resistance was observed. The relative standard deviation (RSD)
of resistance and response was about 12.42 % and 18.64 %, respec-
tively. Additionally, the response after 15 days was decreased by only
27.93 %, indicating that the desired excellent long-term stability may
not yet be reached.

Fig. 6 shows the resistance change curves of MoS; and MoS,/TizCaTx
composites toward 300 ppm NHj3 at RT. Upon exposure to NHs, the
resistance of MoS; decreases, showing an n-type semiconducting
behavior. For the MoS; and Ti3CeTyx composites, if the concentration of
thiourea during preparation is added up from 0.7 wt% to 1.15 wt%, the

resistance of composites increases, showing the p-type semiconducting
behavior. Upon further increase, the resistance decreases, showing the
n-type semiconducting behavior. At low thiourea concentrations during
preparation, the MoS; in composites contains a large number of S va-
cancies, resulting in the fermi level moves down to the valence band and
behaving the P-type semiconducting behavior [29-32]. When the sensor
is exposed to NHs, the S vacancies on the surface of MoS; can act as the
active sites for adsorption of NH3. NH3 molecules are absorbed, and
holes are combined with the electrons released from NH3 molecular to
enhance the resistance. At high thiourea concentrations, some of S is
used for synthesis of MoSs, and the rest provides free electrons, resulting
in the electron is the main carriers in the composites. If NH3 adsorbs on
the surface of composites, electrons are captured and then released into
the conduction band of MoS; to increase the conductivity [33,34].
Fig. S3 shows the response and recovery time of composites prepared
with different thiourea concentration, and reveals that MoS,/Ti3CyTy
composites exhibit the long response and recovery time. At RT, the
average free path and velocity of NH3 molecules are relatively low and
thus the diffusion rate of NH; molecular is slow at RT. There is need long
time for NHs molecules diffusing to the active surface sites of sensor or
desorption from the surface of sensor, resulting in the long response and
recovery time. In addition, the carrier mobility of MoS, and Ti3CaTx
composites at RT is low. The charge transfer efficiency between the
sensor and NH3 molecular in the adsorption and desorption process is
slow, resulting in slower response and recovery rate. In addition, the
comparison of NHs-sensing performance of MoS,/TizCyTx composites in
this work with other previous work is presented in Table S1 [29,35-43].
The pure TigCyTx show the lower NHs-sensing response, longer response
and recovery time at RT [35-37]. The MoSy;, WOs and Iny03/rGO
composites show the excellent NHs-sensing response. While, the optimal
working temperature is very high, limiting its application [29,38,39].
For the Ti3CyTy/graphite, TisCoTy/TiC and MoS,/TisCy composites, the
response is still lower than that of MoSy/Ti3CoTx composites [40-42].
Hence, fabrication of MoS,/Ti3CyTx composites in this work could
achieve excellent room-temperature NHs-sensing performance.
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Fig. 7. Schematic illustration of (a) MoS,/Ti3C2Tx composite, (b) NO, adsorbed by the composite and (c) energy band structure diagram of MoS,/TizC,Ty composite.

3.3. Gas-sensing mechanism

The enhanced NHj sensing property of composite is ascribed to the
abundant adsorption sites of MoS; flakes, high conductivity of TizCyTx,
and heterojunction enhancement. As displayed in Fig. 7a, the layer
structure of Ti3CeTy has the large specific surface area and high con-
ductivity. Owing to Van der Waals’ force, Ti3sCyTy tends to agglomerate
easily, thus limiting the NHgs response at RT. After combining with MoS,
because of interfacial interaction, the agglomeration of TizCyTy is miti-
gated, giving rise to more active sites for adsorption of NH3 molecules
and behaving the better NHs-sensing properties. Fig. 7b shows the
schematic diagram of NH3 adsorption process. In air, the O, molecular
are adsorbed on the surface of MoS, and thus the chemical adsorbed
oxygen ions (O;) are formed [44]. In NH3, the adsorbed NH3 molecular
would react with O; ions, releasing the electrons back to the surface of
MoS,. At same time, the metallic Ti3CyTx would facilitate electron
transport in MoS, and Ti3CyTx heterostructure. In addition, besides O,
ions, the H,O molecular in air is also adsorbed on the surface of MoS,
during NHs-sensing response and the NH3 molecular would solvate into

NH*' ions and then react with adsorbed O; ions, leading to a higher
sensing response [45,46]. While, at higher humidity, the water molec-
ular would inhibit the electron exchange between NHs molecular and
sensing materials, resulting in poor NHs-sesning response. In Fig. 7c, the
work function of TigCoTx MXene is higher than that of MoS;. When MoS,
is contacted with Ti3CoTy MXene, the electrons are transferred from
MoS; to MXene until the Fermi level reaches a balance. The Schottky
barrier (SB) junction is formed at interface. Upon exposure to NHs, the
Fermi level of MoS; rises far from the valence band, causing the decrease
of space charge region, promoting the electron transfer at interface and
the depletion region increases after the adsorbed gas molecules release
electrons. Therefore, the response of gas sensor is enhanced. Addition-
ally, to reveal the role of adsorbed oxygen, the response of MoSy/-
Ti3CyTx-c to NH3 in Np and O, are conducted. In Fig. 8, the response to
NHj; in O» is higher than that in N5. That confirms the adsorbed chemical
oxygen plays the important role on the NHs-sensing response.
Furthermore, to reveal the heterojunction enhancement mechanism,
the density of states (DOS) and partial density of states (PDOS) of MoS,,
Ti3CyTx and MoSy/Ti3CoTy heterojunction are calculated by the first-
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Fig. 8. The response of MoS,/Ti3CoTx-c sensor to NHjz at different
backing gases.

principles calculation. In Fig. 9a and b, the conduction band bottom
(CBB) and valence band top (VBT) of MoS; are mainly composed of Mo
d and S p states, respectively. The bandgap is about 1.9 eV. Whereas the
CBB and VBT of Ti3CeTx MXene are mainly composed of Ti 3d and C 2p
states, respectively. The CBB and VBT are overlapped at fermi level,
behaving metal property (Fig. 9c and d). For the MoS; and TizCoTx
heterojunction, the CBB is mainly dominated by the Ti d state, while the
VBT is mainly contributed by the Mo d and S p states (Fig. 9e and f). The
bandgap is also nearly zero, the electron is transferred easily from VBT
to CBB. Therefore, fabrication of MoS, and Ti3C, Ty heterojunction could
promote the charge transfer and enhance gas sensing properties of
composite.

Journal of Alloys and Compounds 1037 (2025) 182542
4. Conclusion

In summary, the flower-like MoS,; was grown on the surface of
Ti3CyTx by the hydrothermal method and applied for detection of NHg at
RT. Compared with pure Ti3CyTx and MoS,, the response of composites
for 300 ppm NHj3 was increased by 5.53 and 30.6 times, respectively.
Furthermore, it’s surprisingly found that the semiconducting behavior
of prepared MoS, and Ti3CyTx composites are highly dependent on the
concentration of thiourea during preparation. At low thiourea concen-
tration, the composites exhibit the p-type semiconducting behavior, but
n-type properties if the thiourea concentration is higher. According to
the DFT calculations, the conduction band and valence band of MoSy/
Ti3CyTx heterojunction is overlapped at Fermi level, showing metallicity
properties. The electron is transferred easily from VBT to CBB, pro-
moting the activity of charge transfer and enhance gas sensing proper-
ties of composite. These findings collectively suggest that the MoS; and
Ti3CyTx composites could be used as a promising sensing material for
NHj3 detection.
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Fig. S1. The XPS spectra of MoS:z: (a) Mo 3d, (b) S 2p and TisC2Tx: (¢) Ti 2p, (d)

Cls.



Fig. S2. The adsorption energy of MoS, and Ti3C,Tx heterojunction toward NH3, acetone, ethanol,

HCOH and CH3COCH3 molecular.



Fig. S3 Sample response and recovery times for different thiourea



Table S1. Comparison of NH3-sensing performance of MoS»/Ti3C2Tx composites in this work

with those in the previous work.

. ) concentration | Response/recovery | Temperature | Response
Sensing materials i Ref.
(ppm) time (s) (°C) (%)
Ti3Co T 500 120/230 RT 6.13 [35]
TisCoTx 100 300/900 RT 0.8 [36]
Ti3CoTx
0.5 41/100 RT 66.67 [37]
membrane
MoS; 50 210/285 100 66.67 [38]
WOs3 1.3 59/47 142 16 [29]
In203/rGO 25 186/162 225 10.1 [39]
Ti3C,Tx/graphite 5 580/720 RT 0.55 [40,41]
Ti3C, T/ TiC 5 568/860 RT 0.62 [40,41]
MoS,/TizCa 100 40/20 RT 10 [42]
TizCoTx/PANI 20 143/293 RT 48.25 [43]
MoS,/TizCoTx In this
. 300 258/780 RT 30.7
composites work
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