Downloaded via FLORIDA INTL UNIV on April 14, 2025 at 02:43:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/acssensors Article

Novel Gas Sensing Approach: ReS,/Ti;C,T, Heterostructures for NH;
Detection in Humid Environments

Sahil Gasso, Jake Carrier, Daniela Radu, and Cheng-Yu Lai*

Cite This: ACS Sens. 2024, 9, 4788-4802 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Continuous monitoring of ammonia (NH;) in
humid environments poses a notable challenge for gas sensing
applications because of its effect on sensor sensitivity. The present
work investigates the detection of NH; in a natural humid
environment utilizing ReS,/Ti;C,T, heterostructures as a sensing
platform. ReS, nanosheets were vertically grown on the surface of
Ti;C,T, sheets through a hydrothermal synthetic approach,
resulting in the formation of ReS,/Ti;C,T, heterostructures. The
structural, morphological, and optical properties of ReS,/Ti;C,T,
were investigated using various state-of-the-art techniques,
including scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy,
zeta potential, Brunauer—Emmett—Teller technique, and Raman
spectroscopy. The heterostructures exhibited 1.3- and 8-fold increases in specific surface area compared with ReS, and Ti;C,T,,
respectively, potentially enhancing the active gas adsorption sites. The electrical investigations of the ReS,/Ti;C,T,-based sensor
demonstrated enhanced selectivity and superior sensing response ranging from 7.8 to 12.4% toward 10 ppm of NH; within a relative
humidity range of 15—85% at room temperature. These findings highlight the synergistic effect of ReS, and Ti;C,T,, offering
valuable insights for NH; sensing in environments with high humidity, and are explained in the gas sensing mechanism.
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O ver the past decade, global advancements in industry and temperature. Also, NH; assumes a pivotal role in the realm of
agriculture have resulted in air pollution levels medical applications, serving as a biomarker for kidney and
detrimental to both human health and the environment, liver disorders, thus enabling the early detection of cancer
caused primarily by release of a range of toxic gases, including within the human body. Thus, the detection of low NH,
ammonia (NHj;), nitrogen dioxide (NO,), carbon dioxide concentrations in humid environments is paramount for
(CO,), methane (CH,), hydrogen sulfide (H,S), and sulfur ensuring public safety, facilitating air quality assessment, and
dioxide (SO,) into the atmosphere. Among these gases, NH;, a advancing human health diagnostics.

colorless, corrosive, water-soluble, and lightweight gas with a Numerous efforts have been laid in the research and
pungent odor, is one of the most toxic ones."”” Approximately development of desired NH; sensors based on semiconductor
80% of NH; is dedicated to nitrogen-based fertilizer metal oxides,”” conducting polymers,'’ and metal—organic
production, with the remaining 20% serving purposes in frameworks (MOFs),"" owing to their desirable properties
pharmaceuticals, water purification, refrigeration, explosives, such as high sensitivity, low cost, easy fabrication, flexibility,

and cleaning products.” Additionally, NH; finds daily
application in dairy and ice cream plants, wineries and
breweries, petrochemical facilities, fruit and vegetable juice
processing, and soft drink manufacturing.4 Due to its
widespread use, NH; poses significant environmental and
health risks, ranging from eye and nose irritation to chest pain,
lung edema, bronchitis, and death in some cases.>®
Considering the toxicity and safety concerns, global health
authorities have established a restriction of 25 and 35 ppm to
long- and short-term exposure times of 8 h and 10 min,
respectively, to safeguard human health.” Given the diverse
applications of NH; and associated health risks, there is an
imperative need for monitoring even a trace of NH; at room

high surface area, and tunable electronic properties. Never-
theless, metal oxides lack selectivity in complex environments
and operate at higher temperatures, conducting polymers
degrade over time, affecting reliability, and MOFs face
scalability challenges, limiting their overall performance in
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commercial sensor applications.'””'® External factors such as
adsorbed oxygen in ambient atmosphere and humidity can
significantly influence the sensor performance. Moreover, a
common challenge across these sensor types is their
diminished sensing response upon exposure to high relative
humidity (RH) levels. The reduced sensing response is
ascribed to the interference of water molecules, which disrupt
the interactions between the target gas and the sensing
material.'” To address these challenges, recent advancements
in the field of sensor technology have focused on two-
dimensional (2D) transition metal dichalcogenides (TMDs)
like MoS,, WS,, WSe,, and MoSe, as promising candidates for
NH; sensors operating in highly humid environments.”'®
These materials possess significant bandgaps, endowing them
with unique tunable layer-dependent electronic, optical,
thermal, and physiochemical properties. Furthermore, their
inherently large surface-to-volume ratio and high charge carrier
mobility make them suitable sensing materials for sensor
applications.'”™>' Notably, rhenium disulfide (ReS,) has
attracted significant research attention due to its fixed direct
bandgap (1.5-1.6 eV) from bulk to monolayer without
indirect-to-direct bandgap transitions. These distinctive
characteristics of ReS, can be attributed to its stable distorted
1T phase and anisotropic crystalline structure with relatively
weak interlayer coupling.””>’ The layered configuration of
ReS, offers abundant edge-exposed sites for gas adsorption and
facilitates rapid charge transportation during gas adsorption
and desorption processes, thereby enhancing its gas sensing
properties.' ”**** Similarly, Yang et al. reported the fabrication
of humidity sensors based on vertically oriented arrays of ReS,
nanosheets, showing rapid adsorption/desorption of water
molecules.”® Despite these favorable attributes and operability
in humid environments, the restacking and agglomeration of
2D ReS, during gas adsorption and desorption processes result
in diminished overall surface area and active sites, thereby
compromising sensitivity and selectivity toward target gases at
low concentration.

To address these challenges, the formation of hetero-
structures of ReS, with other 2D materials emerges as a
promising approach. The direct bandgap of ReS, enables the
formation of stable junctions with 2D materials, while van der
Waals interactions between the 2D/2D heterostructures
facilitate a synergistic interplay, mitigating the lattice mismatch
issues encountered in semiconductor heterostructures.””**
This synergy gives rise to intriguing physical phenomena,
including ultrafast charge separation, distinctive interlayer
coupling, and customizable band alignments, beneficial toward
improving sensitivity in ReS,-based gas sensors.'”*”*° Toward
this approach, MXenes, a versatile family of 2D transition
metal carbides, nitrides, and carbonitrides, have emerged as a
promising candidate in sensor applications, as summarized in
Table S1. MXenes exhibit exceptional properties, including
mechanical flexibility, high electrical conductivity, large surface
area, strong hydrophilicity, and tunable surface chemistry.”**
The accordion-like delaminated layers of MXene (Ti;C,T,)
sheets exhibit a large surface area and excellent electrical
conductivity, facilitating easy charge carrier transportation
during the sensing process and improving the gas sensing
characteristics. In addition to these properties, the hydrophilic
characteristics and atomic defect formation in Ti;C,T,
significantly contribute to nucleation sites, which are
responsible for the oxidative degradation of Ti;C,T,.”* The
surface terminal groups (oxide and hydroxide) actively
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participate in the oxidation process of Ti;C,T, by breaking
the Ti—C bonds to form Ti—O bonds, resulting in the
alteration of large surface area and electrical properties.”*

First principle density functional theory (DFT) calculations
showed that the adsorption energy and charge transfer of ReS,
and Ti;C,T, toward NH; were —0.19 eV and —0.04 and —0.36
eV and —0.098, respectively.”>*® The surface terminal groups
of Ti;C,T, help to modulate the work function between ReS,
and Ti;C,T,, facilitating an easy electron exchange between
the materials and generating additional active sites for NH; gas
molecules. This results in an increased charge transfer value
and adsorption energy at the interface. Similar results were
reported by Tian and co-workers for Ti;C,T,/MoS,
heterostructures, indicating enhanced adsorption energy and
charge transfer value toward NHj; in comparison to pristine
Ti,C,T, and MoS,.”” The heterostructure formation modu-
lates changes in the electrical properties and enhances the gas
sensitivity. Furthermore, Liu et al. reported S-fold and 12-fold
increases in adsorption energy and charge transfer, respectively,
after the synthesis of Ti;C,T, composites.”® Hence, the
interface engineering of ReS, and Ti;C,T, would enhance
the surface area, stability, and conductivity of their
heterostructures, thereby improving the NH; sensing perform-
ance under high humidity conditions.

In previous reports, ReS, or its composites were prepared
using the CVD method, which results in bulk properties of
ReS, and uneven growth.”” The present work focuses on the
uniform growth of ReS, nanosheets on the surface of Ti;C,T,
through a simple and facile hydrothermal method. The growth
of 1T stable and edge-exposed ReS, nanosheets on the surface
of Ti;C,T, prevents the restacking of ReS, and oxidation of
Ti;C,T,. The large surface area of conducting Ti;C,T, acts as
a template for ReS, nanosheets, generating more interfacial
sites for ammonia gas adsorption. The synergistic effect owed
to combining ReS, nanosheets and conducting Ti;C,T, leads
to enhancement of the NH; sensing response ranging from 7.8
to 12.4% over a relatively high humidity range of 15—85% at
room temperature, exhibiting fast response and fast recovery
time. Additionally, the gas sensing investigations performed in
ambient conditions demonstrate remarkable reversibility and
stability in the gas sensing curves, indicating the potential of
ReS,/Ti;C,T,-based sensors as a cost-effective solution for
NH; monitoring in a high-humidity environment.

B EXPERIMENTAL SECTION

Chemicals. The chemicals in the present study were used as
received without any further purification; MAX (Ti;AlC,, >90%,
Sigma-Aldrich), lithium fluoride (LiF, Sigma-Aldrich), hydrochloric
acid (HCI, 37%, Fisher), dimethyl sulfoxide (C,Hs0S, 99.9%, Fisher),
ammonium perrhenate (NH,ReO,, 99%, Fisher), hydroxylamine
hydrochloride (HONH,-HCl, 99%, Acros Organics), and thiourea
(SC(NH,),, 99%, Fisher) were used for materials synthesis. For the
analysis of gas sensing properties, a range of test gases were utilized,
including ethanol (C,H¢O, 99.5%, Sigma-Aldrich), methanol
(CH;OH, 99.8%, Fisher), 1-propanol (CH;CH,CH,0H, 99%, Alfa
Aesar), ammonium hydroxide (NH,OH, 30—33% in H,O, Sigma-
Aldrich), formaldehyde (CH,0, 37% in H,O and stabilized with ~5—
15% methanol, Fisher), xylene (C4H,(CH,),, 98%, Acros Organics),
N,N-dimethylformamide (HCON(CH,),, 99.8%, Sigma-Aldrich),
toluene (C4H;CH;, 99.5%, Fisher), and acetone ((CH,),CO,
99.5%, Fisher). A conductive silver paint procured from Ted Pella
was used for the gas sensor electrodes in this study.

Synthesis of Ti;C,T,, ReS,, and Their Heterostructures.
Synthesis of Ti;C,T, from the Ti;AlC, phase used the chemical
etching method according to published methods.®® In a typical
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Figure 1. Diffraction pattern of (a) Ti;AlC, and TiyC,T, and (b) ReS, and its heterostructures (RMS, RM10, RM20, RM30, and RM40).

experiment, LiF (1.6 g, 61.7 mmol) was first dissolved in 11 mL of
HCI (9M), and the entire mixture was added to 40 mL of nanopure
water and magnetically stirred for 30 min to get a homogeneous
mixture. Subsequently, Ti;AlC, (500 mg) was slowly added to the
above prepared solution followed by magnetic stirring for 24 h at
room temperature. The obtained product was subjected to multiple
washes with nanopure water and ethanol through centrifugation at
3500 rpm to ensure that all acid was removed (achieve a pH ~ 7).
After washing, the precipitates were magnetically stirred with dimethyl
sulfoxide (DMSO) (0.5 mg/mL) for 2 h to facilitate intercalation of
Ti;C,T, sheets and delamination of the Ti;C,T, sheets. The product
was then repeatedly washed with nanopure water and ethanol through
centrifugation at 6000 rpm to remove DMSO, followed by bath and
probe sonication in ethanol for 2 h in an ice bath. The final product—
exfoliated Ti;C,T, sheets—were freeze-dried and stored under
vacuum for further use.

ReS, chrysanthemum-like microspheres were synthesized using the
one-pot hydrothermal method.*>*' Typically, NH,ReO,, (0.322 g, 1.2
mmol) and HONH,-HCI (0.125 g, 1.8 mmol) were magnetically
stirred in 40 mL of nanopure water to obtain a transparent solution.
Subsequently, SC(NH,), (0.206 g, 2.7 mmol) was added to the above
solution, and the mixture was magnetically stirred for 1 h. Then, for
synthesizing ReS,/Ti;C,T, heterostructures, various amounts of
TiyC,T, (0, 7.5, 15, 30, 4S, and 60 mg) were magnetically stirred
for 30 min in the aforementioned solution. The prepared solutions of
ReS, with and without Ti;C,T, (in predetermined quantities) were
then loaded in a 100 mL Teflon-lined stainless-steel autoclave and
treated at 220 °C for 24 h. After cooling to room temperature (RT),
the obtained precipitates were washed three times with nanopure
water through centrifugation at 6000 rpm and dried in a vacuum oven
overnight. The dried samples were labeled as ReS, (without Ti;C,T,),
RMS5 (7.5 mg Ti;C,T,), RM10 (15 mg Ti;C,T,), RM20 (30 mg
TiyC,T,), RM30 (45 mg Ti,C,T,), and RM40 (60 mg Ti,C,T,).

Materials Characterization. The phase and morphology of
Ti;C,T,, ReS,, and ReS,/Ti;C,T, were examined using a Rigaku
MiniFlex600 diffractometer with Cu K, radiation (A = 1.54056 A),
JEOL/JSM-F100 Schottky field emission scanning electron micro-
scope equipped with energy dispersive X-ray analysis (EDAX), and
JEOL-2100Plus transmission electron microscope. The X-ray photo-
electron spectroscopy (XPS) analyses of the synthesized samples were
carried out to investigate the surface chemistry and chemical
composition using an Escalab 250Xi XPS system (Thermo Fisher
Scientific) equipped with monochromatized Al K-alpha radiation at
hv = 1486.6 eV for XPS at the Advanced Materials Processing and
Analysis Centre, University of Central Florida. Surface charge analysis
was conducted with a Litesizer DLS S00 particle analyzer (Anton
Paar). The Raman spectra were recorded using a confocal Raman
microscope (WITec alpha300R) spectrometer with a 532 nm
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wavelength laser. The Brunauer—Emmett—Teller (BET) technique
was used to estimate the specific surface area and analyze the physical
adsorption of gas molecules using Quantachrome/NOVAtouch LX-2.

Sensor Fabrication. Alumina substrates (2 X 2 cm) were used as
a sensor substrate. Silver paste (Ted Pella) was meticulously brush-
painted onto the alumina substrate, ensuring 1 mm separation to
create two silver electrodes. Meanwhile, the synthesized Ti;C,T,,
ReS,, and ReS,/Ti;C,T, heterostructures were dispersed in
isopropanol (10 mg/mL) and subjected to sonication for 10 min
each. Subsequently, the sonicated solution was drop-cast (40 uL) on
silver-deposited alumina substrates for fabricating the gas sensors, as
shown in Figure S1.

Gas Sensing Setup and Characterization. To investigate the
gas sensing properties of synthesized materials, a custom-built 10 L
measurement setup was used. This sensing setup was equipped with a
sample holder, a heater, and a gas mixing fan. Prior to the initiation of
the gas sensing measurements, the sensing chamber was preheated at
200 °C for 30 min and an exhaust fan was used to eliminate undesired
gases from the chamber. After cooling to room temperature (RT), the
fabricated sensors were placed inside the sensing chamber and
connected to the Keithley 2401 source meter using two-probe
connections. The fabricated sensors were then tested in different
analyte gases, including ethanol, methanol, propanol, xylene, toluene,
formaldehyde, ammonia, dimethylformamide, and acetone. Different
amounts of these liquids were injected onto a heater placed inside the
sensing chamber using the Hamilton microliter syringe (Hamilton
Bonaduz AG, Switzerland), resulting in the generation of different
concentrations of analyte gases. The concentration of different analyte
gases was calculated using eq 1:

PTV
22 4———
273MV

C X 100

(1)
where C is the concentration of the injected analyte, 22.4 is the
constant representing 1 mole of gas at standard temperature and
pressure, p is the density of the liquid, T is the testing sensor
temperature, V; is the amount of liquid inserted, M is the molecular
weight of the injecting liquid, and V is the volume of the chamber.

The changes in resistance were recorded by applying a 1 V DC
potential across the two-terminal connection of the sensor in the
absence and presence of different analyte gases. The sensor response
for the change in resistance was calculated using eq 2

‘Ra _ Rg‘ X 100

R 2)

where R, and R, denote the sensor resistances in air and analyte gas,
respectively. Response and recovery times were determined by
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Figure 2. FESEM micrographs of (a) TiAIC,, (b) Ti;C,T,, (c) ReS, (inset: magnified view), and (d—f) RM30 heterostructure at different
magnifications.

saturating the response and recovery curves to 90%. Additionally, a
humidifier and dehumidifier were also connected to the sensing
chamber to record the different humidity concentrations with and
without the analyte gases. At a specific concentration of the analyte
gas, the fluctuation in the relative humidity (RH) remained within
+5% before and after the sensing measurement. The RH values were
monitored using a digital hygrometer kept within the sensing
chamber.

B RESULTS AND DISCUSSION

Note: Sensor performance analysis revealed that the RM30-
based sensor showed optimal results, and therefore, several
characterization techniques were employed primarily to
characterize this material.

Structural, Morphological, and Optical Investigations
of Ti;C,T,, ReS,, and Their Heterostructures. X-ray
diffraction (XRD) analysis was performed to validate the
crystal structures of Ti;AlC,, Ti;C,T,, ReS,, and their
heterostructures (Figure 1). The diffraction pattern of
Ti;AlC, (Figure la) exhibited distinct peaks at 9.56, 34.02,
36.71, 38.96, 41.70, 48.43, 56.38, and 60.22°, corresponding to
(002), (101), (103), (008), (105), (107), (109), and (110)
lattice planes, respectively, consistent with JCPDS card no. 52-
0875."* After the chemical etching treatment on Ti;AlC,, the
disappearance of the peak at ~39° in the Ti;C,T, spectrum
indicated the selective removal of aluminum from Ti;AlC,,
confirming the formation of the hexagonal phase of
Ti,C,T,."* Moreover, the diffraction peaks at 9.08 and
18.37° corresponding to (002) and (004) planes were
attributed to the —F terminal group, while the peaks at
27.84, 37.45, 41.59, and 60.57° corresponding to (006), (103),
(105), and (110) planes were associated with the —OH
terminal group of Ti;C,T,.** It is evident that the surface
terminal groups (—F and —OH) of Ti;C,T, arise after the
chemical etching of Ti;AIC,. Furthermore, the intercalation
and delamination processes induced a shift in the Ti;AlC, peak
at 9.56° to a lower Braggs angle, 9.08° (inset of Figure la),
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indicative of an increased interlayer spacing in the Ti;C,T,
sheets.”’

Furthermore, the XRD pattern of ReS, nanosheets confirm
their triclinic phase, as indicated by distinct peaks observed at
14.28, 29.08, 32.34, 36.08, 48.93, and 57.21°, assigned to the
(001), (002), (020), (111), (202), and (—420) planes,
respectively, consistent with JCPDS card no. 24-0922 (Figure
1b).”” The absence of intense peaks signifies the presence of a
disordered 1T layered structure of ReS,.***” The XRD pattern
of ReS,/Ti;C,T, heterostructures reveals distinct peaks
corresponding to both the ReS, and Ti;C,T, phases, indicating
the successful synthesis of the heterostructures using the one-
pot hydrothermal method. Notably, the peaks attributed to
(002), (004), (006), and (110) planes of Ti,C,T, intensified
with an increasing concentration of Ti;C,T, in ReS,/Ti;C,T,
heterostructures. The diffraction patterns of the Ti;C,T, and
RM30 samples were analyzed over a period of 90 days upon
exposure to NH; gas under high humidity conditions, as
shown in Figure S2. The diffraction pattern of Ti;C,T, exhibits
significant shifts in its prominent peak at ~9° and the
emergence of another peak around ~25° indicating the
presence of anatase TiO, (Figure S2a).”" The appearance of
the anatase TiO, peak arises due to the oxidation of Ti;C,T, in
the ambient environment. In RM30, there is no significant
change in the diffraction pattern, indicating distinct peaks of
the ReS, and Ti;C,T, phases as shown in Figure S2b.

The morphologies of Ti;AIC,, Ti;C,T,, ReS,, and their
corresponding heterostructures were investigated by scanning
electron microscopy (SEM), as illustrated in Figure 2. The
SEM micrographs of Ti;AlC, and Ti;C,T, are shown in Figure
2ab. Ti;AlC, displays a rock-like morphology (Figure 2a),
while the selective etching of Al in Ti;AlC, reveals multilayered
exfoliated sheets of Ti;C,T, with an average interlayer spacing
of ~73 nm (Figure 2b). The ReS, micrograph showed a 3D
chrysanthemum-like uniform microsphere morphology, com-
prising curly and vertically oriented layered nanosheets (Figure
2¢). The average thickness and length of ReS, nanosheets were
approximately ~7 and ~245 nm, respectively (inset of Figure
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Figure 3. TEM and HRTEM micrographs of (a, d) Ti;C,T,, (b, e) ReS,, and (¢, f) the RM30 heterostructure.

2c). Figure 2d—f and Figure S3 present SEM micrographs of
RM heterostructures, illustrating ReS, nanosheets uniformly
grown on the surface and edges of Ti;C,T, sheets. Dur to their
large surface, the Ti;C,T, sheets serve as a scaffold for ReS,
nanosheet deposition. At higher magnification (Figure 2f), the
average length of ReS, nanosheets was ~100—150 nm,
indicating a reduction in length after introducing Ti;C,T,
sheets. The resulting morphology of RM heterostructures
avoids the restacking and agglomeration of ReS,, consequently
increasing their edge-adsorption sites and facilitating the
formation of an enhanced surface area for the adsorption of
gas molecules. Field emission SEM (FESEM) micrographs of
Ti;C,T, and RM30 samples were collected over a period of 90
days upon exposure to NH; gas under high humidity
conditions, as shown in Figure S4. Small blisters were observed
on the surface and edges of the Ti;C,T, sheets after 30 days of
exposure to NH;. These blisters may have formed due to oxide
bonding with Ti atoms to generate TiO,, which is consistent
with the XRD data. After 90 days of exposure to NH; under
high humidity, significant oxidation of Ti;C,T, was evident. In
contrast, the RM30 micrographs revealed that the edge-
exposed ReS, nanosheets on the surface of Ti;C,T, remained
consistent after 90 days of NH; exposure at high humidity and
room temperature (Figure SS).

Additionally, the elemental composition of Ti;C,T,, ReS,,
and their heterostructures was examined by using energy
dispersive X-ray analysis (EDS) and elemental mapping, as
illustrated in Figure S6. In Figure S6a,b, the EDS spectrum and
elemental mapping of Ti;AlC, and Ti;C,T, demonstrate the
homogeneous distribution of Al, Ti, and C and Tj, C, O, and F
within their respective micrographs, respectively. In the case of
ReS, nanosheets, the mapping analysis reveals a consistent
distribution of Re and S elements, maintaining an S/Re ratio of
2:1 (Figure S6¢c). Remarkably, in the RM heterostructures,
both R and S elements were uniformly distributed on Ti;C,T,
sheets, as depicted in Figure S6d—h.
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Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) analyses were conducted to
investigate the morphological and crystal structures of
Ti;C,T,, ReS,, and the RM30 heterostructure. Figure 3a,b
illustrates that the TEM micrograph highlights distinct features
of exfoliated multilayered and curly sheet-like morphologies for
Ti;C,T, and ReS,, respectively. The ReS, nanosheets exhibited
an average thickness of ~5 nm, consistent with the FESEM
micrograph (Figure 2c). Furthermore, the presence of ultrathin
curly ReS, nanosheets on the surface of Ti;C,T, sheets was
observed in the RM30 heterostructure, as shown in Figure 3c.
High-resolution TEM analysis provides insights into the
atomic arrangement, with lattice spacing measurements of
0.15, 0.26, and 0.48 nm corresponding to the (110), (103),
and (004) planes in Ti,C,T,, respectively, consistent with
XRD results (Figure 3d). Similarly, HRTEM micrographs
reveal lattice spacings of 0.27 and 0.61 nm, attributed to the
(020) and (001) lattice planes of ReS,, respectively (Figure
3e). In the RM heterostructure, lattice spacings of 0.48 and
0.61 nm align with the (004) and (001) lattice planes of
Ti;C,T, and ReS,, respectively, indicating robust contact
between ReS, nanosheets with Ti;C,T, in the RM30
heterostructure, as shown in Figure 3f.

X-ray photoelectron spectroscopy was performed to
investigate the surface chemistry and chemical composition
of the RM30 (ReS,/Ti;C,T,) heterostructure. The survey
spectra of the RM30 heterostructure (Figure 4a) show the
signals of Re, S, O, C, and F elements. The peaks at binding
energy values of 42, 262/275, and 448 eV are assigned to Re
4f, Re 4d, and Re 4p, while peaks at 162 and 227 eV
correspond to S 2p and S2s, respectively, of ReS,.”’
Furthermore, the peaks at 284.6, 531, and 684.5 eV are
associated with C 1s, O 1s, and F 1s, respectively. The core-
level spectrum of Re 4f (Figure 4b) exhibits two spin—orbit
coupled energy states, 4f;,, and 4f;;,, at 41.75 and 44.15 eV,
respectively, indicating the presence of the Re** oxidation state
in the 1T-phase structure of ReS,.>” Similarly, the S 2p core
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spectrum arises from the 2p;/, and 2p,,, spin—orbit coupled
energy states at 162.15 and 163.2 eV, respectively, correspond-
ing to the S>” bond energy in ReS,, as shown in Figure 4c¢.> In
the RM30 heterostructure, no signals were observed for Ti,
which could be attributed to the blocking effect of the dense
outer layer of ReS, nanosheets, as XPS measurements are
limited to detecting surface composition.”” The core-level
spectrum of O 1s exhibits peaks at 529.45 and 530.6 eV,
corresponding to mild oxidation (Ti—O) and O-terminated
surface groups (C—Ti—0,), respectively, after hydrothermal
treatment (Figure 4d).**>% Furthermore, carbonaceous and

hydroxyl groups at 531.95 eV (C-Ti—(OH),/C=0) and
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533.6 eV (C—0) are present in the O 1s spectrum.”” Figure
4ef indicates the core-level spectra of C 1s and F 1s arising
from Ti;C,T, in heterostructures. The C 1s core-level
spectrum shows peaks at 282.4, 284.6, 285.5, and 288.4 eV,
indicating the presence of C—Ti, C—C/C=C, C—0, and C=
O bond interactions, respectively (Figure 4e).***” The F 1s
spectrum indicates peaks at 685.1 and 688 eV, corresponding
to C—Ti—F, and C—F bonds, respectively (Figure 4f)."

The survey spectra of the RM30 heterostructure after 90
days indicate similar Re, S, O, C, and F element signals, as
shown in Figure S7a. The core-level spectra of Re 4f and S 2p
exhibit similar peak positions, as shown in Figure S7b,c.
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Figure 5. (a) Zeta potential and (b) Raman spectra of Tiy;C,T,, ReS,, and the RM30 heterostructure.

However, the O 1s spectrum shows peaks at 530.1, 530,
531.95, and 533.75 eV, corresponding to Ti—O, C-Ti-O,,
C—Ti—(OH),/O=C, and C—O bonds, respectively (Figure
S7d). The C 1s spectrum shows peaks at 281.9, 284.59, 285.5,
and 288.4 eV attributed to C—Ti, C—C, C-0, and C=0
bonds, and the F 1s spectrum shows peaks at 684.65 and 690
eV, corresponding to C—Ti—F, and C—F bonds, respectively,
in the RM30 heterostructure after 90 days (Figure S7e,f).

Zeta potential measurements were conducted to understand
the surface charges on ReS,, Ti;C,T,, and the RM30 (ReS,/
Ti;C,T,) heterostructure, as shown in Figure Sa. ReS,
nanosheets and Ti;C,T, multilayer sheets exhibited zeta
potentials of —32.4 and —35.1 mV, respectively, indicating
their highly negative surface charges. Chemical etching of
Ti;C,T, results in the formation of —OH, —O, and —F, surface
functional groups, consistent with the XPS analysis.”” The
surface functional groups of Ti;C,T, help modulate the work
function of ReS, nanosheets to form the RM30 hetero-
structure.'”** This interaction can lead to charge redistribution
at the interface, resulting in a more stable surface charge and,
thus, a lower zeta potential of —26.1 mV. The presence of
negative surface charge on the RM30 heterostructure will be
beneficial for effective target gas adsorption, promoting
selectivity and responsivity.

The vibrational characteristics of Ti;C,T,, ReS,, and their
heterostructures were systematically examined by using Raman
spectroscopy. Figure Sb and Figure S8 illustrate the Raman
spectra of all samples, covering the wavelength ranges of 50—
700 and 1100—1800 nm, respectively. Ti;C,T, revealed
distinct peaks corresponding to the E, (in-plane) and Ayg
(out-of-plane) Raman active mode within the range of 50—700
em 1% Specifically, the Raman peak at 151.8 cm™' was
attributed to the E, Ti—C vibrations,*” while the peaks at 203.3
and 2544 cm™' were associated with mixed out-of-plane
vibrations involving Ti—C and H atoms of Ti;C,(OH).”>**
Additionally, peaks at 398.5 and 626.8 cm™" were linked to in-
plane vibration of O atoms and second-order out-of-plane Ti—
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C vibrations, respectively.”” Within the TiyC,T, structure,
peaks at 1372.3 and 15562 cm™' corresponded to the
disordered (D band) and ordered sp® (G band) carbon
atoms, respectively.”® The calculated intensity ratio of Ip/Ig
(0.97) suggested the presence of amorphous carbon in
Ti,C,T,.%” ReS, exhibited Raman peaks at 160.6 and 209.5
cm ™! assigned to in-plane and out-of-plane vibrational modes
in Re atoms, respectively, while a peak at 304.9 cm™' was
attributed to the in-plane vibrational mode of S atoms.*”%®
Additional characteristic peaks within the range of 100—400
cm™' reflected the unique symmetry in the distorted 1T
structure of ReS,.”””7' In the case of heterostructures,
individual peaks of ReS, and Ti;C,T, were observed. The
calculated intensity ratios of D and G bands Ip/I; for the
RM10, RM20, RM30, and RM40 heterostructures were found
to be 0.94, 0.97, 0.95, and 0.93, respectively, suggesting the
noncovalent attachment of ReS, nanosheets on Ti;C,T, sheets
via van der Waals forces.”’

The analysis of the specific surface area and pore size
distribution was conducted for Ti;C,T,, ReS,, and their
heterostructures through nitrogen (N,) adsorption and
desorption isotherms obtained from BET measurements. The
N, adsorption/desorption isotherms of all the samples
exhibited a type-IV behavior and H3 hysteresis loop, indicative
of the layered structure in Ti;C,T,, ReS,, and their
heterostructures (Figure $9)."77* Additionally, the hysteresis
curve of samples at relative pressures (P/P,) of 0.4 and 0.9
indicates their mesoporous nature. The calculated specific
surface areas (Sgpr) of the heterostructures were approximately
8 and 1.3 times higher than those of Ti;C,T, (1.6 m* g”') and
ReS, (6.94 m* g"), respectively. The collective analysis of Sy
and pore size distribution underscores the synergistic effect of
Ti;C,T, and ReS,, leading to an increased specific surface area
in the heterostructures. This augmentation leads to an
increased number of active sites, potentially enhancing gas
adsorption and consequently improving sensor response and
kinetics.
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Insights to Gas Sensing Investigations. To investigate
the electrical properties of Ti;C,T,, ReS,, and their
heterostructures, two-terminal current—voltage (I—V) meas-

urements were performed at different voltage ranges (1-5V),
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as depicted in Figure 6a and Figure S10. All the devices show
ohmic behavior at RT, and the calculated resistances from the
I-V plots of Ti;C,T, and ReS, were 787 Q and 3.84 MQ,

respectively, while the resistances for RM heterostructures start
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decreasing from 1.32 to 0.110 MQ in the voltage range of —5
to 5 V. This indicates that the addition of Ti;C,T, increases
the conductivity in RM heterostructures, which helps in
improving the charge transportation during the sensing
processes.

The gas sensing responses of Ti;C,T,-, ReS,-, and their
heterostructure-based fabricated sensors were investigated on
exposure to 10 ppm of NH; under 15% relative humidity (RH)
and room temperature (27 °C), as depicted in Figure 6b. The
sensor response was calculated using eq 2 mentioned in
Experimental Section (2.4). The pristine Ti;C,T, (1.5%)- and
ReS, (2.3%)-based sensors demonstrated a limited response
compared to their respective RM heterostructures (RMS
(2.7%), RM10 (3.5%), RM20 (4.9%), RM30 (7.8%), and
RM40 (5.6%)) when exposed to 10 ppm of NH; at 15% RH
and RT. The response histogram illustrates a trend of
increasing sensing response for RMS, maximizing at RM30,
followed by a decrease for the RM40-based sensor. The
increase in the sensor response is ascribed to the synergistic
effect of ReS, nanosheets grown on the Ti;C,T, surface. The
conductive nature and large surface area of Ti;C,T,, coupled
with uniformly grown ReS, nanosheets, facilitate the trapping
of a large number of NH; molecules at edge-exposed sites.
Conversely, the decrease in sensor response for the RM40
heterostructure is associated with the abundance of surface
terminal groups on Ti;C,T,, which reduces the availability of
active sites for NH; adsorption.”””*> Among the fabricated
sensors, the RM30-based sensor exhibited superior sensing
performance, indicating the optimal proportion of Ti;C,T, and
ReS, in heterostructures. Subsequently, further sensing studies
were solely conducted on RM30-based sensors.

Figure 7a,b shows the resistance—time transient character-
istics of the RM30-based sensor, providing detailed insight into
the dynamic changes in resistance as a function of time on
exposure to 1—500 ppm of NHj at 15% RH and RT. The
RM30-based sensor demonstrates a substantial decrease in
resistance upon exposure to NH;, which is characteristic of its
n-type semiconductor behavior. Upon purging with air, the
sensor promptly returns to its baseline resistance, highlighting
its remarkable reversibility, and is observed from the
resistance—time curve for 1 ppm of NH; (Figure 7b). For
comparative analysis, the dynamic resistance—time curves and
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response characteristics of ReS,-based sensors (Figure S11)
were also recorded on exposure to 1—500 ppm of NHj at 15%
RH and RT. Figure 7c represents the effect of the NHj
concentration on the response time and recovery time of the
RM30 sensor. The large and conducting surface of Ti;C,T,
with edge-exposed ReS, nanosheets facilitates efficient charge
transportation during NH; adsorption and desorption,
resulting in reduced response/recovery times compared to
ReS,-based sensors. Figure 7d illustrates the response
characteristics of the RM30-based sensor at different
concentrations of NH;. The sensor demonstrates a diverse
sensing response, ranging from 1.38 to 68.65%, toward NH,
concentrations spanning 1-500 ppm at 15% RH and RT.
Here, the interaction between NH; gas and the sensing surface
was evaluated using the Freundlich isotherm model, as
expressed by the equation:

()

where $%, A, C, and b denote the sensor response percentage,
a Freundlich constant related to the adsorption capacity, NH,
concentration, and the Freundlich exponent, respectively.”"
Regression analysis produced a coeflicient of determination
(R*) of 0.98, accompanied by distinct parameters (A = 4.65
and b = 0.45). The high R* value suggests a strong correlation
between the model and experimental data, affirming that the
RM30-based sensor demonstrates a consistent and monotonic
response to increasing NH; concentrations. This finding
establishes a solid foundation for the potential development
of a quantitative analysis method employing the ReS,/Ti;C,T,
heterostructure in NH; gas detection applications.

Selectivity is a critical parameter in the realm of gas sensors,
particularly in detecting specific gases from complex mixtures.
In this context, the selectivity investigation of the RM30-based
sensor was conducted on exposure to 10 ppm of NHj,
formaldehyde, and dimethylformamide and 50 ppm of acetone,
ethanol, methanol, isopropanol, xylene, and toluene at RT
under 15% RH and RT, as depicted in Figure 8a. The sensor
resistance decreases upon exposure to reducing gases except
for dimethylformamide, which acts as an oxidizing gas.
Subsequently, the sensor resistance returns nearly to baseline
levels following purging with air. Among the tested analytes,
the RM30-based sensor demonstrated a high response toward

S% =Ax C
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NH,; (7.8%), followed by acetone, ethanol, and methanol. This value of five similar RM30-based sensors exposed to 10 ppm of

significant response to NH; underscores the exceptional NH; concentration at 15% RH and RT over 30 days.
selectivity of the RM30 sensor, as depicted in Figure 8b. Importantly, all sensors exhibit robust long-term stability,
Additionally, considering the Knudsen diffusion theory, the maintaining response values within a satisfactory range of 7—
diffusion rate of analyte gases can be correlated to their 8.2% with minimal deviation. Additionally, Figure S12a
molecular weight. The Knudsen diffusion constant (Dy) is presents the long-term stability of the RM30-based sensor
expressed as: when exposed to 10 ppm of NH; at 15% RH and room
3 temperature over a period of 90 days, highlighting its practical

r |2RT s . T
K = —| —— applicability. The sustained long-term stability of the RM30-
4\ M ) based sensor can be attributed to the stable distorted structure
where r, R, T, and M are the pore radius, gas constant, of ReS,, which uniformly grows over the surface of Ti;C,T,,

temperature, and gas mass, respectively. Hence, the enhanced forming a stable sensing material.

selectivity toward NHj; is also partially attributed to the To further elucidate the influence of humidity on the RM30-
lightweight nature of NH; gas as compared to other gases,75 based sensor, response—time curves were collected across a
To study the repeatability of the RM30-based sensor, wide range (15—95%) of humidity levels at ambient room
response curves were recorded over 10 consecutive cycles temperature, as depicted in Figure 10a. The RM30 sensor
toward 10 ppm of NH; at 15% RH and RT, as shown in Figure exhibited a decrease in sensor resistance on exposure to
9a. Remarkably, no significant differences were observed in the different RH values. Notably, the resistance returned to its
response/recovery curves, indicating excellent repeatability baseline resistance when the humidity was turned off,
with complete recoverability. Figure 9b illustrates the response suggesting its excellent recoverability. The response and
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Figure 11. (a) Resistance—time curves and (b) response histogram of the RM30-based sensor to 10 ppm of NH; within an RH range of 15—-85%
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Schottky barrier formation of ReS, and TiyC,T, in air and (c, d) in the presence of ammonia.

recovery times of the RM30-based humidity sensor, calculated
at varying RH, are depicted in Figure 10b. The response time
increases, and the recovery time decreases with increasing
humidity levels, indicating the low adsorption and high
desorption rates of H,O molecules on the sensor surface,
respectively.

The sensing performance of the RM30-based sensor was
also investigated in an environment containing a mixture of
NHj; and H,O to evaluate its sensing capability under ambient
conditions. Figure 1la depicts the resistance—time transient
curves of the RM30-based sensor on repeated exposure to 10
ppm of NHj; at relative humidities ranging from 15 to 85%. It
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is observed that the sensor resistance decreases with increasing
humidity levels, in agreement with a previous humidity sensing
study.”® The consistent reversibility observed in the sensing
curves reflects the robust and durable nature of the sensing
material. Additionally, the response histograms in Figure 11b
demonstrate an increasing response value ranging from 7.8 to
12.7% across the RH range of 15—85%, emphasizing the
sensors’ sensitivity to diverse environmental conditions. To
further assess long-term stability, Ti;C,T,-, ReS,-, and RM30-
based sensors were tested toward 10 ppm of NH; at 85% RH
and room temperature over a period of 90 days, as shown in
Figure S12b. The RM30 heterostructure exhibited a minimal
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change in sensing response (12.4—13%) at 85% RH compared
to the Ti;C,T,- and ReS,-based sensors, indicating the long-
term stability of the RM30-based sensor.

Mechanism Visualization for Improved ReS,/Ti;C,T,
Gas Sensing Performance. The classical gas sensing
mechanism and energy band structure of the ReS,/Ti;C,T,
(RM30) heterostructure were illustrated to validate the
plausible gas sensing characteristics in the present work.*
The sensing characteristics are based on the chemical
adsorption, oxidation, and desorption processes occurring at
the interface between the gas molecule and the sensing
material. Structural and morphological analyses reveal the
uniform growth of curly, edge-exposed ReS, nanosheets on the
surface of conductive metallic Ti;C,T,, exhibiting a high
surface area beneficial for the adsorption of gas molecules (as
shown in Figure 12a). The sensing characteristics indicate the
n-type behavior of ReS,, which dominates electron transfer
after the chemical reaction with NH; at the ReS,/Ti;C,T,
interface. The presence of Ti;C,T, facilitates charge transport
in the ReS,/Ti;C,T, heterostructure, confirmed through the
I-V characteristics (Figure 6a). In the formation of ReS,/
Ti;C,T, heterostructures, the lower work function of ReS,
(~4.8 V) facilitates electron injection from higher work
function Ti;C,T, (~3.9 eV), establishing an equilibrium Fermi
level.”””® This electron injection induces band bending in both
materials, resulting in the formation of Schottky barriers at the
ReS,/Ti;C,T, interface. The diffusion and drift of electrons
lead to the creation of a depletion layer at the ReS,/Ti;C,T,
interface as shown in Figure 12a.”” XPS analysis reveals the
participation of atmospheric oxygen below 100 °C in the
electron exchange with the surface of the sensing material (zeta
potential), forming ionic species through the following
reactions (egs S and 6):

0,(gas) - O,(ads) (3)

(6)

The adsorbed oxygen O, (ads) captures electrons from the
ReS,/Ti;C,T, interface, forming an electron depletion layer
(EDL) and a hole accumulation layer (HAL) at the interface.
The negative surface charges on the ReS,/Ti;C,T, hetero-
structure tend to enhance oxygen adsorption, contributing to
an increase in the depletion region at the ReS,/Ti;C,T,
interface, as shown in Figure 12b. When exposed to NH;
under ambient humidity, water molecules react with NH;
molecules through the following reaction (eq 7):

NH,(gas) + H,0(ads) — NH4+(ads) + OH™

O,(ads) + e~ = O, (ads)

)

The adsorbed NH," subsequently has more free electrons
that interact with the adsorbed O, at the ReS,/Ti;C,T,

interface through the following chemical reactions (eqs 8 and
9):80

2NH,*(ads) + 30, (ads) — 2NO(ads) + 4H,0 + ¢~
(8)

1
NO(ads) + 2Oz(gas) — NO, ©)
As a result, the electrons captured by the adsorbed oxygen
are released back to the HAL, reducing the depletion region
and sensor resistance at the ReS,/Ti;C,T, interface, as
illustrated in Figures 7b and 12c. The high surface area of
the ReS,/Ti;C,T, heterostructure provides more adsorption
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sites for atmospheric oxygen, which reacts with NH*, leading
to a higher sensing response. During the purging process,
atmospheric oxygen again captures electrons from the ReS,/
Ti;C,T, interface, increasing the sensor resistance and
thickness of the depletion region (Figure 12d).

In the context of humidity sensing, the physisorption
interaction between water (H,O) molecules and adsorbed
oxygen atoms occurs through the H-bonding at the ReS,/
Ti,C,T, junction.®’ As humidity levels escalate, more H,O
molecules are loosely adsorbed in a disordered manner with
the adsorbed oxygen. The increasing amount of disordered
adsorbed oxygen induces the formation of a high electrostatic
field between the adsorbed layers, subsequently leading to the
dissociation of H,O molecules into H;O* and OH™ ions by the
following equation (eq 10):

H,0 — H,0" + OH~ (10)

This dissociation process significantly enhances the proton
conduction within the sensing layer.” The abundance of water
molecules in the sensing layer provides the proton with the
freedom to hop within the water molecules, resulting in a
reduction in sensor resistance.”® In the cross-sensitivity
analysis, surface-adsorbed water molecules tend to solvate
NH; gas into NH*" ions and actively react with adsorbed O,”,
further decreasing sensor resistance and increasing sensor
response under highly humid conditions.

Therefore, the growth of edge-exposed ReS, nanosheets on
the highly conductive and large surface area of Ti;C,T, sheets
provides numerous active sites for gas molecules and facilitates
easy charge carrier transportation during the sensing process,
thereby improving the gas sensing characteristics. Additionally,
ReS, helps in preventing the oxidation degradation of the
Ti;C,T, surface area and electrical properties. The presence of
negative charge on the ReS,/Ti;C,T, heterostructure due to
the oxide and hydroxide terminal groups can further enhance
the interaction with NHj through the hydrogen bonding and
electron donation mechanism, making this material more
sensitive to NHj. As a result, the synergistic effect of both ReS,
and Ti;C,T, leads to the synthesis of a stable ReS,/Ti;C,T,
heterostructure, promoting more interaction between the
sensing layer and target gas with faster gas adsorption/
desorption processes.

B CONCLUSIONS

The present work demonstrates the remarkable sensing
capabilities of a ReS,/Ti;C,T, heterostructure-based sensor
for the detection of NHj; in natural environmental conditions.
The structural and morphological analysis of the hetero-
structure, fabricated through a one-pot hydrothermal method
of ReS, on templating Ti;C,T, sheets, revealed a uniform
distribution of curvy and vertically oriented ReS, nanosheets
on the surface of Ti;C,T, sheets, resulting in an increased
specific surface area. The large surface area of Ti;C,T, along
with the distorted 1T structure of ReS, exhibits an increased
number of edge sites suitable for gas adsorption. This
synergistic effect has led into a 1.3 times improvement in
sensing response compared to pristine ReS, on exposure to 10
ppm of NH; at 15% RH and RT. Furthermore, the ReS,/
Ti;C,T, heterostructure showed excellent repeatability, long-
term stability, and superior sensitivity (7.8—12.4%) toward
NH; within the range of 15—85% RH. These findings
collectively suggest that the ReS,/Ti;C,T, heterostructure
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could be used as a promising sensing material for enhanced
NH; detection in natural environmental conditions, contribu-
ting to the advancements in environmental monitoring and
safety measures.
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