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a b s t r a c t

High-performance and low-cost gas sensors are highly desirable and involved in industrial production

and environmental detection. The combination of highly conductive MXene and metal oxide materials

is a promising strategy to further improve the sensing performances. In this study, the hollow SnO2

nanospheres and few-layer MXene are assembled rationally via facile electrostatic synthesis processes,

then the SnO2/Ti3C2Tx nanocomposites were obtained. Compared with that based on either pure SnO2

nanoparticles or hollow nanospheres of SnO2, the SnO2/Ti3C2Tx composite-based sensor exhibits much

better sensing performances such as higher response (36.979), faster response time (5 s), and much im-

proved selectivity as well as stability (15 days) to 100ppm C2H5OH at low working temperature (200 °C).
The improved sensing performances are mainly attributed to the large specific surface area and signif-

icantly increased oxygen vacancy concentration, which provides a large number of active sites for gas

adsorption and surface catalytic reaction. In addition, the heterostructure interfaces between SnO2 hol-

low spheres and MXene layers are beneficial to gas sensing behaviors due to the synergistic effect.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Volatile organic compounds (VOCs), COx and NOx (x = 1, 2),

etc., mainly come from industrial waste gas, automobile exhaust,

and photochemical pollution. And these exhaust gases have a se-

rious and adverse effect on the living environment and the human

body [1]. As far as ethanol is concerned, long-term exposure to

this volatile toxic substance will not only irritate the eyes and

damage the skin and respiratory system but also weaken the

function of the central nervous system and even threaten people’s

life and health [2]. Therefore, exploring novel and effective gas

sensing materials to prepare ethanol sensors with fast response,

rapid recovery, and long-term stability is particularly important

for industrial production and human health.

In recent years, metal-oxide-semiconductors (MOS)-based gas

sensors have been widely used to detect toxic gases due to their

easy fabrication, excellent properties, and low cost. For example,

SnO2 (Eg =3.6 eV) and ZnO (Eg =3.7 eV), as n-type semiconductors,
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have high carrier concentration, mobility, and excellent chemical

stability, which have been proved to be excellent gas sensing

materials [3,4]. As a traditional sensing semiconductor material,

the conductivity of SnO2 can be adjusted via controllable morphol-

ogy modification, surface decoration, and doping methods, which

are widely adopted in the detection of ethanol or other VOCs

[5,6]. However, the low response, high operating temperature,

and limited selectivity still restrict the widespread application

of SnO2 in gas sensors [3]. To further improve the gas sensing

performances of SnO2 to ethanol detection, many researchers

control the reaction conditions to modulate the microscopic

morphology of the material, which can effectively increase its

specific surface area [7,8]. Also, some researchers have improved

its gas-sensing response by doping with metal elements, especially

noble metals and constructing heterojunctions [9–11]. Synthesiz-

ing composites of SnO2 with suitable electrical conductivity is a

promising strategy to obtain SnO2 and its composites with better

sensing properties like a high response, good selectivity, and fast

response/recovery times [12].

https://doi.org/10.1016/j.cclet.2023.108512
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MXene, an emerging family of 2D transition metal car-

bides/nitride materials, is widely used in the field of sensing, catal-

ysis, and energy storage because of its large specific surface area

and excellent electronic conductivity [13,14]. MXene is terminated

by functional groups of –F, –O and –OH. These functional groups

at the terminals provide a large number of active sites for target

gas adsorption. Few-layer MXene exhibits superior conductivity

and gas sensing capabilities compared to multilayer bulk materials

due to its larger specific surface area and increased active gas ad-

sorption sites. This is attributed to the expanded interlayer spacing

in few-layer MXene, which promotes electron transport and sur-

face reactions, resulting in improved electrical and gas-sensitive

properties. At present, studies have shown that accordion-shaped

or clay-shaped multi-layer MXene and few-layer or single-layer

MXene have been successfully applied in gas detection [14,15].

The composites composed of MXene (Ti3C2Tx) nanosheets and

transition metal sulphide (WSe2) nanoflakes are prepared by elec-

trostatic self-assembly in the liquid phase [16]. The hybridization

process provides an effective strategy against MXene oxidation and

the formation of continuous heterostructures on the material sur-

face, which significantly improves its gas sensing performance and

reduce the response/recovery times. However, there are few re-

ports on the electrostatic self-assembly of MXene and topography-

controlled SnO2 to improve the gas-sensing properties of ethanol.

This work presents an ethanol gas sensor based on the

SnO2/Ti3C2Tx composites, which are rarely synthesized via the

electrostatic self-assembly strategy. Here, the SnO2 hollow spheres

are uniformly distributed on the surface of few-layer MXene

nanosheets. Moreover, the response performances of composites

to ethanol are systematically investigated. The results show that

SnO2/Ti3C2Tx composites have significantly improved gas-sensitive

properties to ethanol compared with pure SnO2 counterpart.

At 200 °C, the response value of SnO2/Ti3C2Tx composites to

100ppm ethanol gas can reach 36.979, which is 4.16 times higher

than that of pure SnO2 under the same conditions, and the re-

sponse/recovery times are reduced obviously. According to the

classical depletion layer model [17,18], the remarkable gas sensing

properties of the composites rely on its unique layer architecture.

MXene provides a unique platform on which hollow nanospheres

of SnO2 can be decorated to form heterojunctions, significantly

enlarging the specific surface area and increasing oxygen va-

cancy concentration, thus considerably enhancing the gas sensing

performances.

The composites were prepared by the electrostatic self-

assembly method [19]. Typically, 120mg of hollow SnO2

nanospheres were added into 20mL 1% cetyltrimethylammonium

bromide (CTAB) aqueous solution and dispersed by ultrasonication

for 8 h. After that, the precipitates were collected by centrifuga-

tion. Then, 20mg of the prepared few-layer Ti3C2Tx MXene were

dissolved in 20mL deionized water and dispersed ultrasonically

for 30 min under argon protection, the two products are then

mixed together and left to stand for 24h under the protection of

argon. The precipitates were collected by centrifugation and dried

at 70 °C for 12h to obtain SnO2/Ti3C2Tx composites. The complete

preparation process is shown in Fig. 1.

The crystal structure of the prepared MXene, pure SnO2

nanoparticles or hollow nanospheres, and SnO2/Ti3C2Tx com-

posites were analyzed by X-ray powder diffraction (XRD). The

diffraction peaks of Ti3AlC2 MAX phase and Ti3C2Tx MXene are

shown in Fig. 2a. The characteristic peaks of the unetched Ti3AlC2

materials match well with the standard card (JCPDS No. 52-0875).

After etching, the (002) peak of Ti3AlC2 at 9.5° shifted to 6.58° for
the Ti3C2Tx in XRD patterns, and the layer spacing became 13.4

Å. The lower peak shift of the basal plane is due to the removal

of Al in the Ti3AlC2 and the introduction of surface terminal

groups in Ti3C2Tx (e.g., -F, –O, –OH). The crystal structure of pure

Fig. 1. Schematic formation of SnO2/Ti3C2Tx composites.

Fig. 2. XRD patterns of (a) Ti3AlC2 MAX phase and Ti3C2Tx MXene, (b) pure SnO2,

hollow SnO2 nanosphere, and SnO2/Ti3C2Tx composites.

SnO2, hollow SnO2 nanosphere, and SnO2/Ti3C2Tx composites are

shown in Fig. 2b. The diffraction peaks of SnO2 samples at 26.58°,
33.85°, 37.89° and 51.84° correspond to (110), (101), (200) and

(211), respectively, which well matched with PDF card (JCPDS

No. 99-0024), indicating that the hollow SnO2 nanospheres with

tetragonal rutile structure have been successfully prepared [20].

Compared with the pure SnO2, SnO2/Ti3C2Tx composites have a

pronounced diffraction peak at 2θ =6.20°, which corresponds to

the (002) crystal plane of MXene, indicating that SnO2/Ti3C2Tx
composites have been successfully obtained.

As shown in Fig. 3a, the etched MXene exhibits a few-layer

structure. The prepared MXene micron-scale sheets with sizes

Fig. 3. Microstructures of the obtained samples: SEM images of (a) few-layer MX-

ene, (b) SnO2 nanospheres, (c) hollow SnO2 nanospheres, (d) SnO2/Ti3C2Tx compos-

ites. (d) TEM and (f) HRTEM images of the composites. (g) HAADF and (h) element

distribution images of the composites; (i) corresponding SAED patterns of the com-

posites.
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Fig. 4. (a) XPS fully scanned spectra of SnO2/Ti3C2Tx composites, XPS spectra of (b) Sn 3d (c) O 1s in pure SnO2, XPS spectra of (d) C 1s, (e) Ti 2p and (f) O 1s in SnO2/Ti3C2Tx
composites.

of approximately 600–700nm have several features for uniform

distribution, easy stacking and flexible folding [21]. In Fig. 3b, the

SnO2 nanospheres with a size of about 500nm were composed of

agglomerates of small nanospheres (42nm) in hydrothermal syn-

thesis. After adding the glucose during the hydrothermal synthesis,

the size of the formed hollow nanospheres increased significantly

(from 500nm to 600–700nm), and the wall thickness is about

226nm (Fig. 3c). The reason for this phenomenon may be that

the carbon sphere template was formed during the hydrothermal

process. It can be seen from Figs. 3d and e that SnO2 nanospheres

are uniformly distributed on the surface of Ti3C2Tx few-layer

nanosheets with slight agglomeration. The MXene nanosheets

exhibit a few-layer structure and the SnO2 nanospheres have a

hollow structure from the TEM analysis (Fig. 3e).

More detailed morphological and structural analyses of the

SnO2/Ti3C2Tx composites are shown in the HR-TEM images, as

seen in Fig. 3f. The lattice fringe distances of 3.33, 2.68 and 1.76 Å

correspond to the (110), (101) and (211) planes of rutile SnO2,

respectively [22]. A lattice spacing of 2.31 Å matches well with the

(103) plane of Ti3C2Tx MXene [23]. As shown in Figs. 3g and h, the

high angle annular dark field (HAADF), and element distribution

images show that the elements C, Ti, Sn and O are uniformly

distributed in the composites. Moreover, the selected area electron

diffraction (SAED) image is predicted in Fig. 3i, which shows that

there is a clear polycrystalline diffraction ring. The diffraction

ring marked in red corresponds to the (110), (101), (211) and

(310) crystal plane of rutile SnO2 from inside to outside, and the

diffraction ring marked in yellow corresponds to the (103) crystal

plane of Ti3C2Tx MXene, which are consistent with the crystal data

of XRD and HRTEM results.

The chemical composition of as-prepared samples was analyzed

by X-ray photoelectron spectroscopy (XPS) (Fig. 4). In Fig. 4a, the

XPS survey spectrum of the composites shows the characteristic

peak of Sn 3d, O 1s, Ti 2p, and C 1s, which further confirms that

the elements in the SnO2/Ti3C2Tx composites are composed of Sn,

O, Ti and C. In Fig. 4b, the Sn 3d energy level spectra consists of

two peaks at 486.56 eV and 494.96 eV, which belong to Sn 3d5/2

and Sn 3d3/2, respectively, indicating that Sn exists in the form of

+4 in SnO2 [24]. Fig. 4c shows the characteristic peaks of O 1s.

The peaks at 530.1, 531 and 533.2 eV can be assigned to the lattice

oxygen (OL), oxygen vacancy (OV) and chemisorbed oxygen (OC),

respectively [25]. Furthermore, the proportions of OL, OV, and OC in

pure SnO2 are 49.01%, 28.41% and 22.58%, while the proportions of

OL, OV and OC in the SnO2/Ti3C2Tx composites are 43.75%, 34.43%

and 21.82%, respectively (Fig. 4f). When SnO2 is compounded with

Ti3C2Tx MXene, the concentration of OV increases from 28.41% to

31.43%. The unique three-dimensional layered hollow-sphere com-

posites architecture the lattice mismatch at the interface, and the

homogeneous heterojunctions formed on the surfaces of the MX-

ene and SnO2 composite materials may all contribute the concen-

tration of oxygen vacancies, and the study shows that the concen-

tration of oxygen vacancies is critical to gas sensing performance

[26]. In high-resolution XPS spectra of C 1s (Fig. 4d), the peaks at

280.96, 284.76, 285.81, 288.67 eV are attributed to C–Ti, C–C, C–O

and O=C–O, respectively [27]. The C–C bond is the source of the

main signal center of C 1s, and the diffraction peak at 284.81 eV

represents the C–Ti bond, which proves the existence of MXene in

the composites [28]. As shown in Fig. 4e, the Ti 2p core level is fit-

ted with four doublets (Ti 2p3/2 – Ti 2p1/2). The binding energy of

458.32 eV corresponds to the Ti4+ in the composites, which means

that TiO2 is formed by oxidation during the synthesis process. The

Ti 2p3/2 components are located at 455.60 eV as Ti ions with a

reduced charge state (TixOy), and the 454.49 eV and 453.79 eV cor-

respond to Ti-C bonds, substoichiometric titanium oxides, or car-

bides (Ti-X) [29]. Overall, XPS analysis shows that the composites

were successfully prepared and the oxygen vacancy concentration

increased with slight oxidation occurring in the synthesis process.

N2 adsorption/desorption investigation was conducted to study

the porous nature of pure SnO2 and SnO2/Ti3C2Tx composites. As

shown in Fig. 5, the adsorption/desorption isotherms of pure SnO2

and SnO2/Ti3C2Tx composites exhibited typical IV and H3-type

isotherms according to the IUPAC. In detail, the specific surface

areas of pure SnO2 and SnO2/Ti3C2Tx composites are 25.292 and

30.885 m2/g, and their pore volumes are 0.106 and 0.129 cm3/g,

respectively. Further, the pore size distribution of pure SnO2 and

SnO2/Ti3C2Tx composites is 17.388nm and 16.740nm, respectively,

demonstrating the mesoporous nature of SnO2/Ti3C2Tx composites.

The large surface area of SnO2/Ti3C2Tx composites with unique

micro-structures can provide more channels for the faster gases

diffusion and more active sites for target gases adsorption, which

Fig. 5. N2 isothermal adsorption/desorption curve, and the inset is the pore radius

of pure SnO2 and SnO2/Ti3C2Tx nanocomposites.
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Fig. 6. (a) The responses of various samples to 100ppm ethanol at different tem-

peratures. (b) The response and recovery time of the SnO2/Ti3C2Tx composites sen-

sors to 100ppm ethanol at 200 °C.

achieve high gas sensing performance easily. The BET results

indicate that the accessibility space of SnO2/Ti3C2Tx composites

is larger, which means that the sensor based on the composites

shows the highest response to ethanol [30].

The performances of sensing material are sensitive to their

operating temperatures. First, the response value (Ra/Rg) versus

operating temperature for pure SnO2, hollow SnO2 nanospheres,

and the SnO2/Ti3C2Tx composites were carefully investigated

toward 100ppm ethanol. As shown in Fig. 6a, in the range from

120 °C to 350 °C, all curves show the same trend that the Ra/Rg
increases first and then decreases sharply with the increase in

temperature. In detail, at low operating temperature (from 120 °C
to 200 °C), the activation energy is insufficient to overcome the

potential barrier, so the response increases with increasing temper-

ature. At higher temperatures such as above 200 °C, the desorption

rate of gas molecules is higher than the adsorption rate, thus

reducing the response [31,32]. The optimum working temperature

of the SnO2/Ti3C2Tx composites is 200 °C, which is lower than that

of pure SnO2 (225 °C) and hollow SnO2 (275 °C). The maximum

Ra/Rg to 100ppm ethanol gas is 10.306, 23.664 and 36.979 for pure

SnO2, hollow SnO2 and SnO2/Ti3C2Tx composites, respectively. The

dynamic response-recovery curve of the SnO2/Ti3C2Tx composites

at the optimum operating temperature is shown in Fig. 6b. The

resistance can be restored to the baseline from the atmosphere

of ethanol gas to the fresh air. The response time is 5 s and the

recovery time is 134 s, indicating that SnO2/Ti3C2Tx composites

based sensor have a quick response characteristic.

To further investigate the sensing performances of SnO2/Ti3C2Tx
composites, the prepared materials were exposed to the ethanol

with the concentrations ranging from 10ppm to 180ppm at the

optimal operating temperature of 200 °C, and the response be-

havior as a function of ethanol concentration is shown in Fig. 7a.

The gas response value increases as the target gas concentration

increases, and the composites have the best response performance

to ethanol. In Fig. 7b, the linear fitting results show that the gas

concentration and relative response satisfy the functional relation-

ship of Res =0.288Cgas +6.456, and the correlation coefficient (R2)

is 0.949, which indicates that the SnO2/Ti3C2Tx composites can be

used in real-time monitoring of ethanol gas in industrial produc-

tion, and can be used to quantitatively analyze the concentration

range of ethanol gas, and detect lower concentrations of ethanol

gas [33]. The repeatability of gas sensing materials is also essential

for the sensors application. In Fig. 7c, the repeatability of the

prepared materials is evaluated at the optimum working tempera-

ture. All the materials show excellent repetition, and the response

dynamic curves of continuous tests are similar. Nevertheless, the

composites exhibit faster and higher response and recovery char-

acteristics towards 100ppm ethanol gas. The dynamic curves of

the response of SnO2/Ti3C2Tx composites show excellent recovery

performance under different concentrations of the target gas, and

the response value increases with increasing ethanol concentration

Fig. 7. (a) The responses of various samples upon exposure to ethanol with con-

centrations ranging from 10ppm to 180ppm. (b) Function fitting plots of the

SnO2/Ti3C2Tx composites sensor towards different concentrations (10–180ppm) of

ethanol. (c) Repeatability curve of the various samples towards 100ppm ethanol

gas. (d) Dynamic response curves of the composite sensors towards ethanol gas

with various concentrations ranging from 10ppm to 180ppm at 200 °C. (e) The re-

sponse time and (f) recovery time of the pure SnO2 and the SnO2/Ti3C2Tx compos-

ites across ethanol concentrations.

(Fig. 7d). When the concentration of ethanol reaches 140ppm, the

response value of the composites increases little with the further

increase of ethanol concentration, which may be due to the lim-

ited number of active sites in the composites [34]. Figs. 7e and f

are the response/recovery curves of the composites and pure SnO2

to different concentrations of ethanol. The results show that the

introduction of few-layer MXene nanosheets into the composites

significantly shortens the response/recovery times, possibly be-

cause the metallic conductivity of MXene nanosheets significantly

shortens the carrier transport time. Therefore, the response and

recovery properties of composites are significantly improved [13].

In addition, selectivity and long-term stability are also im-

portant factors for the gas sensors. The sensing responses of

pure SnO2 and SnO2/Ti3C2Tx composites to 100ppm ethanol,

methanol, acetone, ammonia, and chlorobenzene are tested at

200 °C as shown in Fig. 8a. The response of the composites is

36.979 (ethanol), 6.069 (methanol), 4.809 (acetone), 1.616 (am-

monia) and 2.125 (chlorobenzene), respectively, which indicates

good selectivity of composites to ethanol among the tested gas

molecules. In Fig. 8b, the long-term stability of the SnO2/Ti3C2Tx
composites sensor was measured at 200 °C. The response to

100ppm ethanol gradually decreased from 36.979 to 25.44 in the

first five days, which may be due to the partial oxidation of the

MXene nanosheets at 200 °C, and then stabilized at about 25 after

15 days, retaining 80% stability performances.

The sensor based on SnO2/Ti3C2Tx composites exhibits excellent

sensing performance (36.979) to 100ppm ethanol at 200 °C. It has

good industrial application prospects compared with SnO2 and

other metal oxides based sensors that have been reported. The
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Table 1

Comparison of ethanol-sensing characteristics of previously reported sensors.

Material Temperature (°C) Concentration (ppm) Response value Reference

SnO2 hollow spheres 350 100 11 [35]

SnO2/Ti3C2Tx MXene 230 50 9.6 [36]

GO/SnO2 nanofibers 300 50 28.9 [37]

SnO2/Zn2SnO4 250 100 30.5 [38]

Hollow LaFeO3 128 143 14.5 [39]

Ti3C2Tx MXene RT 100 1.7 [13]

SnO2 /Ti3C2Tx composites 200 100 36.979 This work

Fig. 8. (a) Gas responses of SnO2/Ti3C2Tx composites sensor toward 100ppm vari-

ous gases. (b) Long-term stability of the sensors based on SnO2/Ti3C2Tx composites

to 100ppm ethanol.

ethanol sensing characteristics of previously reported sensors are

compared in Table 1.

The gas sensing mechanism of SnO2/Ti3C2Tx composites is

usually explained by regulating the resistance of the material by

adsorbing oxygen on the surface of the material. When the sensing

material is exposed to air, oxygen molecules are adsorbed onto the

surface of SnO2, capturing electrons in the conduction band and

turning them into oxygen ions (O2
−, O−, O2−).

The optimal working temperature of SnO2/Ti3C2Tx composites

is 200 °C, so most of the oxygen species adsorbed on the surface of

the material exist in the form of O− [40]. This can cause the semi-

conductor band to bend and form an electron depletion region.

When the material is exposed to ethanol, the ethanol molecules re-

act with the oxygen ions, especially O−, adsorbed on the surface of

the material, causing electrons to return to the conduction band. In

this process, the carrier concentration increases, resulting in a de-

crease in the depletion layer and electrical resistance. The gas sens-

ing response process mainly includes the following equations:

O2(gas)→O2(ads) (1)

O2(ads)+ e− →O2
− (2)

O2
− + e−→ 2O− (3)

CH3CH2OH(ads)+6O− (ads)→2CO2(g)+3H2O(g)+6e− (4)

The sensor based on SnO2/Ti3C2Tx composites has better sens-

ing performances than that of pure SnO2, which may be due to

the following three reasons. Firstly, as shown in Fig. 9, the work

function of Ti3C2Tx MXene terminated with –OH (3.9 eV) is lower

than that of SnO2 (4.9 eV) reported in past work [41]. When the

SnO2 hollow nanospheres are in close contact with the Ti3C2Tx
nanosheets to equal the Fermi level, many carriers (e−) will trans-

fer from the Ti3C2Tx to the SnO2. The region where the Ti3C2Tx
loses electrons will generate positive charges, and the area where

SnO2 accepts electrons will generate negative charges, thus result-

ing in a depletion layer. Then, a continuous heterojunction network

Fig. 9. Schematic illustration of gas sensing mechanism for SnO2/Ti3C2Tx sensors.

is formed on the surface of the material. When the composites are

exposed to the target gas, the resistance changes towards a higher

trend by adjusting the width of the depletion layer at the interface,

and the gas sensing properties are significantly enhanced.

Secondly, the BET results show that the pore structure gener-

ates additional surface area, and the specific surface area of the

SnO2/Ti3C2Tx composites is significantly higher than that of pure

SnO2. The increased surface area favors the creation of more active

sites for gas adsorption. Besides, the hollow SnO2 nanospheres

facilitated the diffusion of gas molecules into the interior of the

composite. Thus, oxygen species can be absorbed on the outer and

interior shells, leading to an increase in response. Furthermore,

the surface of Ti3C2Tx is covered with a large number of functional

groups (–OH, –F, and –O), which can also provide many active

sites, including the adsorption site of oxygen [42]. The ethanol

gas molecules adsorbed on the surface of the material will release

more electrons, which is conducive to reducing the resistance and

improving the sensitivity.

Thirdly, the concentration of oxygen vacancy (OV) is also a key

factor affecting gas adsorption. The XPS results show that the OV

concentration of the composites is significantly higher than that

of pure SnO2, and the increase in the OV component means that

more chemisorbed oxygen can participate in the redox reaction,

increasing the favorable in-plane adsorption energy of ethanol

and the level of charge transfer from the surface to ethanol [43].

Oxygen vacancies can increase the active sites on the material’s

surface and the electronic activity, and reduce the resistance of

the sensor, thus, improving the gas interaction, response, and

sensitivity. At the same time, oxygen vacancies can increase the

charge density near the valence band maximum and conduc-

tion band minimum of the composite material, resulting in the

reduction of the band gap, thus promoting the thermoelectric
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emission and target gas adsorption/activation, and enhancing the

gas sensing characteristics of the material [44,45]. So the gas

sensing performance of the composites is improved.

In summary, the hollow SnO2 nanospheres and few-layer MX-

ene nanosheets were successfully combined by the electrostatic

self-assembly, and the prepared the SnO2/Ti3C2Tx composites

exhibit excellent sensing performances compared with pure SnO2.

The optimal working temperature of the SnO2/Ti3C2Tx composites

is 200 °C, which is lower than that of the pure SnO2 material

(225 °C). The gas sensing response of the composites (36.979) to

100ppm ethanol gas is higher than that of the pure SnO2 (10.306),

and the response time and recovery time are also significantly

reduced. The excellent gas sensing performances of the composites

are due to the unique microscopic morphology, especially the hol-

low nanosphere of SnO2 providing a large number of active sites

for gas adsorption. Furthermore, the increase of OV concentration

in the composites also facilitates the availability of more active

sites for gas adsorption. Besides, the synergistic effect, that is

combined functions which be apt to zoom up the reception and

transduction of sensing signals, between SnO2 and Ti3C2Tx hetero-

junction can also promote the improvement of gas sensing perfor-

mances. The combination of metal oxide semiconductor materials

(MOS) and highly conductive materials such as MXene provides a

feasible solution for improving ethanol gas sensing properties.
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