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A B S T R A C T   

Enhancing the sensing properties of resistive sensors holds pivotal importance as a non-invasive technology for 
identifying lung cancer biomarkers. This study focused on the development of a robust sensing platform to 
effectively detect low-concentration biomarkers with low concentration. Ti3C2Tx MXene was prepared by HF 
etching and ZnO was successfully grown on the MXene nano-multilayers via hydrothermal method subsequently. 
TiO2–ZnO samples were obtained after the calcination step. Various characterization methods were applied to 
validate the structural integrity and formation of the TiO2–ZnO n-n heterojunction. The TiO2–ZnO sensor with a 
Ti:Zn atom ratio of 1:1 (TZ1) exhibited special sensing characteristics, which can be attributed to the higher 
activation energy (89.2 kJ/mol) and the more substantial interfacial contact areas between the two metal oxides. 
This architectural arrangement gives rise to the creation of numerous energy barriers, effectively hindering 
electron migration. Despite exhibiting the acceptable response, TZ1 can be applied in electronic nose systems to 
effectively detect lung cancer indicators with low concentrations (i.e., acetone, formaldehyde, NH3) in light of its 
high stability and steady signal-to-noise ratio.   

1. Introduction 

The advancement of electronic nose (E-nose) technology has 
garnered significant attention due to its remarkable integration capa-
bilities and the myriad of sensor options it offers. These attributes make 
it a promising tool for the swift diagnosis of lung cancer [1–4]. E-nose 
systems are tasked with processing diverse signals from equipped sen-
sors to analyze complex gas mixtures [5–7]. However, it often struggles 
to make distinct differentiations, especially when dealing with com-
pounds which have the same functional groups, and this deficiency 
becomes particularly evident when handling volatile organic com-
pounds (VOCs) and small molecule gases at ultra-low concentrations 
[8]. Consequently, the development of sensors exhibiting exceptional 
sensing performance becomes imperative [9]. Zinc oxide (ZnO) is 
necessary to be modified due to its inherent limitations in selectivity and 
sensitivity towards low-concentration VOCs and small molecule gases 
[10–15]. The specific surface area of the sensing material can be 
significantly enhanced if the metal oxides are uniformly dispersed in the 

two-dimensional material [16,17]. Current research on two-dimensional 
composite materials primarily focuses on the effect of graphene, gra-
phene oxide (GO), or reduced graphene oxide (rGO) composited with 
metal oxide semiconductors (MOSs) [18–21]. However, the composites 
of GO or rGO, MoS2, and MOSs usually exhibit a poor response to the 
low-concentration target gases due to their high interlayer conductivity 
[22,23]. The emergence of Ti3C2Tx MXene as a new breed of 
two-dimensional material introduces new possibilities [24–26]. Ti3C2Tx 
initially exhibits metal-like interlayer bonding, rendering its resistance 
insufficient for gas sensing due to its exceptionally high interlayer 
conductivity, which is usually in the range of 1 kΩ–10 kΩ [26–28]. 
Ti3C2Tx can be transformed into TiO2 through calcination, which can 
greatly reduce the interlayer conductivity and retain a high specific 
surface area [29], thereby creating new reaction sites for VOCs [30]. 

Song et al. devised a stratified GO-Ti3C2Tx MXene-GO coating on Si 
matrix and oxidized Ti3C2Tx into TiO2 particles integrated between rGO 
layers by H2O2 treatment [31]. This sensor exhibited a robust response 
(150% @ 1 ppm NO2) with excellent selectivity at room temperature 

* Corresponding author. College of Mechanical Engineering, Yangzhou University, Yangzhou, 225127, Jiangsu Province, PR China. 
E-mail address: zhangc@yzu.edu.cn (C. Zhang).  

Contents lists available at ScienceDirect 

Ceramics International 

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

https://doi.org/10.1016/j.ceramint.2024.02.095 
Received 26 November 2023; Received in revised form 29 January 2024; Accepted 6 February 2024   

mailto:zhangc@yzu.edu.cn
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2024.02.095
https://doi.org/10.1016/j.ceramint.2024.02.095
https://doi.org/10.1016/j.ceramint.2024.02.095
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2024.02.095&domain=pdf


Ceramics International 50 (2024) 16155–16165

16156

(RT). Hou et al. prepared the Ti3C2Tx-derived TiO2–C/g-C3N4 complex 
by heat treatment at 550 ◦C, which was used for detecting ppm ethanol 
at RT with the ultraviolet light activating [32]. The sensor performed a 
90% response to 10 ppm ethanol, which is about 10 times higher than 
the normal TiO2/g-C3N4. However, it also exhibited a high response to 
benzene and methanol, implying the poor selectivity of the sensor. Zhou 
et al. prepared N-doped Ti3C2Tx by hydrothermal method through 
adding urea and Ti3C2Tx powder into glycol solution [33]. With the 
hydrothermal reaction time extending, the number of TiO2 particles on 
the surface increased, and a Ti3C2Tx/TiO2 composite was formed. The 
response of the Ti3C2Tx/TiO2 sensor to 1 ppm NH3 reached 24.5% at RT 
with a limit of detection (LOD) of 200 ppb. Tian et al. grew MoS2 
nanosheets on Ti3C2Tx by the hydrothermal method [34]. Part of the 
Ti3C2Tx on the surface was oxidized, and TiO2 particles were formed in 
the hydrothermal reaction. The sensor showed excellent response to 
ppm-level NH3 with a LOD of 500 ppb. Wen et al. prepared thin TiO2 
nanosheets by heat treatment of Ti3C2Tx MXene at 400 ◦C and modified 
Ag on the obtained TiO2 by annealing the mixture of TiO2 and AgNO3 
solution [35]. The sensor showed an impressively superior response to 
NH3 (200% @ 5 ppm) at a relative humidity (RH) of 90%. 

Herein, we combined the Ti3C2Tx-derived TiO2 with ZnO and pro-
posed a feasible approach to enhance gas sensing properties. Ti3C2Tx- 
derived TiO2 remains the two-dimensional sheet structure which lead to 
a considerable specific surface area, thus increases the electrical resis-
tance and facilitates the formation of the heterojunctions with ZnO 
particles. This junction effectively minimized the electrical noise of the 
sensor [36]. In this work, after etching with a hydrogen fluoride (HF) 
solution, multi-layer Ti3C2Tx was prepared by centrifugation and 
high-speed agitation. Subsequent growth of ZnO nanoparticles on the 
surface of Ti3C2Tx was facilitated by the connection between the elec-
tronegative surfaces of Zn2+ and Ti3C2Tx through the cationic surfactant 
CTAB. Subsequently, the complex was annealed at 500 ◦C to mitigate the 
short-circuit effect caused by its high interlayer conductivity. The role of 
TiO2 on the sensitivity and selectivity of ZnO sensors was evaluated 
through low-concentration VOCs sensing experiments. When the molar 
ratio of ZnO to TiO2 was close, a substantial quantity of heterojunction 
structures emerged at the interface between these two materials. This 
hindered electron transport, leading to a relatively diminished response 
value. Furthermore, despite the decrease in response value following the 
amalgamation of ZnO and TiO2, TiO2/ZnO heterostructures with 
Ti3C2Tx MXene-layer structure exhibited an elevated signal-to-noise 
ratio (SNR) and excellent detection capability for low concentrations 
of isopropyl alcohol over a wide temperature range, which may shed 
light on constructing MOS-based gas sensors applied in health admin-
istration with a high SNR. 

2. Experiment 

2.1. Preparation of Ti3C2Tx 

The Ti3C2Tx MXene was obtained by exfoliating commercial MAX 
(Ti3AlC2) powders (≥90%, ≤40 μm) purchased from Sigma Aldrich. To 
achieve this, 5% hydrofluoric acid (HF) was added into a Teflon auto-
clave, and 1 g of MAX powders were slowly added into the acid solution 
and magnetically stirred at 35 ◦C for 24 h. After etching, the obtained 
black powders were centrifuged and washed by DI-water and ethanol at 
3000 rpm until the pH of the supernatant was over 6. After washing, the 
suspension was mechanically agitated by a vortex agitator at a speed of 
4000 rpm for 1.5 h. The Ti3C2Tx powders were kept in 25 mL of water as 
a precursor. 

2.2. Synthesis of samples 

0.2 g of Cetyl trimethyl ammonium bromide (CTAB) was completely 
dissolved into 22 mL of ethanol, and x mL of the as-prepared Ti3C2Tx 
suspension was slowly added into the CTAB solution with stirring for 

over 30 min. In parallel, 3 mmol of Zn(NO3)2⋅6H2O were dissolved in 44- 
x mL of DI-water. The two solutions were mixed together when both of 
them became uniform. After 15 min of stirring, 30 mmol of NaOH was 
added and mixed into the solution. Simultaneously, a mixture of 1 mL of 
ethylenediamine and 9 mL of DI water was introduced. The resultant 
solution was transferred into a Teflon-lined autoclave and reacted at 
100 ◦C for 2 h. In order to investigate the impact of the ratio between 
ZnO and Ti3C2Tx on gas sensing properties, four different Ti3C2Tx-ZnO 
samples were prepared by changing the x as 0, 2.5, 5, 10, and 15. The 
four samples are named as ZnO, MZ0.5, MZ1, MZ2, and MZ3, 
respectively. 

Given Ti3C2Tx’s inherent conductivity, it is advisable to transform 
Ti3C2Tx into TiO2 through a calcination process for sensor applications. 
The Ti3C2Tx-ZnO samples and pure Ti3C2Tx were calcined in a muffle 
furnace at 500 ◦C for 2 h (5  ◦C/min). The obtained light grey powders 
were named as TZ0.5, TZ1, TZ2, TZ3, and Ti3C2Tx-TiO2. Fig. 1(a and b) 
exhibit the synthesis process of Ti3C2Tx-ZnO and TiO2–ZnO. 

2.3. Material characterization 

The morphologies of Ti3C2Tx, Ti3C2Tx-ZnO, and TiO2–ZnO samples 
were observed by FE-SEM (SU8020, Hitachi), and the element ratios of 
MZ1 and TZ1 were measured by EDS (S4800II, Hitachi). XRD tests were 
carried out on Ti3C2Tx, Ti3C2Tx-ZnO, and all TiO2–ZnO samples (D8 
Advance, Bruker) with a CuKα1 radiation source (λ = 1.5418 Å). The 
scanning speed is 0.2 s/step, and the scanning range is 5◦ to 80◦. HRTEM 
was applied to test MZ1 and TZ1 for further verifying the combination of 
TiO2 and ZnO (Tecnai G2 F30 S-TWIN, FEI). XPS was employed to 
analyze the valence states and defect concentrations of Ti3C2Tx-derived 
TiO2, Ti3C2Tx-ZnO, TiO2–ZnO, ZnO (PHI Versa Probe 5000, Ulvac-Phi), 
and the X-ray source is monochromatic AlKα radiation with a power of 
50 W and a ray voltage of 15000 V. The pressure in the test chamber is 
about 1 × 10− 9 Torr. 

2.4. Gas sensing measurement 

The prepared samples were mixed with 1 mL of DI-water to form a 
slurry, and sensors were fabricated by applying the slurry to the sensor 
matrix. The TZ-based sensors fabricated were aged at 350 ◦C for 72 h to 
stabilize the resistance signal. The sensing set-up was consisted of a gas 
supply system, mass-flow controllers, signal collecting device, and 

Fig. 1. Schematic diagram of synthesis process of (a) MXene-ZnO and 
(b) TiO2–ZnO. 
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sensors (Fig. 2). The detailed information of sensor matrix and gas 
sensing device were provided in supporting information. The RH and 
concentration of VOCs were controlled by three mass-flow controllers. 
The response was defined as S––(Ra-Rg)/Rg × 100% because the 

resistance decreased as reducing gas was filled into the gas chamber (Ra 
and Rg represented the resistance stable in air and target gas, respec-
tively). The response/recovery time was defined as the time it takes for 
the resistance to decrease to Ra-90% × (Ra-Rg) and to recover to Ra-10% 

Fig. 2. The set-up of gas sensing measurement.  

Fig. 3. XRD patterns of (a) MXene and MXene-ZnO samples and (b) TiO2–ZnO samples.  

Fig. 4. (a) The SEM images of (a) MXene, (b) MZ0.5, (c) MZ1, (d) MZ2, (e) MZ3, (f) TZ0.5, (g) TZ1, (h) TZ2, and (i) TZ3.  
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× (Ra-Rg), respectively. 

3. Result and discussion 

3.1. Material characterizations 

To explore the effective oxidation of Ti3C2Tx to TiO2 during both the 
synthesis stage of ZnO and the heat treatment process, the phase of 
prepared Ti3C2Tx-ZnO and TiO2–ZnO were confirmed by XRD. The XRD 
spectra of the MZ samples exhibited characteristic peaks of Ti3C2Tx 
(002) and diffraction peaks related to hexagonal ZnO (JCPDS 65–3411), 
indicating that Ti3C2Tx was hardly oxidized during the hydrothermal 
reaction process (Fig. 3a). Additionally, with an increase in the amount 
of Ti3C2Tx suspension added, the characteristic peak of Ti3C2Tx (002) at 
around 7◦ significantly increased. In all TZ samples, there were no 
characteristic peaks in the range of 5–10◦, and all diffraction peaks 
corresponded to hexagonal ZnO and rutile TiO2 (JCPDS 71–1167) 

(Fig. 3b). The results confirm the complete conversion of Ti3C2Tx to TiO2 
during the heat treatment process. 

SEM image of Ti3C2Tx was shown in Fig. 4a, which indicated that the 
HF solution successfully separated the MAX bulks into multi-layered 
Ti3C2Tx pieces. Certain tiny particles (oval dotted line) can be dis-
cerned on the surface of Ti3C2Tx nano-multilayers or in between the 
exfoliated layers (Fig. 4(b–e)). During the synthesis of Ti3C2Tx-ZnO, 
CTAB, a cationic surfactant, was used as the ligand between the nega-
tively charged surfaces of Ti3C2Tx and Zn2+ in the solution [37]. Thus, 
these particles could be attributed to two potential materials: TiO2 
derived from Ti3C2Tx or ZnO particles grown on the surface. The particle 
size distribution histogram indicates that following heat treatment at 
500 ◦C, there is an increase in particle size attributed to the elevated 
temperature, providing the necessary energy for ZnO crystal growth 
(Fig. S1). Moreover, the layered structure of Ti3C2Tx was preserved 
without being destroyed, as shown in Fig. 4(f–i). 

EDS tests of MZ1 and TZ1 powders were carried out to further un-
derstand the elements on the surface, as shown in Tables 1 and 2. The 
atomic ratio of Zn to Ti was very close, and the Al content was nearly 0, 
indicating that Al layers in the MAX phase had been dissolved and 
removed by HF. Additionally, the F content decreased further after 
calcination. The corresponding mapping selection regions were shown 
in Fig. 5(a–h), respectively, and the mapping results of MZ1 and TZ1 
were shown in Fig. 5(b–g) and 5(i-n). It’s evident that the majority of Al 
originated from the platform used to hold the powders, while C pri-
marily derived from the tapes employed in the preparation of SEM 
samples. Importantly, ZnO effectively grew on the Ti3C2Tx nanolayers, 
and before the calcination, the Ti3C2Tx had been partially oxidized 
during the hydrothermal step. The primary distribution position of Zn in 
the mapping image was basically consistent with that of Ti, which im-
plies that ZnO was successfully attached to the surface of Ti3C2Tx and 
TiO2 in the synthesis process and that most of Al had been removed 
during the etching process. In the etching step, some F− coming from the 
HF solution was bonded to the surface of Ti3C2Tx, which was not 
completely removed from the surface after heat treatment. 

TEM image of MZ1 implied that ZnO was successfully grown on the 
Ti3C2Tx layer (Fig. 6a), and the HRTEM image exhibited the 

Table 1 
Element quantity of MZ1 measured by EDS.  

Element Weight ratio (%) Atom ratio (%) 

C 11.71 27.88 
O 17.45 31.20 
F 5.29 7.96 
Al 0.36 0.38 
Ti 25.46 15.21 
Zn 39.73 17.37  

Table 2 
Element quantity of TZ1 measured by EDS.  

Element Weight ratio (%) Atom ratio (%) 

C 0.38 0.45 
O 27.98 55.38 
F 0.56 0.94 
Al 0.38 0.45 
Ti 27.03 17.89 
Zn 42.19 20.43  

Fig. 5. The selected region of (a) MZ1 and (h) TZ1; the mapping results of (b–g) MZ1 and (i–n) TZ1.  
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heterojunction region of ZnO/Ti3C2Tx (Fig. 6b), where the lattice bands 
of ZnO (002) and Ti3C2Tx (008) are visual (Fig. 6(c and d)). The TEM 
image of ZnO/TiO2 were visually depicted in Fig. 6e. There are obvious 
boundaries between the upper and lower parts in Fig. 6f. The upper 
section corresponded to ZnO, while the lower region was associated 
with TiO2. Fig. 6(g and h) exhibit the local amplification images of the 
two parts in Fig. 6f, and the distances of the lattice bands were 2.53 Å 
and 3.45 Å, which were corresponding to the ZnO (101) and TiO2 (101) 
crystal faces, respectively. It is intuitive that the Zn and Ti elements were 
distributed on both sides, indicating that Ti atoms did not diffuse during 
the hydrothermal synthesis of ZnO or calcination, as illustrated in Fig. 6 
(i–k). 

To assess the element ratios between Ti and Zn and the removal of C 
and Al from the composites, XPS tests were performed on the Ti3C2Tx- 
ZnO and TiO2–ZnO samples. Fig. 7(a–e) exhibit the survey, O 1s, Zn 2p, 
and Ti 2p regions of all samples. C, O, Zn, Ti, and F can be observed in 
the survey spectra of all the MZ and TZ samples. In the case of MZ1, C 
peaks were fitted into three different peaks at 284.7 eV, 286.5 eV, and 
288.8 eV, representing C–C bonds, C–O bonds, and C––O bonds [38], 
respectively, indicating that part of C was related to the Ti3C2Tx, as 
shown in Fig. 7f. Ti and Zn were attributed to the Ti3C2Tx multilayers 
and ZnO nanoparticles, respectively. The F in the samples was linked to 
the etching step of the MAX phase, with some F− from the solution 
adsorbed on the surface of Ti3C2Tx, which is in accordance with the F 
peak related to the metal fluoride bond. While in TZ samples, the atom 
ratio of C decreased significantly and only peaks related to the C 

pollution remained, which indicated that C in the Ti3C2Tx structure was 
successfully removed and turned the structure into TiO2. In addition, the 
survey, Ti 2p, Zn 2p, and O 1s regions of Ti3C2Tx-TiO2 and ZnO are 
shown in Fig. 7(g–l). Furthermore, based on the semi-quantitative XPS 
analysis results, in the four sets of TiO2–ZnO samples, the atomic ratios 
of Ti to Zn were calculated to be approximately 13.1:23.3, 16.8:18.2, 
20.9:9.8, and 24.5:8.8, respectively. These ratios closely aligned with 
the Ti:Zn ratios set during the preparation process, indicating that 
almost all of the Ti3C2Tx transformed into TiO2 after the heat treatment. 

3.2. Gas sensing performance 

The optimal operating temperature of the sensors was first ascer-
tained to further evaluate the sensing performances of the fabricated 
sensors. Due to the high interlayer conductivity of Ti3C2Tx, MZ samples 
exhibited low resistance, which is detrimental to the gas sensing per-
formance of n-type MOSs. Meanwhile, MZ samples are not suitable for 
isopropanol detection due to their poor stability under high working 
temperature. To provide a specific explanation, MZ-based sensors were 
prepared following the fabrication method of TZ-based sensors but 
stabilized for 7 days at room temperature. Fig. S2 illustrates the dynamic 
response characteristics of MZ samples to 5 ppm isopropanol at 
225–375 ◦C. With an increase in the amount of added Ti3C2Tx, the 
baseline resistance of the MZ-based sensor significantly decreased at low 
temperatures. As the temperature rose, Ti3C2Tx was gradually oxidized 
to TiO2 at high temperatures, creating more energy barriers and leading 

Fig. 6. (a) TEM and (b) HRTEM of MZ1; (c) MXene region and (d) ZnO region of HRTEM images of MZ1; (e) TEM and (f) HRTEM of TZ1; (g) ZnO region and (h) TiO2 
region of HRTEM images of TZ1; (i–k) mapping of TZ1. 
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to a continuous increase in the baseline resistance of MZ samples at high 
temperatures. As the amount of added Ti3C2Tx was relatively low, the 
TiO2/ZnO in the MZ samples accounted for a certain proportion after the 
operating temperature reached 300 ◦C. The further enhancement of 
operating temperature contributed to a dominant effect of decreased 
resistance due to the rise in carrier concentration, outweighing the in-
crease caused by Ti3C2Tx oxidation. Consequently, we proceeded to 
study the sensing characteristics of TZ samples. 

The response values of all TZ-based sensors to 5 ppm isopropanol at 
50% RH from 225 ◦C to 375 ◦C were shown in Fig. 8a. The four 
TiO2–ZnO sensors exhibited distinct sensing behaviors. For the TZ0.5 
sensor, the highest response occurred at 275 ◦C, and the response value 
was much higher than that at the other temperature, which has the same 
optimal temperature as ZnO (Fig. 8b). Subsequently, the behavior of the 
TZ3 sensor was quite similar to that of the Ti3C2Tx-derived TiO2 sensor 
(Fig. 8b), with an optimal working temperature in a relatively lower 
temperature range. The response value of the TZ2 sensor was insuffi-
cient for meaningful analysis. The TZ1 sensor exhibited intriguing 
behavior as the temperature increased. In contrast to the TZ0.5 and TZ3 
sensors, the TZ1 sensor demonstrated its highest response in the high- 
temperature range, with the optimal working temperature at 350 ◦C, 
which was much higher than both ZnO and TiO2 sensors. Another 
notable difference was observed in the response range between the 
highest and lowest values, which was defined as (Smax- Smin)/Smax (Smax 
and Smin referred to the highest and lowest response values, respec-
tively). For TZ0.5, the difference was 68.0%, while the value for TZ3 was 

68.8%. The difference of TZ1 was 21.5%, which should be attributed to 
the potential barrier generated at the boundary of TiO2 and ZnO. The 
TZ1 sensor was significantly different from the other three sensor groups 
due to its similar TiO2-to-ZnO ratio, resulting in more contact areas 
between the two metal oxides and the formation of numerous barriers 
that hindered electron migration. Additionally, electron depletion and 
accumulation layers were formed on both sides of the junction region, 
respectively, resulting in a reduction in the number of surface free car-
riers. Consequently, higher operating temperatures were required to 
excite more carriers. Thus, TZ1 could provide a relatively high response 
and a significantly distinct signal compared to other sensors. Consid-
ering its unique characteristics, TZ1 was selected as the target sensor in 
the subsequent test, aligning with our application requirements. 

The response behavior of TZ sensors to 5 ppm isopropanol, 5 ppm 
acetone, 5 ppm formaldehyde, and 50 ppm ammonia were studied at 
350 ◦C with 50% RH to qualify the selectivity change (Fig. 8c). The 
selectivity trend could be divided into two parts. TZ0.5 and TZ1 sensors 
showed similar selectivity, and their response values to isopropanol and 
formaldehyde were nearly identical, while their responses to 5 ppm 
acetone and 50 ppm NH3 were slightly lower and showed similar values. 
For the TZ2 and TZ3 sensors, they both exhibited the best response to 
acetone, and the minor difference between them was that the TZ2 had an 
excellent selectivity for formaldehyde and acetone, while the TZ3 was 
more sensitive to isopropanol and acetone. 

The dynamic resistance and response curves of the TZ1 sensor to 
various concentrations (5 ppm–250 ppb) of isopropanol at 350 ◦C are 

Fig. 7. XPS survey spectra of (a) MZ and (b) TZ samples; (c) O1s region, (d) Zn 2p region, and (e) Ti 2p region of MZ and TZ samples; (f) C1s region of TZ1; (g) 
survey, (h) Ti 2p region, and (i) O1s region of MXene-TiO2; (j) survey, (k) Zn 2p region, and (l) O1s region of ZnO. 

K. Xu et al.                                                                                                                                                                                                                                       



Ceramics International 50 (2024) 16155–16165

16161

shown in Fig. 8d. The sensor showed typical n-type semiconductor 
behavior, with electrical resistance decreasing as reducing gas was 
injected. The response value to 5 ppm isopropanol were 134.38% with 
the fast response/recovery rate of 42 s/267 s, respectively. The decrease 
in the concentration of isopropanol led to a reduction in the response/ 
recovery time, attributed to a lower amount of charge transfer (Fig. 8d). 
Although the response value decreased to 10.56% as the isopropanol 
concentration decreased to 250 ppb, the SNR remained excellent 
because of the clear and easily distinguishable resistance change, con-
firming the sensor’s capability to detect 250 ppb isopropanol. Table 3 
exhibits the sensing performance of various ZnO or TiO2-based sensing 
materials for NH3, formaldehyde, acetone, and isopropanol, indicating 
the superior sensing characteristics of TZ1 for isopropanol. 

The response of the TZ1 sensor to 500 ppb isopropanol at 350 ◦C was 
tested with the RH varying from 10% to 100% to study the role of RH 
(Fig. 8e). The adsorption of H2O molecules is physical adsorption 
without electron transfer, so less oxygen adsorption leads to less electron 
transfer with the sensing layer, indicating the competitive adsorption of 

H2O and O2 molecules. Thus, the baseline resistance of the TZ1 sensor 
decreased with the increase in RH. For the response, the value did not 
significantly decrease with RH increasing, and the absolute value 
changed from 21% to 15% from 10% RH to 100% RH, representing a 
28.6% difference (Fig. 8f). 

To assess the repeatability of the sensors, 15 different cycles of 
testing with 1 ppm isopropanol and 50% RH were conducted after a 
stable period of 30 h to ensure the sensor’s baseline stability. The 
average response of the 15 tests was 48.17% with a standard deviation of 
1.80% (Fig. 8g). The maximum and minimum values were 50.10% 
(cycle 15) and 44.47% (cycle 8). Moreover, the long-term stability of 
TZ1 in 10 days was measured, and the average response of 10 testing 
results was 48.78% with a standard deviation of 1.68% (Fig. 8h). Thus, 
the repeatability and long-term stability of TZ1 were verified. 

Furthermore, noise based on different sensors was visible in the 
process of detecting the resistance in the air, and the temperature 
significantly influenced the noise. To quantitatively reflect the noise of 
each sensor, the baseline noise was defined as (Rmax-Rmin)/Raverage [36]. 

Fig. 8. (a) Response of different TiO2–ZnO sensors to 5 ppm isopropanol with 50% RH at different operating temperature; (b) response of MXene-TiO2 and ZnO 
sensors to 5 ppm isopropanol with 50% RH at different operating temperature; (c) response of TiO2–ZnO sensors to lung cancer biomarkers at 350 ◦C with 50% RH; 
(d) dynamic resistance and response curve of TZ1 sensor to isopropanol with various concentrations from 5 ppm to 0.25 ppm with 50% RH at 350 ◦C; (e) electrical 
resistance curves and (f) baseline resistance and response value to 500 ppb isopropanol at 350 ◦C with various RH; (g) repeatability, (h) long-term stability of the TZ1 
sensor with 50% RH to 1 ppm isopropanol at 375 ◦C; (i) baseline resistance noises of sensors stabilized in air atmosphere. 

Table 3 
Comparison of sensing performance of TZ-based sensors and other n-type sensors.  

Material Target gas Concentration (ppm) Operating temperature (oC) Response (Ra-Rg)/Rg × 100%) Response/recover time (s) Reference 

MoO3/TiO2/Ti3C2Tx isopropanol 50 RT 245 100/40 [30] 
TiO2/Ti3C2T NH3 10 RT 3.1 60/750 [39] 
TiO2 Acetone 200 400 750 240/180 [40] 
NiO/TiO2 Acetone 200 400 933 – [41] 
Ag–In2O3/ZnO formaldehyde 100 300 7.4 – [42] 
Graphene/Cu@ZnO isopropanol 100 270 ~400 – [43] 
TZ1 isopropanol 5 350 134.38 42/267 This work  
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Fig. 9. The schematic of sensing mechanism (a) in Air and (b) in isopropanol.  

Fig. 10. (a–e) UV–Vis plots, (f–j) Tauc calculation, and (k–o) VB-XPS spectra of ZnO, MXene-TiO2, TZ1, MXene, and MZ1.  
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As shown in Fig. 8i, the baseline noises of TZ0.5, TZ1, TZ2, and TZ3 at 
275 ◦C were 1.44%, 1.26%, 1.37%, and 1.23%, respectively. Moreover, 
the baseline noises of TZ1 at 225 ◦C and 350 ◦C were 8.26% and 0.266%, 
implying that the baseline noise decreased with the operating temper-
ature increasing, which indicated the excellent SNR of TZ1 at the 
optimal operating temperature (350 ◦C). 

3.3. Gas sensing mechanism 

As the sensors were in synthetic air, O2 molecules adsorbed on the 
surface of the sensing layer, capturing free electrons from the sensing 
layer, generating adsorbed oxygen ions, leading to an increase in elec-
trical resistance. At the operating temperature, the oxygen ions were in 
two different forms (Eqs. (1)–(3), Fig. 9a) [44]. When the target gases 
were injected, these gases reacted with the adsorbed oxygen, releasing 
electrons back to the sensing layer and decreasing the electrical resis-
tance. Taking isopropanol as an example, the general reaction on the 
surface can be written as Eqs. (4) and (5) (Fig. 9b) [32,45]. 

O2(gas)→O2(ads) (1)  

O2(ads) + 2e-→2O
-
(200− 300oC) (2)  

O2(ads) + 4e-→2O
2-
(300− 375oC) (3)  

9O
-
+CH3CHCH3OH → 3CO2 + 4H2O + 9e- (4)  

9O
2-
+CH3CHCH3OH → 3CO2 + 4H2O + 18e- (5) 

To further investigate the effect of the formation of n-n hetero-
junctions of TiO2–ZnO, the band structures of ZnO, Ti3C2Tx-TiO2, TZ1, 
Ti3C2Tx, and MZ1 were studied utilizing UV–Vis and VB-XPS. The ab-
sorption wavelength of the three samples is about 400 nm, and the band 
gaps of ZnO, Ti3C2Tx-TiO2, TZ1, and MZ1 were determined to be 3.05 
eV, 2.98 eV, 3.02 eV, and 2.72 eV, which was relatively close. The band 
gap of TZ1 was not reduced as the ZnO was grown on the Ti3C2Tx- 
derived TiO2 nanolayers but instead was maintained at a high level of 
approximately 3 eV, as illustrated in Fig. 10(a–j). The VB-XPS results 
exhibited the EVB, XPS, and ΔV of five samples, as shown in Fig. 10(k–o). 
According to Eqs. (6) and (7) [46], the band structures of five samples 
were obtained, as shown in Table 4. 

EVB,NHE =φ + EVB,XPS-4.44 (6)  

ΔV=Φ-φ (7)  

Where φ, EVB, XPS, and ΔV represent the work function of the XPS 
analyzer (4.52 eV), the valence band potential calculated from VB-XPS, 
and the potential difference. 

The work function values (Φ) of ZnO were determined to be 5.933 
eV, which is higher than that of Ti3C2Tx MXene (5.067) and TiO2 (5.575 
eV). After contact, free electrons transferred from the CB of TiO2 and 
Ti3C2Tx MXene to the CB of ZnO until the Fermi levels became equal 

Table 4 
The band structure of ZnO, MXene-TiO2, and TZ1.  

Sample Eg 

(eV) 
EVB, XPS 

(eV) 
ΔV 
(eV) 

EVB, NHE 

(eV) 
ECB, NHE 

(eV) 
Φ 
(eV) 

ZnO 3.05 2.686 1.413 2.766 − 0.284 5.933 
MXene- 

TiO2 

2.98 2.417 1.055 2.497 − 0.483 5.575 

TZ1 3.02 2.548 1.209 2.628 − 0.392 5.729 
Ti3C2Tx 1.28 0.630 0.547 0.710 − 0.570 5.067 
MZ1 2.72 2.139 0.997 2.219 − 0.501 5.517  

Fig. 11. The band structure of (a) TZ1 and (b) MZ1.  
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(Fig. 11). In this process, depletion layers and accumulation layers were 
generated on the two sides of the interfaces and Φ of TZ1 and MXene 
were 5.729 eV and 5.517 eV, which effectively separated the electron- 
hole pairs. Consequently, ECB, NHE and EVB, NHE of TZ1 were − 0.392 
eV and 2.628 eV, and that of MZ1 were − 0.501 eV and 2.219 eV, which 
indicates that ECB, NHE and EVB, NHE decreased because of the incorpo-
ration of TiO2 and MXene, implying a lower energy for adsorption and 
reaction between the target gas and TZ1, which may enhance the 
response of TZ1 to isopropanol. MZ samples are not suitable for iso-
propanol detection at high temperatures. Thus, we further investigated 
the activation energy of TZ samples. The decreased response of TZ1 can 
be attributed to the highest activation energy (Ea = 89.2 kJ/mol) of TZ1, 
calculated by Eq. (8) [47], as shown in Fig. 12a. 

ln(R)= ln(R0) +

(
Ea

kB

)
1
T

(8)  

Where R, kB, and T represent the resistance of the sensor stable in air (Ω), 
the Boltzmann constant 8.317 kJ/(mol⋅K), and the absolute temperature 
(K). 

The particular gas sensing behavior can be elaborated by n-n heter-
ojunctions between ZnO and TiO2. For TZ0.5 and TZ3, due to the large 
amount of ZnO and TiO2 particles in each sample, the gas sensing 
behavior was controlled by the main phase in the sensing layer, so the 
TZ0.5 sensor behaved like a ZnO sensor while the TZ3 sensor behaved 
like a TiO2 sensor. But in TZ1, the ZnO and TiO2 amounts were similar to 
each other, so the function of the heterojunctions becomes the most 
important factor [48]. At the boundary of ZnO and TiO2 particles, ZnO 
and TiO2 formed a heterojunction, which led to a higher baseline 
resistance of TiO2–ZnO (Fig. 12b) [49]. 

4. Conclusion 

Ti3C2Tx MXene was prepared from the Ti3AlC2 MAX phase by HF 
etching and stirring. ZnO nanoparticles were attached to the surface of 
Ti3C2Tx by a simple hydrothermal method, and Ti3C2Tx was oxidized by 
heat treatment to obtain TiO2–ZnO composites. ZnO generated hydro-
thermally can be effectively attached to the surface of Ti3C2Tx with the 
aid of CTAB. The majority of Ti3C2Tx was oxidized to TiO2 by heat 
treatment at 500 ◦C while the flake structure was preserved, according 
to XRD and XPS analysis. 

Different ratios of TiO2–ZnO sensors exhibited varied optimal oper-
ating temperatures and selectivity when tested the lung cancer bio-
markers and significant interfering gases in exhaled human air. The 
response to 5 ppm isopropyl alcohol can reach 134.4% at 350 ◦C, which 
was lower than that of the ZnO-based sensor at optimal operating tem-
perature. The TZ1 sensor had a distinct selectivity from TiO2 and ZnO, 
and it had a similar response to isopropyl alcohol and formaldehyde, 
which was equivalent to having twofold selectivity for these two gases. 

Moreover, the gas sensing mechanism of TZ1 was studied, and the 
activation energy of TZ1 was the highest, which can account for the 
lower response than that of pure ZnO. Impressively, TZ1 can function 
properly in detecting low concentrations of VOCs with accuracy due to 
its low baseline noise and extensive operating temperature range. 
MXene with lower layer thickness and higher interlayer clearance may 
perform superior sensing performances due to higher specific surface 
area, which is our next step in material preparation optimization 
direction. 
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