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KEYWORDS Abstract Ammonia (NH;), as main industrial gas emissions, are extremely harmful to the human
MXene TizC,Ty: beings. So the detection of NHj concentrations in special environments at room temperature
UV irradiation; (25 °C) is essential. Herein, the composite MXene Tiz;C,T,-TiO,-CuO was successfully prepared
MXene-TiO,-CuO hetero- by one-step in-situ oxidation method using Cu(NOs3),-6H,0 as a precursor. The morphology of Tiz-
junction; C,T,-TiO,-CuO shows layered accordion-like structure. Tiz;C,T,-TiO,-CuO sensor exhibits
Gas sensor; improved NHj gas sensing response of 56.9 toward 100 ppm NHj at room temperature under ultra-
NH; violet (UV) light exposure, which is 89.8 % higher than that of pristine Ti;C,T, material. The

improved gas sensing performance is attributed to the irradiation of UV light, the retention of Tis-
C,T layered structure and the construction of TiO,-CuO heterojunction. Further, the possible gas
sensing mechanism of the material was proposed and discussed.
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1. Introduction

In the past decades, atmospheric environmental pollution has been a
major problem plaguing most countries in the world (Chan and
Yao, 2008). NH;, as one of the atmospheric pollutants, is the main
cause of acid rain. Long-term inhalation of NH; will cause pulmonary
edema, respiratory distress syndrome and other diseases, which will
cause serious harm to the human body (Shkir et al., 2022; Qin et al.,
2022; Khudher and Abd, 2021; Alothman and Wabaidur, 2019; Late
et al., 2014; Wu et al., 2018). Therefore, the development and prepara-
tion of gas sensing materials with excellent NH; gas sensing properties
have always been an important topic of concern. Addressing the above
issues, researchers have carried out extensive and in-depth research on
the exploration of gas sensing materials and the preparation of gas sen-
sors. Among many gas sensing materials, metal oxide semiconductor
(MOS) has received extensive researches and attentions, such as
Sn0,, TiO,, ZnO, CuO, WO3; and so on (Lei et al., 2020; Meng
et al., 2015; Xu et al., 2022; Aliha et al., 2013; Kou et al., 2016; Li
et al., 2022; Zhou et al., 2021; Wang et al., 2021). Shahabuddin et al
prepared NHj gas sensor based on SnO, films modified with metallic
clusters (MCS). And they investigated the effect of ion species on the
gas sensing properties of SnO,. The results show that the integration
of Pt is beneficial for enhancing the gas sensing properties of SnO,,
it shows a high response value of 25.7 toward 450 ppm NH; at
230 °C (Shahabuddin et al., 2014). Srinivasulu et al fabricated a 2D
ZnO gas sensor, which displays ultra-fast gas sensing response to
NH;. The sensor exhibits a maximum response of 80% toward NH;
at 250 °C (Kanaparthi and Singh, 2020). Obviously, MOS-based gas
sensors have shown excellent gas sensitivity. However, they usually
require high operating temperatures to ensure electrons transfer from
Valence Band (VB) to Conduction Band (CB). The high working tem-
perature makes the gas sensor unstable, and confines the utilization in
complex atmosphere environment and flexible devices. Thus, it is
important to search a low/room-temperature gas sensing material to
replace MOS or devise a novel method to reduce operating
temperature.

MXene as a promising two-dimensional (2D) material introduces
the special characteristics and advantages, such as high specific surface
area, abundant functional groups. Typically, Ti;C,T, (T represents, -
F, —OH and -O) is the most widely studied MXene because of its supe-
rior electrical conductivity, organ-like structure and mature fabrication
process (Akhtar et al., 2021; Xu et al., 2017; Deng et al., 2022; Yuan
et al., 2018; Chen et al., 2019; Xie et al., 2018), which make it the pre-
ferred material for gas sensing field. Although several works have been
done to investigate the gas sensing properties of MXene and they have
shown good selectivity for NH; and VOCs (Sun et al., 2020; Kim et al.,
2018; Gasso et al., 2022; Li et al., 2021; Zhao et al., 2021; Zhao et al.,
2020; Zhang et al., 2022). There are still large challenges for improve-
ment in the gas sensitivity of the material. On the basis of the working
mechanism of resistive gas sensor, the gas sensitivity can be enhanced
by constructing the heterostructure to build energy level interleaving
effect, which can effectively promote the separation of free carriers,
so that more free charges can take part in the gas—solid reaction and
improve the gas sensitivity (Miller et al., 2014; Hang et al., 2017).

As is well known, titanium dioxide (TiO,) has been widely studied
in photocatalytic and gas sensing fields because of high stability, high
electrochemical performance, and excellent catalytic performance (Lai
etal., 2010; Chen et al., 2012; Wang et al., 2011; Zhang et al., 2014). At
the same time, in order to improve the gas sensing properties of TiO,
and broaden its application in gas sensing materials, a lot of works
have been done to combine TiO, with CuO to form p-n heterojunction.
The construction of p-n heterojunction is conducive to electron-hole
separation, so that more carriers participate in interfacial chemical
reactions. Alev et al. (Alev and Sennik, 2018) prepared CuO thin
film-TiO, nanotube heterojunction composites by thermal oxidation
evaporation method. The results show that the heterojunction materi-
als have better gas sensing properties and lower working temperature

than pure CuO and TiO,. At the same time, the formation of hetero-
junction materials can enhance gas sensing properties toward H, and
reduce the gas sensing properties of VOCs and NO,, so as to improve
the gas sensing selectivity of materials. In summary, the construction
of TiO,-CuO heterojunction can effectively enhance the gas sensitivity
of materials. What’s more, CuO is a narrow band gap semiconductor,
and the combination of CuO and TiO2 can improve the photocatalytic
performance. With the help of the photosensitive properties of CuO-
TiO2, the photothermal combined excitation can be realized by means
of light excitation, which can improve the carrier migration speed and
improve its gas sensitivity. It is worth noting that MXene Ti;C,T may
be in-situ transformed partly to an n-type TiO, semiconductor via oxi-
dation to form MXene-TiO, heterojunction and it can still retain the
original organ-like layered structure. This special structure can provide
high-speed channels for electron transmission, so as to improve the gas
sensitivity of the material (Wang et al., 2009). Thus, one-step in-situ
oxidation could be applied to fabricate Ti3C,T-TiO,-CuO heterojunc-
tion to enhance the gas sensitivity of MXene. What’s more, changing
the free carrier excitation source from traditional thermal excitation
to light excitation is also an effect method to reduce operating temper-
ature. The sensing materials could be irradiated by sufficient light
energy, which make the valence band (VB) electron transition to
obtain free electrons to achieve gas sensing response (Karaduman
et al., 2014; Cui et al., 2016). In addition, light irradiation is conducive
to boosting the response and improving the response/recovery fea-
tures. Therefore, combining heterojunction construction with photo
excitation will be a new breakthrough in the field of MXene gas sensing
materials.

Herein, we demonstrate the achievement of room temperature gas
sensing materials is in accordance with the formation of MXene TizC,-
T,-TiO,-CuO heterojunction and the illumination of UV light. TiO,
were formed in-situ on the in-layer and surface of MXene to construct
MXene-TiO, junction, which was achieved through one-step in-situ
oxidation. The existence of Ti;C,T4-TiO,-CuO junctions was con-
firmed using field emission scanning electron microscopy (FESEM).
The optimized MXene Ti;C,Tx-TiO,-CuO material demonstrated gas
sensitivity superior to that of pristine Ti;C, Ty, TiO,-CuO and Ti;Cs-
T,-TiO, toward NHj;. The existence of UV light is beneficial to the
gas sensitivity of Ti3C,T,-TiO,-CuO materials.

2. Materials and methods

2.1. Methods of sample preparation

Synthesis of TizC,Tx MXene: 1 g lithium fluoride (LiF > 99 %)
powder was dissolved in 10 mL 9 mol/L hydrochloric acid
(HCI) and stirred at room temperature for 30 min. 1 g of Tiz-
AIC, MAX powder was slowly added into the above solution
in the ice bath, and then the solution was sealed and trans-
ferred to oil bath at 35 °C for continuous stirring for 24 h.
The obtained precipitate was repeatedly centrifuged and
washed with deionized (DI) water at 3500 r/min for 5 min each
time until the pH value of the solution was neutral. At last, the
as-prepared samples were put into an oven for drying at 80 °C.

Synthesis of TizC,T,-TiO,-CuO: Different mass (0.01 g,
0.05 g and 0.1 g) copper nitrate (Cu(NO3),-6H,0) was dis-
persed uniformly in 1 mL DI water, respectively. 1 g Ti3C,Ty
powder was put into the above dark blue solution, and the
black uniform TizC,Ty /Cu(NO3),-6H,O solution was
obtained by magnetic stirring for 15 min at room temperature.
Stand in dark at room temperature for 24 h to fully volatilize
the liquid phase and obtain black precipitate. The obtained
samples were then placed in an oven and dried at 70 °C for
8 h. Then put into a tube furnace and sintered at 500 °C for
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30 min under the protection of argon (Ar, 99.99%) to obtain
Ti3C,T,-TiO,-CuO composites with different CuO contents.

TizC,T,-TiO, and TiO,-CuO composites were also pre-
pared to investigate the effects of Ti;C,T, and CuO additions
on the material performances. The preparation details are as
follows: 1 g of Ti3C,T, powder was put into the Al,O5 ceramic
crucible, and sintered at 200 °C for 60 min in air atmosphere to
obtain black powdered TizC,T,-TiO, composites. 0.1 g Cu
(NO3),-6H,0 and 1 g Ti;C, Ty powder were dispersed uni-
formly in 1 mL DI water by using magnetic stirring. Then
stand in dark at room temperature for 24 h to fully volatilize
the liquid phase and obtain black precipitate. After drying at
70 °C for 8 h in an oven, the obtained samples were put into
a tuber furnace and sintered at 500 °C in air atmosphere for
30 min to obtain TiO,-CuO composite (Fig. 1). To better dis-
tinguish samples, Ti3C,T,-TiO,-CuO composites with 0.01 g,
0.05 g and 0.1 g Cu(NO3),-6H,O were labeled as TTC-1,
TTC-2 and TTC-3, respectively. Ti;C,T,-TiO, and TiO,-
CuO complex were labeled as TT and TC, respectively.

2.2. Samples characterization

The morphologies of samples were observed by a field emission
scanning electron microscope (FESEM, JSM-5610L). The dis-
tribution of Ti and Cu and the location of TiO, and CuO were
confirmed by using Energy Disperse Spectroscopy (EDS). N,
adsorption/desorption (Autosorb-1-C) method was used to
measure specific surface area at 77.4 K. X-ray diffraction
(XRD, Rigaku D/max-2500) was applied to study the crystal
phase in the 260 range from 10° to 90°.

2.3. Measurement of gas sensing performance

In order to get the dynamic resistance of sensors, the prepared
samples were printed on the chips composed with heating elec-
trode and measuring electrode by using screen printing pro-
cess. It is worth noting that the detail information about the
chips is described in supply materials (Hou et al., 2021; Hou
et al., 2021). Then the chips with different samples were put
into an oven to evaporate and remove moisture at 70 °C for
40 min and annealed at 400 °C for 2 h under Ar atmosphere.

The prepared chips were mounted in a four-channel gas
sensitivity detection equipment to measure gas sensing sensitiv-
ities. Target gases were diluted with air, and desired gas con-
centrations were obtained by controlling the flow rates in a
home-made gas delivery system. The operating temperature

were maintained range from 25 to 300 °C to investigate the
gas sensitivity of samples at different temperatures. The resis-
tance signal of samples was collected by data collection module
(Agilent 34970A). The gas responses of samples were calcu-
lated based on the change of resistance, and the detail formula
is shown as following:

AR
S =

x 100% ()
a
where AR is resistance difference under air and target gas.
R, equals to the resistance under air.

3. Results and discussion

In order to study the information of the prepared samples,
XRD was used to analysis phase structure of all samples and
the results are shown in Fig. 2. Fig. 2(a) shows the XRD pat-
terns of Ti;AlC, before and after hydrofluoric acid etching. It
can be seen that there exist TizAlC, peak in the spectrum
before etching, and the characteristic peaks of TizC,Ty
appeared at 18.2°, 27.5°, 35.9°, 41.7° and 60.4° in the spectrum
after etching. At the same time, there was no residual peak of
Ti;AlIC, in the spectrum, indicating that the Al layer in Tis-
AIC, was etched completely by hydrofluoric acid and the pris-
tine Ti;C,Tyx material was successfully prepared. Fig. 2(b)
displays X-ray diffraction (XRD) patterns of each sample fab-
ricated with one-step in-situ oxidation method. Ti;C,Ty, TiO,
(25.34°, 37.9°, 48.17°, 54.02° and 55.16°) can be observed in
TTC-1, TTC-2 and TTC-3 spectra, indicating that TiO, has
been loaded on Ti;C,Ty, while Ti;C,Ty phase still exists in
the three samples, demonstrating that Tiz;C,T, is not com-
pletely oxidized. CuO phase was not found in the diffraction
pattern of all samples, which is related to the low content of
CuO. XRD cannot identify the phase when the content is less
than 5% (Amparo et al., 2008; Cizmana, 2020). There is no
diffraction peak of MXene, which demonstrates MXene has
been transferred to TiO, completely. In the diffraction pattern
of TT sample, TizC,T, and TiO, diffraction peaks can also be
observed, proving that Ti;C,Ty and TiO, were successfully
combined.

In order to investigate Ti;C,T, and TiO,-CuO compound
state, FESEM was applied to check the microstructure of all
samples. The results are shown in Fig. 3. It can be seen from
Fig. 3(a)-3(b), 2D Ti;C,T, prepared by etching Tiz;AlC, with
fluoride salt (LiF, HCI) system has typical accordion-like mor-
phology, which is composed of a large number of layers, and
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Fig. 1

The schematic diagram of the manufacture of Ti;C,T,-TiO,-CuO.
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Fig.2 XRD spectra of TizAlCs, TisC>Ty, TTC-1 » TTC-2, TTC-
3, TT and TC composites.

the layers are arranged in neat rows in the absence of impuri-
ties. Obvious white particles can also be observed on the sur-
face of Ti;C,T, composited with different contents of CuO
(Fig. 3(c-e)). In order to trace the distribution of TiO, and
CuO, EDS was used to characterize and analyze the distribu-
tion of different elements. Taking TTC-1 for example, TTC-
1 was characterized and analyzed by EDS, the results are
shown in Fig. 4(a—d). C, O, F, Al, Ti and Cu elements appear
at points 1 and 2. Cu account for a large proportion in point 1,
and the Ti mainly concentrates at point 2 and 3, indicating that
the scab attached to the surface of TisC,Ty is TiO,, and the
white particle is CuO, which proves that the TiO,-CuO hetero-
junction is successfully combined with Ti;C,T,. The adhesion
of TiO,-CuO heterojunction on the surface of Tiz;C,T, is con-
ducive to increasing the specific surface area of the material
and improving the gas adsorption surface active sites, thereby
improving the gas sensitivity of the material.

Fig. 4(e) exhibits the microstructure of the TT sample.
After sintering at 200 °C, fine particles appear on the surface
of TizsC,T,, and TizC,Ty still maintains a layered structure,
indicating that low temperature sintering cannot cause damage
to the structure of Tiz;C,T, material. Combined with the anal-
ysis results of XRD in Fig. 3, the TizC,T,-TiO, composite was
successfully prepared. The TiO,-CuO sample prepared by high

temperature (500° C) sintering in air atmosphere shows a
rough stacked morphology (Fig. 3(g-h)), and the original
smooth and angular morphology disappeared, combined the
results of XRD in the diffraction peak of TC, indicating that
TisC,T, was completely oxidized to TiO,. EDS surface scan-
ning characterization was carried out to verify the existence
of CuO and the results are shown in Fig. 4(d-e). The scanned
area contains C, O, Ti, Al and Cu elements, indicating the exis-
tence of CuO phase, but the content of Cu element is less than
5%, which is the reason why CuO phase cannot appear in the
XRD TC sample pattern.

Table 1 shows the specific surface area of raw Tiz;C,T, and
TizC,T, based composites. It can be seen from the result that
TTC composites has a higher specific surface areca. And the
value of TTC-1 sample is 80.9 m? /g, which is 70.6 % higher
than that of raw Ti;C,T, sample. There is no obvious or even
decreasing trend in specific surface area of TT sample, because
TizC,T, was in-situ oxidized into TiO,, which destroyed the
original layered structure and reduced the specific surface area
of the sample.

In order to study the effect of TiO,-CuO and CuO addition
on the gas sensitivity of Tiz;C,T, materials, the gas sensing
response values of different samples were tested. Firstly, the
gas sensitivity values of all samples to 100 ppm NHj3 under
UV irradiation at different working temperatures were studied.
The results are shown in Fig. 5(a). The gas sensitivity of differ-
ent samples shows high dependence on working temperature.
After the composite of Ti;C, Ty and Cu(NO;), with different
contents (0.01 %, 0.05 % and 0.1 %), and the gas sensing
properties of TTC-1, TTC-2 and TTC-3 are improved at all
temperatures. Among them, TTC-1 shows the highest gas sens-
ing response in the measurement at 100 °C when the tempera-
ture limited within 100 °C. This is because Ti;C,Ty was
compounded with 0.01 % Cu(NO;),, and the generated
TiO,-CuO was attached to the surface of Ti;C,T, material,
which increased the specific surface area of the material and
provided more active sites for gas adsorption, thereby signifi-
cantly improving the gas sensing properties. With increasing
the content of Cu(NOs),, the decomposed O, increases, and
the TiO,-CuO particles grow up. The large particles could par-
tially block the TizC,Ty layer, which is not conducive to elec-
tronic transmission, so that the gas sensitivity of the material is
not significantly improved or even unfavorable. The gas
response value of TTC-1 is 56.9% toward 100 ppm NHj; at
room temperature, which is 89.8 % higher than that of raw
TizC,Ty sample. At the same time, the optimal operating tem-
perature of TTC-1 sample is 100 °C, and gas sensitivity
response value is 91.1 %, indicating the addition of TiO,-
CuO is beneficial for the improvement of gas performance of
TisC,Ty. For TC sample, the gas sensing performance is lower
than that of raw Ti;C,T, at 25-100 °C. The target gas does not
have enough energy to react with the adsorbed oxygen on the
material surface at low temperature, and the carrier transition
ability is insufficient, which makes the response value low. As
the temperature increases, the gas response value of the TC
sample shows higher than that of pristine TizC,T, sample at
150-300 °C. At the moment, the target gas molecules become
sufficiently active, and the carriers obtain sufficient energy to
transition to the surface of the material for adsorption chemi-
cal reaction, resulting in a significant increase in the response
value. The optimal gas sensing temperature of TC sample is
200 °C. It is worth mentioning that STTC-1
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Fig. 3 FESEM images of Ti;AlC, » Ti3C, T » TTC-1 » TTC-2» TTC-3 > TT and TC.

(100 °C) > STC (200 °C). This is because Ti3C,T, material in
TTC-1 is not completely oxidized and still retains the layered
structure, it can provide high-speed migration channels for car-
riers in the process of gas sensing reaction, effectively avoids
the previous carrier needs to cross the grain boundary barrier
to complete the transmission, improving the gas sensitivity of

the material. In order to investigate the influence of CuO addi-
tion on the gas sensitivity of materials, the gas sensing proper-
ties of TT samples were also tested. The results exhibits that
the existence of CuO can increase the gas sensitivity of sam-
ples, which is because CuO could form TiO,-CuO heterojunc-
tion with TiO,. The construction of heterojunction is
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Table 1

Specific surface area of Tiz;C,Ty and different composite materials.

Sample Ti;C, Ty TTC-1

TTC-2 TTC-3 TT TC

Specific surface areas (m?/g) 23.71

80.90

65 54.70 22.50 45.10

accompanied by the generation of energy level interleaving,
which is beneficial to promoting the separation of holes and
electrons, providing more carriers for the gas sensing reaction,
thus increasing the gas sensing properties. Fig. 6 shows the gas
sensing response of different samples to different concentra-
tions of NH;3 (10-1000 ppm) under UV irradiation at room
temperature. It can be concluded from the result that the gas
sensing values of all samples are positively correlated with
the gas concentration, and the gas sensing response values of
TTC-1 samples to NH; at any gas concentration are higher
than those of other samples. The gas sensing response to

10 ppm NHj is 10.4, thus TTC-1 shows a good low detection
limit.

According to the comparative study on the gas sensing
properties of all samples, it can be seen that TTC-1 is the opti-
mal gas sensing material. As an important index for evaluating
the gas sensing material, the gas sensing selectivity of TTC-1
was tested, and the gas sensing responses toward 100 ppm
NH3;, methanol, ethanol, toluene, NO,, CO and formaldehyde
were detected, respectively, and the results are displayed in
Fig. 7(a). The optimal response value S (%) of the sample
towards different gases is as follows: Sammonia (56.9) > Sethanol
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Fig. 6 Gas response of different samples toward different
concentration NH; at room temperature under UV irradiation.

(36) > SCO (269) > Snitrogen dioxide (25) > Smethanol
(199) > Sformaldehyde (996) > Stoluene (91) The minimum
response ratio (umin = Sammonia/Sethanol) of TTC-1 sample to
NH; and other gases with the same concentration reached
1.9, and the maximum response ratio (Opax = Sammonia/
Stoluene) 18 6.3, indicating that TTC-1 sample has excellent
gas sensitivity selectivity. Fig. 7(b-c) evaluates the gas sensing
stability of TTC-1 sample. The gas sensing response of
100 ppm NH; was detected for 10 times within 10 days, and
10 cycles were tested each time. It is found that the gas sensing
response of the material fluctuated within the range of + 2.5
%, and the device shows good cycling stability. It is worth
mentioning that resistance of TTC-1 show reducint tendency,
putting air back, the resistance increase, indicating that
TTC-1 is an n-type semiconductor.

Response time is another important parameter to evaluate
the gas sensing materials. The response-recovery time of differ-
ent samples toward 100 ppm NH3 with UV irradiation at
room temperature were measured, the results are shown in
Table S1. The response time of TTC-1 toward 100 ppm

O NH [E thanott 1.9

Methanol -

O(NH Methylbenzenes 6.3

Formaldehyde

Ethanol

10 20 30 40 50 60
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Fig. 7 (a) Gas response of TTC-1 toward 100 ppm different

species of gas at room temperature under UV irradiation. (b) The
stability of TTC-1 at room temperature to 100 ppm NHj under
UV irradiation. (c) Dynamic response-recovery curve of TTC-1
towards NHj3 at room temperature assisted with UV light.

NH3 is 75 s and recovery time is 80 s, which exhibites excell-
tent response-recovery properties. TC also shows good
response-recovery properties, proving that Ti3C2Tx layer
structure plays an important role in carriers transportation.
In order to measure the influence of this work on enhancing
the gas sensing performance of MXene materials, the TTC-1
samples obtained in this work were compared with the gas
sensing response of 100 ppm NHj reported in other literatures.
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The results are shown in Table 2. By comparison, the gas sens-
ing response values of TTC-1 samples in this work shows more
excellent performacne than those reported in other literatures.
It can be concluded that the preparation of MXene composites
with TiO,-CuO heterostructure is an outstanding method to
enhance the gas sensitivity of Tiz;C,Ty, and the Ti;C,T,-
TiO,-CuO has a good application prospect for the low temper-
ature detection of NHj;.

To further investigate the influence of UV light on the gas
sensitivity of TTC-1 materials, the gas sensing properties of
TTC-1 samples at room temperature with and without UV
light were tested toward different concentrations of NHs,
and the results are shown in Fig. 8. The resistance of TTC-1
toward different target gases with UV irradiation and without
UV irradiation at room temperature are shown in Table S1 and
S2. It can be observed that the gas sensitivities of TTC-1 sam-
ples at various gas concentrations (10—-1000 ppm) under UV
light are higher than those without UV light. The difference
can be explained by the activation of UV to TTC-1 sample,
which can promote the migration of photogenerated electrons
from the VB to CB, making CB provide more free charges to
react with adsorb oxygen, resulting in higher gas sensitivity of
the material. Therefore, UV light is a necessary factor to
enhance the gas sensitivity of TTC-1 sample.

According to analysizing the characterizations of all sam-
ples, it can be concluded that TTC-1 sample is an effective
gas sensing material for monitoring NHj3 at room temperature
coupled with UV exposure. Thus, it is imperative to study the
princle of gas sensitivity of TTC-1 sample. Generally, it is
wildly accepted that the the gas sensing mechanism of materi-
als can be explained by the resistance change which depends on
the chemical reaction on the material surface and the capabil-
ity of the adsorption and desorption of gas molecules (Wan
et al., 2004). Fig. 9(a) exhibites the schematic diagram of the
principle of gas sensing of TTC-1 without UV exposure. When
TTC-1 is deposited in the air, the oxygen molecules are
adsorbed on the surface of the material, obtaining electrons,
decomposing into oxygen ions and forming an electron deple-
tion layer, which increases the material resistance. When NH;
is introduced into the surface of TTC-1 material, NH; reacts
with oxygen anion, and the trapped electrons are released back
to the CB of TTC-1 material. During the process, the electron
depletion layer of the material get narrower, reducing the
material resistance. Compared with the case in the absence
of UV irradiation, extra photogenerated electrons will partici-
pate in each reaction under UV irradiation (Fig. 9(b)), which
increases the resistance difference of the material before and
after entering the NHj, thereby improves the gas sensitivity
of the material.

100

904 —A—Without UV light irradiation >

804 —(—With UV light irradiation "/
~ 704 q ]
S _- A
o
N 7
wn 601 V]/\’ /A/
< J

50
S 40 1 A
U
& 30 /

204 B A

[/

104 (M — 30 ppm
10 ppm
T

0 T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

Concentration (ppm)

Fig. 8 Gas response of TTC-1 toward different concentrations
NH; with and without UV light at room temperature.

The construction of TiO,-CuO heterojunction is also the
reason for enhancing the gas sensitivities of materials. The
construction of heterojunction effectively reduces the rebind-
ing rate of photogenerated electrons and holes, provides a
large number of free charges for the gas sensing reaction,
and ensures the effective gas sensitivity reaction. As shown
in Fig. 9(c), CuO is a p-type semiconductor, and TiO, is a n-
type semiconductor. There is a carrier concentration difference
at the interface between the two semiconductors. Due to the
existence of carrier concentration difference, free electrons
and holes migrate and diffuse to the p-zone (CuO) and the
n-zone (TiO,) respectively, so that the electron-hole pairs are
effectively separated, thereby enhancing the gas sensitivity of
the material. It is worth noting that the TiO,-CuO heterojunc-
tion is attached to the surface of the Ti;C,T, material, which
increases the specific surface area of the material and provides
a number of active sites for oxygen molecules to adsorb on the
material surface. At the same time, TTC-1 sample retains the
original layered structure of Ti;C,Ty material, which provides
a fast channel for electron transport. What’ more, for TTC-1
sample, both for reducing gas and oxidizing gas, the increase
of specific surface area, the establishment of heterojunction
and the retention of MXene sheet structure are beneficial to
carrier transport. Therefore, the above structural changes are
also beneficial to the gas sensing response of oxidizing gas.

In summary, the combination of UV irradiation, the con-
struction of TiO,-CuO heterojunction and the preservation
of the layered structure of the original Ti;C,T, material led
to the TTC-1 sample having higher gas sensing response and

Table 2 The response comparison among this work and other literatures toward NHj

Material Method Temperature (°C) Species/Concentration  Response  Ref
GO/WO; Hydrothermal 200 NH;/100 ppm 1.17 47

2D Ti;C, Ty Applied directly Room temperature NH3/100 ppm 21% 48

3-D frame Ti;C,Tx  Self-assembly Room temperature NH;/10 ppm 0.80% 49

Etched Ti;C,Ty Alkaline etching ~ Room temperature NH;/100 ppm 28.87% 50
TizC,T-TiO,-CuO  In-situ oxidation  Room temperature coupled with UV irradiation NH3/100 ppm 56.90% This work
PANI-CeO, Gaussian process 50 NH3/10 ppm 1.5% 51
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Fig. 9 Schematic diagram of the possible gas sensing mechanism of TTC-1 under UV irradiation.

lower working temperature, making it a gas sensing material (1) TiO,-CuO heterojunction is attached to the surface of Ti;C, Ty
with certain advantages. material, which enhances the specific surface area and provides
a large number of active sites for oxygen adsorption on the
material surface. Ti;C,Ty-TiO,-CuO composites still maintain
the original layered structure of Ti;C,Ty, which provides a fast
channel for electronic transmission.

The Ti3C,T,-TiO,-CuO composite exhibits n-type semiconduc-
tor properties. The composite with 0.01% CuO exhibits the best
gas sensing response, and the response value towards 100 ppm
NH; at room temperature can reach 56.9%, which is 89.8%
higher than that of pure Ti;C,Ty. At the optimal working tem-

4. Conclusions

Ti3C,T-TiO,-CuO composites with different CuO contents were pre- @
pared by one-step in-situ oxidation method. TiO,-CuO composites

were also prepared for comparison. By testing the microstructure,

phase analysis and gas sensing properties of the samples, the following
conclusions are obtained:

~



10

M. Hou et al.

perature (100° C), the response value to 100 ppm NHj can
reach 91.1 %, and the material has excellent gas sensing selec-
tivity and stability.

(3) The improvement of the gas sensitivity of the material is attrib-
uted to the excitation of the photogenerated electrons and holes
of the material by the irradiation of UV light, which provides
more free charges for the gas sensitivity reaction and makes
the resistance difference of the material larger before and after
the target gas is introduced. The construction of TiO,-CuO
heterojunction effectively reduces the electron-hole recombina-
tion rate, provides a large number of electrons for the gas-
sensitive reaction, and ensures the effective conduct of gas-
sensitive reaction. The TiO,-CuO heterojunction is attached
to the surface of TizC,Ty material, which increases the specific
surface area of the material and provides more active sites for
oxygen molecules to adsorb on the surface of the material. At
the same time, TTC-1 sample retains the original layered struc-
ture of Ti3C, Ty material, which provides a fast channel for elec-
tron transport.
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