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Two-dimensional layered TizCoTx MXene was prepared through hydrothermal etching method with LiF and
hydrochloric (HCI) acid. TigCoTx was further treated with oxygen plasma activated by microwave energy to
obtain the activated Ti3CyTy at different temperatures ranging from 350 °C to 550 °C. The gas-sensing properties
of raw TizCyTyx and Ti3CyTy activated with oxygen microwave plasma were tested toward different volatile
organic compounds gases. The results indicated that Ti3CyTy activated at 500 °C exhibited excellent gas-sensing
properties at room temperature (25 °C) to 100 ppm ethanol with a value of 22.47, which is attributed to the

enhancement of the amount of oxygen functional groups and defects on the MXene Ti3CyTx film, and in turn to
lead to more oxygen molecules adsorption and desorption reaction in the active defect sites. The enhancement of
ethanol-sensing performance demonstrated that the activated Ti3CyTy possess great potential in gas sensing.

1. Introduction

With the development of industry and socio-economy, more and
more volatile organic compounds (VOCs) are being produced; however,
they are toxic air pollutants, which can impact on human health directly
[1-7]. In the field of petroleum processing, a large amount of ethanol or
methanol gas leakage happens. This will expand and cause casualties
and property damages [8,9]. Exposure to benzene could give rise to
polycythemia and aplastic anemia [10]. Prolonged inhalation of toluene
could cause paralysis and dysfunction in human body [11]. Hexane
vapors could give rise to irritation of throats and eyes [12]. Therefore,
the preparation of a highly sensitive, selective and stable sensor towards
VOCs which can act as an alarm for VOCs leakage has become a
necessary work and an important goal in applications for industrial
development.

Currently, metal oxide semiconductor (MOS), which has high
sensitivity, low cost and simplicity in function [13-15], is widely studied
as the core material for VOCs sensors. Feng and his co-workers prepared

a novel Au@ZnO sensor with exchange method. The sensor based on
Au@ZnO exhibited fortified sensitivity at 400 °C to different kinds of
VOCs compared with raw ZnO [16]. In spite of MOS showing superior
sensitivity, all the operating temperatures exceed 100 °C, and even reach
to 400 °C. High operating temperatures limit the application of MOS
sensors in wearable sensing device area. Therefore, it is urgent to
explore a novel and suitable material for more superior sensing ability at
lower temperature.

Nowadays, two-dimensional (2D) materials which feature promising
properties such as carbon nanomaterial, black phosphorene and metal
organic framework have attracted more and more attention as candidate
materials for energy storage and sensors [17-20]. However, they are
subjected to low stability or poor gas-sensing properties in the field of
gas sensing, which seriously limit the applications. In all 2D materials,
MXene, a booming 2D material family which consists of transition metal
carbides, nitrides and carbonitrides, has been extensively studied and it
exhibits unique excellent performance due to its metal semiconductor
properties and its plentiful surface functional group structure [21-23].
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TigCyTx represents a typical MXene, and it is synthesized by etching the
intermediate layer from TizAlCy MAX phase in aqueous hydrofluoric
(HF) acid solutions or mixture of hydrochloric (HCI) acid and lithium
fluoride (LiF). After the etching treatment, hydrophilic TizC2Tx nano
flakes can be produced with abundant different functional groups,
where Ty represents the surface functional groups, such as -O, -OH, or
-F. Ti3CyTx is an organ-like structure with high specific surface area,
adjustable nanometer-layer thickness and high conductivity [24].
Therefore, it shows great potential for the application of gas-sensing
materials [25]. Kim and his co-authors prepared the gas sensors based
on TigCyTx and the gas sensors show excellent sensing performance with
high signal-to-noise-ratio. Meanwhile, the sensors based on Ti3CyTx
exhibited a very low limit of detection of 50-100 ppb for VOC gases at
room temperature [26]. Lee et al. also put 2D titanium carbide to the
fabrication of wearable gas sensors. The limit of detection of acetone gas
was theoretically calculated to be about 9.27 ppm, presenting better
performance compared to other 2D material-based sensors [27]. How-
ever, the low response value limits its application in the field of sensors.
It is worth noting that the modification of terminal groups on the surface
of TigCyTx can effectively change the sensing properties [28]. Thus, it is
important and necessary to orient the functional groups of Ti3CeTy to
improve its oxygen affinity.

Microwave plasma has the characteristics of high plasma density and
high activity of ionized materials. It is a promising and novel method for
CVD synthesis and surface modification of materials. Vlasov and his co-
authors prepared ultranano-crystalline diamond film with MPCVD
method in Ar-rich atmosphere [29]. Wu et al. fabricated hard and
ultra-water-repellent silicon oxide films by combining MPCVD and
chemical method. And the films possess high optical transparency [30].
Guo and his co-authors prepared diamond films with high binding
strength by using MPCVD process [31]. Raymundo and his co-workers
modified the surface of graphene nanoparticles by using ethylene
plasma. The compatibility with high-density polyethylene of samples
was effectively improved [32]. Unfortunately, to our knowledge, there
are no reports on the use of such excellent treatment technology to
modify TigCoTy.

In this work, room temperature ethanol sensors were exploited and
prepared based on TizC,Tyx sensing materials. The improved ethanol gas-
sensing properties for TigCyTy sensors were enforced by MPCVD acti-
vation treatment. Under oxide microwave plasma irradiation, there will
be many defects generated on the Ti3CyTx plate and large amounts of
oxygen functional groups will be produced around Ti3CyTy, which
enhance the number of oxygen adsorption sites on the film. In addition,
the effect of activating temperature on sensing properties and the po-
tential sensing mechanism were studied and discussed. The enhanced
sensing properties for the activated Ti3CyTy exhibit excellent application
potential in gas sensing.

2. Materials and methods
2.1. Methods of sample preparation

Synthesis of TigCoTy MXene: Ti3CyTx was prepared with etching
interlayer process according to the previous report [33] and the illus-
tration is shown in Fig. 1(a). Here, Ti3AlC; powders were gradually
added into etchant solution and stirred for 24 h at 60 °C. The etchant
solution is composed of 1.6 g LiF, 15 mL of hydrochloric acid (37 wt %)
and 5 mL of deionized water [34]. After etching treatment, deionized
water was used to wash and centrifuge the suspension until the pH of the
mixture solution shows litmusless. Then the as-product was put in oven
to dry for 12 h at 80 °C. Ultimately, the Ti3CoTx powder with lamellar
structure were collected and stored to further use.

Synthesis of activated Ti3C2Tx MXene and the fabrication of gas
sensor: The synthesis of activated TisCoTx MXene was completed in
MPCVD reactor. And Ti3CyTy MXene gas sensor was prepared by using
dropping method. First, Ti3C2Tyx was dispersed in ethanol solvent and
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Fig. 1. Schematic illustration of (a) the production of Ti3C,Tx, and (b) the
oxygen plasma treatment process.

ultrasonic for 20 min. And Ti3CyTx was dropped on an Al,O3 ceramic
substrate with interdigitated Pt electrodes and dried in an oven at 70 °C
for 12 h to remove moisture. Then the ceramic substrate with Ti3CyTx
was put into MPCVD reactor to achieve plasma activation. The illus-
tration is shown in Fig. 1 (b). Under vacuum condition, when the pres-
sure is 0.1 Pa, oxygen is pumped in the reactor chamber. When the
pressure increased to 2 KPa, microwave was turned on and uniform
plasma can be obtained by adjusting the sample platform. The activation
temperature is related to the microwave power and it was checked with
infrared temperature measurement. And the ceramic substrate was
activated at the target temperature of 350 °C, 400 °C, 450 °C, 500 °C,
and 550 °C for 60 min. The ceramic substrate was surrounded by the
high energy and density plasma at the whole activation process.

2.2. Samples characterization

A field emission scanning electron microscope (FESEM JSM-7100 F,
JEOL) was used to check and analyze the microstructure of the TizCyTx
activated at different temperatures. The crystal phase of samples was
studied by applying X-ray diffraction (XRD, Rigaku D/max-2500) using
Cu Ka radiation (A = 1.5418 /0\) in the 20 range from 5° to 70°. X-ray
photoelectron spectra (XPS) were recorded using Thermo ESCALAB
250Xi. Raman spectroscopy was recorded to study the molecular
structure on a confocal laser micro-Raman spectrometer. The surface
area measurements were performed via Ny adsorption/desorption at
—196 °C and calculated by the Brunauer Emmett and Teller (BET)
analysis method in the relative pressure range P/P0O = 0.05-0.35. Total
pore volumes of the samples were calculated at a relative pressure of P/
PO = 0.99.

2.3. Measurement of gas sensing device

Gas sensing was completed in a four channel gas sensing
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measurement device (SD101 , Huachuang Ruike Science and Technol-
ogy Wuhan Co. Ltd). The electrode chip was fabricated on the basis of an
alumina substrate (6*30 mm). The platinum sizing agent was printed on
the alumina matrix by using screen printing. Then these alumina ma-
trixes were dried at 70 °C for 40 min and calcined at 350 °C and 850 °C
for 20 min. As shown in Fig. 2, the whole platinum electrode was con-
sisted of heating electrode and measuring electrode. The gap between
the gear shaping electrodes was 0.42 mm. As displayed in Fig. 2, the
TigCyTx pastes sensing materials were printed on the alumina matrix by
using screen printing method. The thickness of Ti3CoTy films were 5-10
pm, which is achieved by using the screen printing equipment. Then the
samples were put in an oven to remove the organic solvent at 70 °C for
40 min. At last, the as-products were annealed at 400 °C for 2 h under
argon atmosphere to enhance the mechanical bond of particles in the
films.

The gas sensing test sketchy process is as following. First, the test
chip is placed in a closed chamber filled with air. Then, when the
resistance shows a stable baseline, the sensor was exposed to the target
gas for testing at different work temperatures and different gas con-
centration. This work investigated the gas-sensing properties of TizCaTx
MXene at room temperature (25 °C), 250 °C, 275 °C, 300 °C, 325 °C,
350 °C, 375 °C and 400 °C. At least 3 samples were tested for each type
of sensors and the average values are calculated. The gas response can be
evaluated by the following formula:

s=AR 1009 |
R

a

(€Y

where AR represents the difference between the resistance under air and
the one under target gas. R, is the resistance under air.

3. Results and discussion

Microscopic structures of the TigCyTy treated with oxygen plasma at
different temperatures were checked with FESEM and the results were
displayed in Fig. 3. Obviously, the Ti3CyTx obtained by fluoride salt
etching show lamellar and organ-like structures. The interlayer spacing
of the plasma-activated TisC, is significantly higher than that of the non-
plasma-activated raw TizCyTy, which indicates that plasma can promote
to open the sheets. With the increase of plasma activating temperature,
the opening degree of the samples sheets show an increasing tendency
and the structure is more uniform. The samples activated at 500 °C show
the most uniform and dense morphology and the distance between the
layers is the largest. At the moment, dimples appeared inside the sam-
ples sheets which significantly increase the specific surface area of the
samples. The specific surface areas of samples activated at different
temperature were tested and the results were shown in Table 1. The
specific surface area of the sample treated at 500 °C show the highest,
which means it can provide more oxygen adsorption sites. Activating
temperature continues to increase, fracture of the sample sheet
happened and there were debris on the sample surface.

Raman spectra of raw TigCyTx and Ti3CeTy treated with oxygen

Heating Electrode Sensing Film

e |

Measuring Electrode

Fig. 2. The schematic diagram of test chip including platinum electrode and
sensing material film.
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plasma at different temperatures were shown in Fig. 4 (a). There are
three characteristic peaks at 399 em ™!, 528 em ! and 630 em ™, which
represent the Egq), Big1), A1g, and Egs) vibrational modes of TiO,
respectively in the spectra of the samples activated with oxygen mi-
crowave plasma [34]. This is because the Ti3CoTy was partially oxidized
under oxygen plasma activating to generate TiO,. D peak and G peak
were also observed in all spectra and the ratio of Ip/I; was calculated. It
is worth mentioning that the ratio of Ip/I; represents the chaos and
defects of carbon materials. As shown in Fig. 4 (a), the ratio of Ip/I; of
raw TigCyTy is 0.85, which indicates that raw Ti3CyTy is in high order.
The ratios of samples activated with oxygen plasma are larger than those
of raw materials and the ratio of the sample activated at 500 °C is the
largest. It is worth mentioning that there are also diffract spectra for
Ti3CyTx in the samples activated by oxygen plasma, which proves that
Ti3CyTy is not completely transformed into TiO», as shown in Fig. 4 (b).
The above results proved that defects can be obtained in the Ti3CyTx by
using oxygen microwave plasma process. XRD spectra of raw TizCyTy
and Ti3CeTy activated with oxygen plasma at different temperatures
were also studied and the results were displayed in Fig. 5. During the
test, the TigCyTx samples were dropped on the Al,O3 ceramic sheets, so
the phase of Al;03 can be found in the test result. Obviously, TigCyTx can
be prepared by the process of etching the MAX intermediate layer Al
with lithium fluoride and HCI. Compared with raw TizCyTy, there is a
new phase of TiO, generated on the Ti3CyTy activated with oxygen
microwave plasma and the content of TiO, is calculated with RIR
method based on MDI Jade mode and the formula is shown as following:

Ix

Wx
XNV 4
KAZ;’:A}(Q

(2)

Where Wy is mass content of X phase, Ix is the integral strength of the
phase X, KX is the K value of X with A as the internal standard, N is the
quantity of phases in samples, I; is the integral strength of the phase No.
i, K, represents to the K value of No. I phase with A as the internal
standard.

After calculating, the content of TiOj is less than 5%, which means
that oxygen microwave plasma will not destroy the original phase
structure of TizCsTx.

Elemental composition and chemical state of raw Ti3CyTx and
Ti3CyTx treated with oxygen plasma at different temperatures were
checked by using XPS spectra. Fig. 6 proves the existence of Ti, F, O and
C elements in raw Ti3CyTy and the Ti3CyTy treated with oxygen plasma
at different temperatures. The C 1s spectra show three types of carbon
atoms: C-O, C-C and C-Ti-Ty. And the spectra of all the Ti3C,Tx activated
at different conditions do not show much difference. The proportion —F
functional groups of raw Ti3CyTx and Ti3CyTy treated with oxygen mi-
crowave plasma at different temperatures can be represented indirectly
with the intensity of Ti-F bond peak. As shown in Fig. 6, the Ti-F bond
intensity in the peaks of the TigCyTx activated with oxygen microwave
plasma had an obvious weakening, which means that oxygen microwave
plasma can facilitate the removal of -F functional group. When the
sample is activated with oxygen plasma, high active oxygen is chemi-
cally adsorbed on the surface, competing with F on the surface termi-
nation site and F is gradually replaced by O adsorbed on the material
surface. With the activating temperature increasing, parts of the adsor-
bed oxygen atoms are further transformed to form lattice oxygen of
TiOs. The Ti 2p XPS spectra of TigCyTy activated with oxygen plasma at
different temperatures and raw TizCyTx were fitted to 4 different peaks,
which represent C-Ti-OxFx, TiOo, C-Ti-Ox and C-Ti-Fx.

It is worth mentioning that the ability of sensitive materials to adsorb
and ionize oxygen is critical to the performance of a gas sensor [35-37].
The O 1s spectra of raw Ti3CyTy and TizCoTy activated with oxygen
plasma at different temperatures were deconvoluted. As shown in Fig. 6,
two types of peaks correspond to different oxygen that is adsorbed on
the grain surface. Oy refers to lattice oxygen and O. represents chemi-
sorption and dissociation of oxygen ions [38]. The central peak positions
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Fig. 3. SEM images of microstructure of Ti3C,Ty activated with oxygen plasma at different temperatures.

Table 1
The specific surface areas of TizC,Ty activated with oxygen plasma at different
temperatures.

Temperature (°C) 0 350 400 450 500 550
Specific surface areas (m?/  23.71 47.58 55.60 59.42 63.66  43.19
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and content percentages of two oxygen peaks of raw Ti3CTy and TizCaTx
activated with oxygen plasma at different temperatures are calculated
and listed in Table 2. According to Table 2, the Oy values of the TizCyTx
activated with oxygen microwave plasma become larger than that of
raw Ti3CyTx and the samples activated at 550 °C shows the most obvious
variation. It means that the part of oxygen adsorbed on the surface of
materials is translated into lattice oxygen. The analysis correlates well
with that of XRD analysis. It is worth mentioning that although part of
the adsorbed oxygen is converted into lattice oxygen, since oxygen re-
places fluorine, a large amount of adsorbed oxygen still exists on the
material surface, which is beneficial to make the samples to provide
more oxygen adsorption sites, leading to greater resistance change.
Based on the above analysis, it is reasonable to believe that the oxygen
microwave plasma activating method can improve the gas-sensing
properties of the samples.

In order to investigate the effect of oxygen microwave plasma acti-
vation on the resistance of Ti3C,Ty, the resistances of Ti3C,Tx activated
at different temperature were checked and the results were shown in
Fig. 7. After activating with oxygen plasma, the resistance of TizCaTx
increases from kiloohm level to megohm level, which indicates the
conductivity of TizCoTx gradually transforms from conductor into
semiconductor. The conductivity transition behavior is relative to the
increment of oxygen functional groups on the surface of TizCyTx.

To further demonstrate that oxygen microwave plasma activation is
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Table 2 104
Fitting results of Ols XPS spectra of raw TizC,Ty and the Ti3CyTy activated at
different temperature. 1 . .
- - — - —/A— The resistance of TlACzT‘ treated /
Materials Oxygen species Binding energy Relative 8 at different temperature A
(eV) percentage (%)
Raw TizCoTy Oy, (Ti-0) 529.52 40.52 a
Oc 531.35 59.48 = 6
(Chemisorbed) :
TizC,Ty activated at Oy, (Ti-0) 528.54 49.88 g )
350 °C Oc¢ 530.99 50.12 S 4
(Chemisorbed) a A
TisCoTy activated at Oy, (Ti-0) 528.86 51.38 &’ g
400 °C 0Oc 531.29 48.62 /
(Chemisorbed) 27
Ti3CoTy activated at Oy, (Ti-0) 529.18 55.73 i
450 °C Oc¢ 531.50 44.27
(Chemisorbed) 0 A . . y r
TizCoTy activated at Oy, (Ti-0) 529.30 62.98 0 350 400 450 500 550
S00°¢ ?(fhemisorbe " 531.56 37.02 Oxygen plasma activation temperature (°C)
Ti3CoTy activated at Oy, (Ti-0) 529.31 75.74
550 °C Oc¢ 532.00 24.26 Fig. 7. The air resistance R, of Ti3C,Tx samples treated at different oxygen
(Chemisorbed) microwave plasma activation temperature.

an effective method to increase the gas-sensing properties of gas sensor
based on MXene, the gas gas-sensing properties of the raw TizCyTx and
the Ti3CyTy activated at different temperatures with oxygen microwave
plasma were studied. To our knowledge, test temperature is the primary
factor to affect the sensitive performance of gas-sensitive materials
[39-42]. Thus, the gas response of the raw Ti3CoTx and TigCyTx acti-
vated at different temperatures with oxygen microwave plasma toward
100 ppm ethanol were checked at different testing temperatures from

be

250 °C to 400 °C to investigate the optimal activating temperature and

the effect of testing temperature on gas response. As shown as Fig. 8, as
the testing temperature enhance, the response of all the sensors show
increasing tendency between 250 °C and 325 °C, and reach a maximum

at 325 °C and then show decreasing tendency. Among all the sensors, the
sensor based on the Ti3CyTy activated at 500 °C show the highest
response to 100 ppm ethanol, with the value of 69, which is 34.7%
higher than the response of sensor based on raw Ti3CyTy. This result can

explained as below. The oxygen microwave plasma activating

method can increase the amount of oxygen functional groups and the
defects of the samples, thereby providing more adsorption sites for the
oxygen and the increasing of the gas-sensing performance.

The response values of the Ti3CyTy treated with different conditions

being exposed to ethanol with different concentrations ranging from 30
to 800 ppm at the best checking temperature is reported in Fig. 9. It can
be found that with the increase of gas concentration, all the responses of

sensors based on Ti3CyTy treated with different conditions show

7732



M. Hou et al.

100
90 i,
|| I i C, activated at 350 °C
80 | | TiyC, activated at 400 °C
| | N i C, activated at 450 °C
70 - | Il TiyC, activated at S00°C
- 4 | I i C, activated at S50 °C
e 604
P
< 1
2 504
g i
s 404
@« 4
]
& 30
20
10
0-

300 325 350 375 400

Operating temperature °C

250 275

Fig. 8. Gas response of the Ti3C,Ty and Ti3CyTy treated with oxygen plasma
toward 100 ppm ethanol at different operating temperature.

[T
120
[ | 5 activated at 350 °C
1 , activated at 400 °C
100 - | W 5 activated at 450 °C
| ] 4, activated at 500 °C
- I 1 ,C, activated at 550 °C
9 80
e
=
2
= 60
=3
=
v
]
o7 40
204
04

30 50 100 200 400

Concentration (ppm)

600 800

Fig. 9. Gas response of the raw Ti3CyTy and TizC,Ty treated with oxygen
plasma to ethanol at different concentrations at 325 °C.

increasing trends. The response of sensors based on raw Ti3CyTy is 10 for
30 ppm and the response of sensor based on the Ti3CyTy activated at
500 °C is 12 for 30 ppm. Furthermore, the response of the TizCyTx
activated at 500 °C is the highest among all the sensors at all gas
concentration.

Excellent selectivity is one of the important and necessary properties
for gas-sensitive materials. Thus, the response of sensors based on
TigCaTx activated at different conditions upon exposure to different
VOCs gases toward 100 ppm at 325 °C were checked and is displayed in
Fig. 10. All sensors show good selectivity and the sensor based on
the TigC,Ty activated at 500 °C shows more obvious in selectivity
performance. It could be concluded that activating with oxygen
microwave plasma, especially at 500 °C, had a great improvement
on sensing properties.

According to the above analysis of gas sensing properties of the
Ti3CyTy treated at different conditions, the Ti3CoTy activated at 500 °C
shows excellent performance. It is worth noting that low testing tem-
perature and low gas detection concentration can facilitate the appli-
cation of samples in gas sensors. Thus, the gas sensing performance of
devices based on Ti3CyTy activated at 500 °C was also studied at room
temperature and the results were shown in Fig. 11. The response com-
parisons of the raw Ti3CyTx and Ti3CoTy activated with oxygen plasma to
ethanol at room temperature at different concentrations were displayed
in Fig. 11 (a). And the response-recovery curve of Ti3CyTy activated
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Fig. 10. Gas response of the raw Ti3CoTyx and TizC,Ty treated with oxygen
plasma at 350 °C, 400 °C, 450 °C, 500 °C and 550 °C to different 100 ppm
target gases at 325 °C.

with oxygen plasma to 10-800 ppm ethanol at room temperature was
also shown in Fig. 11 (b). The gas response of Ti3CoTx and activated
Ti3CyTx shows enhancing tendency as ethanol concentration increased.
The response with the value of 22.47 of the activated Ti3CyT to ethanol
with the concentration of 100 ppm was nearly higher than twice that of
the raw Ti3CyTx at room temperature and is also higher than that re-
ported in other literatures [26,43]. For example, the most sensitive
VOCs sensor based on MXene fabricated by Hee-Tae Jung displayed 1.75
responses to 100 ppm ethanol, whereas our sensor’s response value to
the same concentration of ethanol gas under the same conditions is
nearly 20 times than theirs [44]. The comparison of the gas-sensing
properties toward ethanol among this work and previous works are
shown in Table 3. Although metal oxides have higher gas-sensitive re-
sponses, they require higher test temperatures. The most significant
advantage of the sensors based on Ti3CyTy activated with oxygen mi-
crowave plasma is the performance of highly sensing measurement at
room temperature, which is impossible for the sensors based on metal
oxides. The comparison confirmed that the oxygen microwave plasma
activating method has a great advantage in the application of VOCs
sensing. Fig. 11 (c) shows the dynamic response-recovery curve of the
Ti3CyTx activated with oxygen plasma to ethanol at 100 ppm. It can be
seen that the sample displayed the characteristics of an n-type semi-
conductor and it is consistent with previous reports [43,44]. What is
more, it proves that the TigCyTy activated with oxygen plasma possess
comparatively good repeatability to ethanol with the concentration of
100 ppm during four cycles. The activated TigCyTx also displays an
excellent selective performance shown in Fig. 11 (d) and the dynamic
response-recovery curve of the TizCyTy activated with oxygen plasma to
different gases at 100 ppm was displayed in Fig. 11 (e), which indicates
that the samples possess high anti-interference ability against different
gases and high stability in the environment. As far as we know,
long-term good stability can insure the accuracy of sensor. Thus, long
term stability experiment of the TizCyTy activated at 500 °C toward 100
ppm ethanol at room temperature was conducted over 10 days, as shown
in Fig. 11 (f). The response values of sensor keep fluctuating up and
down at 22.47, which indicate that a smart Ti3C,Ty ethanol sensor with
excellent stability, high selectivity and superior gas response can be
obtained by using oxygen microwave plasma activating method.
Generally, the sensing mechanism of Ti3CyTyx for VOCs can be well
explained by the resistance change of materials which depends on the
capacity of adsorbing oxygen on the material surface. According to the
analysis of gas-sensing properties of the samples, the characteristic of
the activated Ti3CyTx n-type semiconductor can be obtained. As shown
as Fig. 12 (a), when the sample is exposed in air, oxygen molecules will
be adsorbed on the sample surface, which will take electrons from the
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Table 3

The gas sensing performance of TisC,Ty activated with oxygen plasma at 500 °C
toward ethanol compared with previous works.

Sensing Fabrication method Operating Response Refs.
material temperature
V,CTy Delamination RT 1.75% [44]
@100 ppm
a-Fe,03/ Self-assembled RT 88.9% [45]
MoS, @100 ppm
WS,/WO3 Self-assembled RT 74.5%@50 [46]
ppm
TiOy/ LbL self-assembly RT 211%@5 [471
WSe, ppm
3-D Electronspinning self- RT 1.75%@10 [43]
MXene assembly approach ppm
TizCyTx Oxygen plasma RT 22.47% This
activating @100 ppm work

conduction band of the activated Ti3CyTy to form chemisorbed oxygen
ions. During the process, electron depletion layer will be generated on
the samples’ surfaces and it will cause an increase in sample resistance.
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Moreover, when putting the sample in VOCs gas (shown in Fig. 12 (b)),
the VOCs gas will react with oxygen anions and the electrons trapped by
the oxygen molecules will be released to the conduction band, which
causes the depletion layer to narrow and increases the conductivity and
reduces the resistance.

Compared with raw Ti3CyTy; TizCoTx activated with oxygen micro-
wave plasma has higher capacity of adsorbing oxygen on the materials
surface and electronic transmission capacity. As displayed in Fig. 12 (c),
oxygen plasma treatment process can provide a rich oxygen environ-
ment for MXene, in which the activated oxygen in the plasma can react
with the hydroxyl groups of MXene to generate water, and compete with
the fluorine functional group until F is gradually replaced. The amazing
activation process increases the number of oxygen functional groups,
which enriches the active site for oxygen adsorption of MXene (as shown
in Fig. 12 (a)). The superior characteristics are conducive to the
adsorption and desorption of gas molecules to improve the sensitive
performance [48]. On the other hand, the increment of the oxygen
functional group can improve the work function of the sample, thereby
more electrons from conduction band will be captured and the efficiency
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Fig. 12. Schematic diagram of the possible gas sensing mechanism of Ti3C,Ty MXene.

of electron transmission will be improved to increase the gas sensing were prepared to study their gas sensing performances. The defects and
performance [49]. Therefore, Ti3CoTx possess great VOCs sensing per- increase of oxygen functional groups were observed and firmly char-
formances after the oxygen plasma activation. acterized by various techniques. The gas-sensing properties of the raw
Ti3CoTy and TizCaTy activated with oxygen microwave plasma were

4. Conclusions studied. Compared with raw TizCyTy sensors, the Ti3CoTy activated with
oxygen microwave plasma shows more excellent gas sensing perfor-

In summary, raw organ-like Ti3CyTy and activated TigCyTx sensors mance and it exhibits superior sensitive properties toward 100 ppm
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ethanol at room temperature without any assistance. Such an
improvement is attributed to the introduction of defects on the material
and the increase of oxygen functional groups. This work has successfully
developed a novel method to enhance the gas-sensing properties of
TizCoTyx MXene.
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