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Abstract: A novel two-dimensional nanocomposite Pt/Ti3C2Tx-CNT was synthesized for the non-
invasive rapid detection of toluene, a lung cancer biomarker, via cataluminescence (CTL). Pt/Ti3C2Tx-
CNT exhibited a good catalytic performance toward toluene. The CTL sensor based on Pt/Ti3C2Tx-
CNT has the advantage of rapid response: The average response time was about 1 s, and the average
recovery time was about 30 s. Moreover, the material has a wide scope of detection for toluene, and
the limit of detection defined as 3 S/N was about 2 ppm. The optimal working temperature (150 ◦C)
is lower than common sensors, so it has a broad prospect in the actual detection process. Aside from
its weak response to formaldehyde, the sensor only exerted a strong response signal to toluene, and
no response was observed to other VOCs, indicating that this CTL sensor has good selectivity for
toluene. The possible sensing mechanism of CTL showed that toluene was oxidized to generate
excited-state CO2*, which emitted a luminescent signal when it returned to the ground state.

Keywords: MXene; nanocomposites; cataluminescence; detection of toluene

1. Introduction

Human respiration contains a large number of gases, including carbon dioxide (CO2),
ammonia (NH3), ethanol (C2H5OH), acetone (CH3COCH3), and toluene (C7H8) [1]. The
human-exhaled breath serves to exhaust the body of its metabolic byproducts. These
byproducts may be unique in lung cancer, based on metabolic changes within or around
cancer cells or due to metabolic changes in the immunological system of the body [2].
Careful analysis of such breathing gases by using reliable detection equipment (such as gas
sensors) provides a non-invasive way to check people’s health: a significantly high level
of gas can be used as a biomarker for pathogenic development (e.g., toluene: lung cancer;
acetone: diabetes; ammonia: kidney problems) [3–5]. The development of toluene gas
sensors for biomarker applications has attracted particular attention because this medical
device can provide a non-invasive tool for the daily monitoring of lung cancer patients [6,7].

At present, there are many methods and technologies that can be used to detect toluene
gas. However, when other respiratory gases coexist, the sensitivity and selectivity for the
detection of low concentration toluene is still a challenging topic. The existing methods
of toluene detection have some drawbacks and cannot achieve rapid detection [8–12]. For
example, the chemical detection method takes a long time, and the interference of homo-
logues cannot be ruled out. The infrared spectroscopy method has low sensitivity and
large relative error and needs a large number of representative samples to model before
detection [9]. Gas chromatography is expensive and requires professional operation [10].
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Therefore, it is necessary to establish a rapid, portable, and sensitive detection method for
toluene [8]. CTL refers to the phenomenon according to which when a catalytic oxidation re-
action occurs at the gas–solid interface, the substance absorbs energy from the ground state
and converts it into an excited state, and the excited state releases energy into the ground
state, accompanied by chemiluminescence [13]. The CTL method based on nanomaterials
is a new sensor detection method, which is widely studied and applied to the detection of
volatile organic compounds (VOCs) in the environment [14–19]. Shi et al. [20] prepared
Pt/NU-901 nanocomposites for CTL sensors to detect acetone, a marker of diabetes. The
detection method is stable, fast, and accurate. Yu et al. [21] reported a camellia-like NiO
and used it in a CTL sensor for the rapid detection of H2S. The large specific surface area
of the material, its developed porous structure, and the effect of surface-adsorbed oxygen
make the sensor have high sensitivity and selectivity for H2S detection. This method has
high sensitivity, selectivity, and fast detection speed. There is no need to add other reagents
when using a CTL sensor to detect VOCs. In addition, sensing elements are not consumed
in the CTL reaction process, so the nanomaterial can be reused as a sensing element, which
enables the CTL sensor to monitor VOCs in real time [13,22–25]. Therefore, CTL-based
sensors can be applied to the detection of toluene.

MXene is a novel two-dimensional material for transition metal carbides or nitrides
obtained by using fluoride etching MAX (where M is an early transition metal carbide, A
represents the main group elements, and X represents C and/or N elements [26]) ternary
layered materials, which has attracted increasing attention because of its unique structure
and excellent electrical and optical properties [27]. A single, large layer and less defective
Ti3C2Tx sheet can be separated via simple ultrasonication or manual shaking by etching
with hydrochloric acid and lithium fluoride [28–30]. Additionally, carbon nanotubes (CNTs)
have excellent sensing properties [31,32], and metal decoration can improve sensing perfor-
mance. In recent years, the preparation and exploration of MXene-based composites have
started to become research hotspots [33]. In addition, Pt and other precious metals have
been widely studied because of their unique physical and chemical properties. Research
shows that Pt has good oxidation resistance and high conductivity, and platinum can
provide excitation electrons in CTL sensors. Therefore, adding it to a CTL sensor will
further enhance the detection signal of the sensor and speed up its response and recovery
time [19,34–36]. Therefore, Pt was used as decoration to prepare Pt/Ti3C2Tx-CNT catalyst
in this paper. Then, the CTL characteristics of toluene on the surface of Pt /Ti3C2Tx-CNT
were determined, and the optimal detection conditions of toluene were investigated using
an ultraweak chemiluminescence analyzer.

2. Experiment
2.1. Reagents and Instruments

The reagents used in this experiment were lithium fluoride (LiF), cetyltrimethylammo-
nium bromide (CTAB), ethanol, chloroplatinic acid (H2PtCl6·6H2O), sodium borohydride
(NaBH4), toluene, formaldehyde, chloroform, cyclohexane, tetrachloroethane, diethyl ether,
acetone, and ammonia, which were purchased from Sinopharm Chemical Reagent Co., Ltd.,
(Shanghai, China) and used as received, without further purification. Ti3AlC2 was from
Kayene Ceramics Co., Ltd., (Yantai, China). CNT was purchased from Beijing Boyu Co.,
Ltd., (Beijing, China). Deionized water was prepared using FST-TOP-A24 super-pure water
equipment made by Shanghai Fushite Instrument Equipment Co., Ltd., (Shanghai, China).

The instruments used in the experiment included an RCT basic magnetic stirrer
(EKA Instrument Equipment Co., Ltd., Guangzhou, China), a TG16K-II table high-speed
centrifuge (Shanghai Zhaodi Biotechnology Co., Ltd., Shanghai, China), a DHG-9023A
air-drying box (Shanghai YiHeng Scientific Instrument Co., Ltd., Shanghai, China), and a
PHB-3 digital pH meter (Shanghai SanXin Instrument Factory, Shanghai, China).

2.2. Preparation of Pt/Ti3C2Tx-CNT Catalysts

The etching methods of Pt/Ti3C2Tx-CNT have been reported in previous studies [37–39].
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2.2.1. Preparation of Ti3C2Tx

First, 0.8 g of LiF was added to a 10 mL HCl (9 mol/L) solution; then, 0.5 g of Ti3AlC2
was added and mixed into the solution with continuous stirring at 35 ◦C for 24 h. The
reaction precipitate was repeatedly washed with deionized (DI) water until the pH value
of the supernatant was greater than 6. Finally, the precipitate was dissolved in the DI water,
and the resulting solution was sonicated in an Ar atmosphere for 1 h.

2.2.2. Preparation of CTAB-CNT

Briefly, 50 mg CNT was added to 100 mg CTAB, and then the mixture was ultra-
sonically dispersed in 50 mL DI water. After the reaction was complete, the precipitate
was washed with ethanol several times to remove the residual CTAB. Finally, centrifu-
gation (9000 rpm,15 min) was used to collect the black precipitate; thus, the CTAB-CNT
was obtained.

2.2.3. Preparation of Pt/Ti3C2Tx-CNT

First, 40 mg Ti3C2Tx and 40 mg CTAB-CNT were dispersed in 40 mL DI water to
obtain the Ti3C2Tx-CNT. Then, H2PtCl6·6H2O was added dropwise to the Ti3C2Tx-CNT
suspension and stirred continuously for 2 h at room temperature. Finally, an excess of
NaBH4 solution was added to the above solution to react until no bubbles were produced.
After centrifugation, washing, and drying, the Pt/Ti3C2Tx-CNT catalyst was obtained.

2.3. Characterization

The morphology and structure of Pt/Ti3C2Tx-CNT were investigated using a scanning
electron microscope (SEM, Zeiss Auriga FIB-SEM, 10 kV) and a transmission electron
microscope (TEM, JEOL-2010, 200 kV). The chemical composition was determined with
an energy-dispersive spectrometer (EDS). X-ray diffraction (XRD) patterns were recorded
using a Philips X’Pert PRO MPD diffractometer with a Cu Kα X-ray source (λ = 1.5405 Å).

2.4. Cataluminescence Sensing Measurement

Pt/Ti3C2Tx-CNT was coated on ceramic rods and then placed in a reaction chamber.
An adjustable transformer was used to heat the reaction chamber, and a flow pump was
used to adjust the airflow rate. In the same reaction condition, using a syringe, 10 kinds of
VOCs (toluene, trichloromethane, tetrachloroethane, cyclohexane, formaldehyde, diethyl
ether, acetone, carbon dioxide, ammonia, and ethanol) were injected into the reaction
chamber to react with Pt/Ti3C2Tx -CNT, and the CTL value in Pt/Ti3C2Tx-CNT surface
was determined using an ultraweak chemiluminescence analyzer (BPCL-1-TIC, Guangzhou
Microphotonics Technologies Co., Ltd., Guangzhou, China). The sensing device is shown
in Figure 1.
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The dry air required for the experiment was provided by a compressed gas cylinder
and carried out under the condition of constant humidity (40 ± 5%). The temperature
was adjusted and detected using the adjustable transformer. The ceramic heating rods
coated with nanomaterials were put in a closed quartz tube (500 mL), and the airflow
rate was adjusted by adjusting the cylinder valve. The gas flow rate was detected with
a rotor gas flowmeter (anti-corrosion LZB-3WBF). Finally, the gas solution to be tested
was injected into the cylinder through a micro syringe and then delivered to the reaction
chamber. The generated catalytic luminescence signal was detected and processed via
a photoelectric detection and data processing system. The measurement wavelength of
this experiment was the effective response wavelength (300–650 nm) that can be detected
by the photomultiplier tube in the BPCL ultraweak microluminescence instrument, so no
specific wavelength was selected. The concentration of the detected gas in the experiment
is calculated by the following formula [40]:

C =
Vi × P0

Vc × Pa
(1)

where C is the concentration of the gas to be measured, Vi is the volume of the gas to
be measured sucked into the syringe, Vc is the volume of the reaction chamber, P0 is the
vapor pressure of the gas to be measured at room temperature, and Pa is the standard
atmospheric pressure.

3. Results and Discussions
3.1. Characterization of Pt/Ti3C2Tx-CNT

Figure 2a–e show the SEM images of Pt/Ti3C2Tx-CNT and its corresponding EDS
mapping. As can be seen from Figure 2a–e, the material consists of Ti, Pt, O, and C. In
this composition, Ti and O are Ti3C2Tx feature elements, C is a Ti3C2Tx and CNT feature
element, and Pt is the material surface decoration element. The content of each element
is shown in Table 1. Figure 2f,g correspond to the SEM and TEM images of the material.
As can be seen from Figure 2f,g, the material has a tubular structure connected by nodes,
which shows that the CNT and Ti3C2Tx are closely combined to form a stable structure.
There is Ti with partial solubility on the surface of Ti3C2Tx, which makes the Ti cation
separate from the Ti3C2Tx substrate and freely dissolve into the solution, so Ti3C2Tx has a
negative charge [26], while the CNT modified with cationic surfactant CTAB has a positive
charge [41]. The positively charged CNT and negatively charged Ti3C2Tx are combined via
electrostatic interaction. Research has shown that the composite of Ti3C2Tx and CNT can
increase the active sites of the material and improve the cycle life of the material [26,41].
In addition, Pt was attached to the surface of the nanotubes, which indicates that the
Pt/Ti3C2Tx-CNT catalyst was successfully prepared in this experiment.

Table 1. Content of elements in Pt/Ti3C2Tx-CNT.

Elements Weight% Atomic%

C 9.76 93.83
O 0.75 5.39
Ti 0.18 0.44
Pt 0.59 0.34

Totals 11.28 1



Chemosensors 2022, 10, 333 5 of 12

Chemosensors 2022, 10, x FOR PEER REVIEW 5 of 12 
 

 

The XRD pattern of Pt/Ti3C2Tx-CNT is shown in Figure 2h. As can be seen from Figure 

2h, the diffraction peaks of the materials appeared at 6.3°, 26.3°, 39.8°, 46.3°, and 67.5°, 

respectively. Diffraction peaks matched well the corresponding standard cards. Among 

them, the diffraction peak of 6.2° corresponded to Ti3C2Tx, and 26.3° corresponded to the 

characteristic peak of CNT (JCPDS No.75-04444). In addition, the diffraction peaks of 

39.8°, 46.3°, and 67.8° corresponded to the basal planes of Pt (111), Pt (200), and Pt (220) 

(JCPDS No.87-0646). No other impurities were observed in the XRD pattern. 

   

   

 

 
Figure 2. (a–e) SEM images and EDS mapping of Pt/Ti3C2Tx-CNT; (f–g) SEM and TEM images of 

Pt/Ti3C2Tx-CNT; (h) XRD pattern of Pt/Ti3C2Tx-CNT. 

Table 1. Content of elements in Pt/Ti3C2Tx-CNT. 

Elements Weight% Atomic% 

C 9.76 93.83 

O 0.75 5.39 

Ti 0.18 0.44 

Pt 0.59 0.34 

Totals 11.28 1 

(a) (b) (c) 

(d) (e) 

Ti Pt 

O C 

200nm 

(f) 

100nm 

CNT 

Ti3C2Tx 

50nm 

(g) Pt 

(h) 

Figure 2. (a–e) SEM images and EDS mapping of Pt/Ti3C2Tx-CNT; (f,g) SEM and TEM images of
Pt/Ti3C2Tx-CNT; (h) XRD pattern of Pt/Ti3C2Tx-CNT.

The XRD pattern of Pt/Ti3C2Tx-CNT is shown in Figure 2h. As can be seen from
Figure 2h, the diffraction peaks of the materials appeared at 6.3◦, 26.3◦, 39.8◦, 46.3◦, and
67.5◦, respectively. Diffraction peaks matched well the corresponding standard cards.
Among them, the diffraction peak of 6.2◦ corresponded to Ti3C2Tx, and 26.3◦ corresponded
to the characteristic peak of CNT (JCPDS No.75-04444). In addition, the diffraction peaks of
39.8◦, 46.3◦, and 67.8◦ corresponded to the basal planes of Pt (111), Pt (200), and Pt (220)
(JCPDS No.87-0646). No other impurities were observed in the XRD pattern.

3.2. CTL Response of Toluene on Pt/Ti3C2Tx-CNT

Figure 3a shows the luminescence intensity upon exposure to toluene vapors of the
Pt/Ti3C2Tx-CNT material. After the sensor was debugged and stabilized, the CTL strength
was measured. The CTL strength produced by toluene before adding toluene was 0, and
after adding toluene, the CTL strength produced by toluene on the material surface could
reach about 175,000, with an average response time of 1 s and average recovery time of 30 s.
When the CTL strength was restored to 0, toluene was added again, and the CTL strength
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immediately produced was basically unchanged, indicating that Pt/Ti3C2Tx-CNT has a
good CTL response to toluene. In addition, under the same experimental conditions, after
four times of repeated tests, no significant change was observed in signal strength, which
shows that the CTL sensor has good reproducibility and high stability. Figure 3b shows the
luminous intensity of Ti3C2Tx-CNT when exposed to toluene vapor. From the comparison
of Figure 3a,b, it can be seen that the luminous intensity of Ti3C2Tx-CNT exposed to toluene
vapor was significantly lower than that of Pt/Ti3C2Tx-CNT exposed to toluene vapor,
indicating that the addition of Pt was conducive to the CTL signal detection of toluene
and accelerated the corresponding recovery time. The CTL-based method has obvious
advantages for the detection of VOCs, such as sensitive and rapid detection. However,
research on the detection of toluene via CTL is relatively scarce [19,42,43], so the material
has great potential application value.
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Figure 3. (a) The luminescence intensity upon exposure to toluene vapors of Pt/Ti3C2Tx-CNT
material; (b) the luminescence intensity upon exposure to toluene vapors of Ti3C2Tx-CNT material.
(detecting concentration: 87 ppm. Working temperature: 150 ◦C. Airflow rate: 200 mL/min).

3.3. Optimization of CTL Sensor

Temperature is an important factor for CTL reactions, and the CTL value generally
increases with the temperature. However, with the increase in temperature, the noise of the
detection device also increases. In addition, the high temperature may affect the structure
of the material [44]. Therefore, it is necessary to study the optimal working temperature.

The effects of operating temperature on CTL intensity and the S/N [45] value are
shown in Figure 4a. The CTL intensity of toluene on the Pt/Ti3C2Tx-CNT surface increased
with the increase in temperature under certain concentrations and airflow rates. At the same
time, the S/N value first increased with the increase in temperature and then decreased
after 150 ◦C, which implies that 150 ◦C is the optimal temperature for the detection of
toluene. Therefore, the temperature of 150 ◦C, which occurs at a large luminescent signal
area for toluene, was chosen in subsequent experiments.

The airflow rate has also an obvious influence on CTL strength. A slow air flow rate
leads to a low effective contact concentration between the detector and the material, and a
high airflow rate causes the detector to be taken out of the reaction chamber before it can
react with the material.
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At different gas flow rates, the CTL strength between toluene and the material was
detected via BPCL-1-TIC, and the noise under the corresponding CTL value was recorded
at the same time. The results are shown in Figure 4b. From Figure 4b, the CTL intensity of
toluene increased with an increase in the gas flow rate below 300 mL/min, and the S/N
first increased with the increase in gas flow rate and then decreased after 200 mL/min.
Therefore, the gas flow rate of 200 mL/min was chosen for detection because of the resulting
strong and steady CTL signals.

3.4. Analytical Characteristics

Under the optimal experimental conditions, the analytical characteristics of the CTL
sensor based on Pt/Ti3C2Tx-CNT toward toluene were studied. A response curve ob-
tained from the different concentrations of toluene is shown in Figure 5, indicating a good
linear relationship within the concentration range of 2.5~87 ppm. The limit of detection
defined as 3 S/N was about 2 ppm. The linear regression equation was y = 2034x–4858.3
(2.5 ≤ x ≤ 87 ppm, R2 = 0.9228), where y represents the average relative intensity of CTL
after three parallel experiments, and x represents the concentration of toluene.
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3.5. Selectivity and Stability of the Pt/Ti3C2Tx-CNT for Toluene

In addition to good reproducibility, excellent selectivity is also critical for the sen-
sor, especially for practical detection. Under suitable conditions, 10 VOCs (toluene,
trichloromethane, tetrachloroethane, cyclohexane, formaldehyde, diethyl ether, acetone,
carbon dioxide, ammonia, and ethanol) were introduced into the reaction chamber to prove
the selectivity of Pt/Ti3C2Tx-CNT. The CTL intensity of seven VOCs on the surface of the
material is shown in Figure 6a. From Figure 6a, except for toluene and formaldehyde, the
other eight VOCs had no obvious response on the Pt/Ti3C2Tx-CNT surface. There was
no evident interference in the detection of toluene. Therefore, Pt/Ti3C2Tx-CNT has good
selectivity in the detection of toluene.
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Figure 6. (a) Selectivity of the Pt/Ti3C2Tx-CNT for toluene; (b) stability of the Pt/Ti3C2Tx-CNT for
toluene (detecting concentration: 87 ppm; working temperature: 150 ◦C; airflow rate: 200 mL/min).

In order to verify the stability of the continuous operation of Pt/Ti3C2Tx-CNT at the
optimal temperature (150 ◦C), the sensing performance of Pt/Ti3C2Tx-CNT to toluene was
measured working for 8 h every day. The average value of the measurement was taken
as the measurement result of the day, working continuously for 5 days, and the error is
shown by the error bar. As shown in Figure 6b, the results revealed that the CTL intensity
produced by toluene on the surface of the material was 171,500 on the first day, and it
slightly decreased over the next few days. After 5 days, the CTL intensity produced by
toluene on the surface of the material was 164,000, and the signal intensity of toluene
decreased by 4.37% after 5 consecutive days. In addition, the XRD pattern of Pt/Ti3C2Tx-
CNT after its continuous operation is shown in Figure 2b. There was no obvious difference
between the fresh Pt/Ti3C2Tx-CNT and the one after detection. This indicates that the CTL
sensor has high stability.

3.6. The Advantages of Pt/Ti3C2Tx-CNT Sensor

Table 2 shows the analytical characteristics of the sensor presented here and some
previously reported sensors. As shown in Table 2, the Pt/Ti3C2Tx-CNT sensor has a faster
response, shorter recovery time, and lower working temperature compared with previous
reports. The fast response and recovery time of this sensor greatly improve its detection
efficiency, and its lower working temperature can reduce the energy consumption of the
detection process. Therefore, Pt/Ti3C2Tx-CNT has great advantages in detecting toluene.
In addition, Pt/Ti3C2Tx-CNT contains the advantages from each component, enabling
a possible coordination effect to achieve high catalytical performance. CNT provides a
large sensing area for the CTL reaction. Ti3C2Tx makes the material junction more stable.
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Moreover, the Pt attached to the surface can provide excited electrons according to the
principle of catalytic luminescence detection [19].

Table 2. Reports on the detection of toluene based on CTL in recent years.

Principle Sensing Material Response Time (s) Recovery Time (s) Temperature (◦C) Reference

CTL TiO2/SnO2 ND ND 270 [42]
CTL γ-Al2O3/PtO2 1.5 60 236 [43]
CTL Al2O3/Pt 2 38 395 [19]
CTL γ-Al2O3/Eu2O3 3 30 432 [16]
CTL Pt/Ti3C2Tx-CNT 1 30 150 This work

3.7. Possible Mechanism

Different metal-based catalysts have been found for the detection of VOCs, and their
presence in nanomaterials can enhance the sensing characteristics of sensors. Firstly, due
to the adsorption of methyl, the adsorption of toluene on the sensor surface is enhanced.
Secondly, in our study, considering the interaction between -CH3 and Pt, electrons more
easily transition from the πCH3 level to the Fermi level and from the Fermi level to the πCH3∗
level. Therefore, the adsorption barrier of toluene becomes lower, and the electronic effect
between methyl and Pt is enhanced [46,47]. From the perspective of the through-space
effect, there is through-space repulsion between -CH3 and Pt, which is not conducive
to the adsorption of −CH3 and Pt [48]. Therefore, this indicates that Ti3C2Tx and CNT
accelerate the conduction of electrons, change the working function and adsorption barriers,
and make the electronic effect more dominant than the spatial effect, thus improving the
sensor response. Moreover, the CNT-binding Ti3C2Tx provides greater contact space for
gas molecules [26,30].

It is worth noting that only the materials located at the surface of the sensing layer can
make contact with the gas analytes effectively. Hence, it is assumed that the produced CTL
signal is the result of the reaction of toluene and oxygen in the surface layer of the material.
The whole process of CTL response is described as follows:

O2 + 2e− →2O− or O2 + 2e−→ O2
− (2)

C7H8 + O−(O2
−)→ C7−xH8−2x + xCO2* + xH2O + e−(x represents the number of H2O and CO2*) (3)

CO2*→ CO2 + hv (4)

Firstly, toluene and oxygen in the air are adsorbed on the surface of Pt/Ti3C2Tx-
CNT. Oxygen adsorbed on the surface of catalyst at appropriate temperature receives free
electrons to form oxygen ions (O− and O2

−) [39,49,50]. Secondly, toluene adsorbed on the
surface of Pt/Ti3C2Tx-CNT is catalytically oxidized with O− and O2

−, and the reaction
products then diffuse into the gas phase. In the process of catalytic oxidation reaction,
excited CO2 (CO2*) is generated, and the returning process of the released CO2* photons
to the ground state (CO2) is accompanied by the generation of optical signals. The main
mechanism of CTL signal generation is that the catalyst catalyzes the generation of excited
states and converts energy into optical signals [51–54].

4. Conclusions

In this study, a sensor based on Pt/Ti3C2Tx-CNT was developed for the detection
of toluene without the aid of biological reagent identification or instrumental separation.
Pt/Ti3C2Tx-CNT exhibited the best catalytic performance toward toluene due to its large
specific surface area and stable structure. The gas sensor based on Pt/Ti3C2Tx-CNT has the
advantage of rapid response. Additionally, the material has a wide scope of detection for
toluene, and the optimal working temperature (150 ◦C) is lower compared with common
sensors, so it has a broad prospect in the actual detection process. The limit of detection
defined as 3 S/N was about 2 ppm. The possible sensing mechanism of CTL showed that
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toluene was oxidized to generate excited-state CO2*, which emitted a luminescent signal
when it returned to the ground state.
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