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Acetone is harmful to the environment and human health. Therefore, research on acetone sensors for its

high-efficiency detection is necessary. Herein, an a-Fe,Oz-TiO,-MXene heterojunction was synthesized

using a simple precipitation method, and its sensitivity towards acetone was systematically investigated.

The response value of the sensor based on the a-Fe,Oz-TiO,-MXene heterojunction to 50 ppm

Received 28th November 2024 acetone was 24 at 150 °C, which was more than one-quarter of that of pure a-Fe,Oz (5.3). The best
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response and recovery time were 10 s and 6 s, respectively. The sensors also showed good stability and

DOI: 10.1039/d4ra08407a selectivity. The excellent gas sensitivity was mainly attributed to the formation of heterojunctions, which
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Introduction

Acetone is a common volatile organic compound (VOC), which
can greatly harm the human throat, liver, kidney, and nerves if
inhaled in a certain amount." It is also an important biomarker
in human breath, which can be used for the preliminary review
and diagnosis of diabetes.” Therefore, the development of
a high-performance acetone sensor could not only allow the
monitoring of air quality in real-time but would also be bene-
ficial for human health.?

In recent years, ZnO,* WO3,*> TiO,,* Sn0O,,” NiO,* C030,,’ a-
Fe,0;," and other metal oxide semiconductors have been
developed in the field of gas sensing. Among them, a-Fe,O; is
an n-type semiconductor material with a band-gap of 2.2 eV,
which offers the advantages of low cost, good stability, and non-
toxicity, and it is harmless.”™** Although a-Fe,O; exhibits good
gas-sensing properties, it usually requires a higher operating
temperature and gives a slower response, which limits its
application in portable and low-power devices.* Various mate-
rials have been employed to blend with a-Fe,O3 to improve its
performance.”>™ Zhang et al. formed a heterojunction of a-
Fe,O; and Tiz;C,T, MXene, which accelerated the carrier-
transport efficiency, enlarged the specific surface area with
more active sites, and thus improved its H,S gas-sensing
property.”® Song et al. successfully synthesized a Fe,O3/Ti;C,Ty
MXene heterojunction via an in situ growth method. The
sensor's response was 1.31 to 70 ppb n-butanol.* Liu et al. used
gold nanoparticles to modify the surface of o-Fe,O3/Ti;C,Ty
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improved the carrier-transport efficiency and the specific surface area for gas molecular adsorption.

MXene composites. The sensor's response value to 1 ppm NH;
reached 16.9% at room temperature.>

Herein, an a-Fe,0;-TiO,-MXene heterojunction was
successfully synthesized via a simple precipitation method. The
thin sheet structure of a-Fe,O; was evenly distributed on the
accordion-like structure of Ti;C,T, MXene, which provided
more active sites for gas molecular adsorption. The formation of
a heterojunction also improved the carrier-transport efficiency.
The response value of the sensor based on the a-Fe,03-TiO,-
MXene heterojunction to 50 ppm acetone was 24 at 150 °C with
a response/recovery time of 10 s/6 s.

Materials and methods
Synthesis of Ti;C,T, MXene and a-Fe,0;-TiO,-Ti;C,T, MXene

Chemical reagents. Hydrofluoric acid (HF, 40%), ferrous
sulfate (FeSO,-7H,0, AR), and sodium acetate (CH;COONa, AR)
were purchased from Sinopharm Group Chemical Co., Ltd.
Ti;AlC, (99%) was purchased from Jilin 11 Technology Co., Ltd.
Deionized (DI) water was made in the laboratory.

Synthesis of Ti;C,T, MXene. Ti;C,T, MXene was synthesized
by etching TizAlC, with HF. Next, 1 g of Ti;AlC, was slowly
added to 20 mL of 40% HF with stirring. After stirring at 60 °C
for 24 h, the obtained black solution was centrifuged and
washed with deionized water. The centrifugal speed was
4000 rpm, and the time was 10 min. The mixtures were centri-
fuged and washed several times until the supernatant pH was 7.
The precipitation was vacuum dried at 60 °C for 48 h and then
triturated to obtain Tiz;C,T, MXene as a multilayer black
powder.

Synthesis of a-Fe,0;. o-Fe,O; was synthesized by a precipi-
tation method. First, 0.556 g of FeSO,-7H,0 and 0.3 g of CH;-
COONa were added to 60 mL deionized water and then stirred
for 12 h at room temperature. Then the mixture was centrifuged

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and washed several times with deionized water and ethanol.
After being dried h at 80 °C for 10 h, the precipitations were
calcined at 600 °C for 2 h to obtain the a-Fe,O; powders. The
synthesis process was repeated three times under the same
experimental conditions as above to conduct error analysis in
the subsequent test of the gas sensor performance. Synthesis of
a-Fe,0;-TiO,-MXene composite materials followed the same
method.

Synthesis of a-Fe,0;-TiO,-MXene. A series of a-Fe,0;-TiO,-
MXenes in different proportions were synthesized by a precipi-
tation method. First, 0.01, 0.03, 0.05, and 0.1 g Ti;C,T, MXenes
were ultrasonically dispersed in 50 mL of deionized water,
respectively. Then, to each Ti;C,T, MXene water solution was
added 0.556 g of FeSO,-7H,0 and 0.3 g of CH;COONa to obtain
a mixture. These mixtures were continuously stirred for 12 h at
room temperature. These mixtures were then centrifuged and
washed several times with deionized water and ethanol. After
being dried at 80 °C for 10 h, the precipitations were calcined at
600 °C for 2 h to obtain the different samples of a-Fe,03;-TiO,-
MXene, which were named M-F-0.01, M-F-0.03, M-F-0.05, and
M-F-0.1, respectively.

Characterization

The material crystal structures were characterized by X-ray
diffraction (XRD, Rigaku D/Max2550, Tokyo, Japan) with Cu
Ko, radiation (A = 1.5418 A). The scanning range was 5°-80°.
Their morphologies were observed by field-emission scanning
electron microscopy (FESEM, Hitachi SU8010, Japan) and
transmission electron microscopy (TEM, FEI Tecnai F20, USA).
The element contents of all the samples were analyzed using an
energy-dispersive X-ray spectroscopy (EDS) unit attached to the
FESEM device. The elemental chemical status and composi-
tions were identified by X-ray photoelectron spectroscopy (XPS)
with Al Ko (1486.6 eV) excitation.

Sensor preparation and testing

The preparation of the sensors was as follows: first, the appro-
priate sample powders and deionized water were mixed to form
a paste. Then, the paste was brushed evenly on the Al,O;
ceramic surface. After drying at 160 °C for 10 h, the Al,O;
ceramic and the sensor base were welded together. Finally, the
sensor was aged at 180 °C for 48 h before the test.

The gas-sensitive performance was measured by a WS-30B
gas-sensitive test system (Henan Weisheng Electronic Tech-
nology Co., Ltd, China), as shown in Fig. 1(b). The test system
was composed of sensor resistance Rg, load resistance Ry, and
current source Vg, and the working temperature of the sensor
was adjusted by changing the value of V. By measuring the
voltage Vouepue at both ends of the load resistance, then the
sensor resistance value can be obtained from formula (1).

Rg = (VC 7VVoutput)RL (1)

output
In the test process, the measured liquid was dropped on to the
evaporator with a syringe and heated to vaporize it into a gas.
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Fig.1 Schematic of the (a) a.-Fe,Os—TiO,-MXene preparation process
and (b) gas sensor test.

The relationship between the injection volume and the
concentration can be determined according to formula (2).

VxCxM 273 4+ Tr

_ -9
= maxdxp NV X, 2)

Vx
where Vy is the volume of the injected liquid (mL), V is the
volume of the test chamber (18 L), C is the required concen-
tration of the gas to be measured (ppm), M is the molecular
weight of the liquid (g), d is the specific gravity of the liquid (g
ecm?), p is the liquid purity, Tg is room temperature (°C), and Ty
is the temperature in the test chamber (°C).

The response value S can be calculated using the formula S =
R./Rg, where R, is the resistance value of the sensor in air and R,
is the resistance value of the sensor in the test gas.

Results and discussion

Structure and morphology

As shown in Fig. 2(a), the diffraction peak of TizAlC, matched
the standard card (JCPDS: 52-0875) without impurities.
Comparing the XRD pattern of Ti;C,T, MXene with Ti;AlC,, the
impurity peaks were weakened, while the (002) peak for TizC,T,
MXene was shifted from 9.45° to 8.75°. The HF etching removed
the Al layer and enlarged the layer spacing. These findings prove
that Ti;C, T, MXene was successfully synthesized.” The a-Fe,0;
in Fig. 2(b) corresponded to the standard card (JCPDS: 33-0664).
In the etching process of TizAlC,, HF removes its Al layer, then
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Fig.2 XRD patterns of (a) TizAlC, and TizC,T, MXene, (b) a-Fe,O3z and
M-F-0.05.
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the Ti atoms in Ti;C,T, are converted to Ti*" under acidic
conditions. These ions are then oxidized to TiO, at TizC,Ty
defects. The peaks (101), (004), (200), and (211) of M-F-0.05 were
due to the oxidation of Ti;C,T, MXene to TiO, at 600 °C. The
content of Ti;C,T, MXene was low. So, the other peaks of M-F-
0.05 were consistent with o-Fe,03.*°

As shown in Fig. 3(a), the Ti;AlC, surface layers fitted closely
without stratification. After being etched by HF, Ti;AlC, lost the
middle Al layer and became an accordion-like structure for
Ti;C,T, MXene (Fig. 3(b)). a-Fe,0; displayed a relatively thin
sheet structure (Fig. 3(c)). When a-Fe,0; and Ti;C,T, MXene
formed a complex, as shown in the M-F-0.05 SEM image of
Fig. 3(d), a-Fe,03 was evenly distribute on the surface of Ti;C,T,
MXene. The EDS element mapping images of M-F-0.05 are
shown in Fig. 3(f). The Ti, O, Fe, and C elements were evenly
distributed in the composite material, which indicated that the
a-Fe,03-TiO,-MXene composite material had been successfully
synthesized.

TEM and HRTEM images of M-F-0.05 were obtained. In
Fig. 4(e), the observed lattice spacing of 0.246 nm corresponded
to the (021) crystal surface of TiO,, as shown by red dotted
rectangles (Fig. 4(b) and (c)). In Fig. 4(f), the lattice spacing of
0.354 nm corresponded to the (012) crystal surface of o-Fe,Os3,
as shown by the yellow dotted rectangles (Fig. 4(b) and (c)). In
Fig. 4(g), the lattice spacing of 0.249 nm corresponded to the
(102) crystal surface of Ti;C,T, MXene, as shown by the white
dotted rectangles (Fig. 4(b) and (d))."®** These results were
consistent with the XRD results.

The XPS high-resolution spectra of a-Fe,O; are shown in
Fig. 5(a) and (b). Fig. 5(a) is the Fe 2p high-resolution spectra of
a-Fe,0;. The peaks at binding energies of 723.9 and 710.2 eV

Fig. 3 SEM characterization of (a) TizAlC,, (b) TizC,T, MXene, (c) a-
Fe,Os, (d) and (e) M-F-0.05. (f) EDS mapping for Ti, O, Fe, and C of M-
F-0.05.
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d(102)= 0.249 nm

Fig. 4 (a) and (b) TEM characterization of M-F-0.05, (c)-(g) HRTEM
characterization of M-F-0.05.

were attribute to Fe 2p;/, and Fe 2pj3,,, respectively. The satellite
peaks centered around 725.3 and 718.2 eV were from Fe®"
indicating the successful synthesis of a-Fe,0;3.>* Fig. 5(b) pres-
ents the O 1s spectrum, which was mainly divided into three
peaks, with peaks at binding energies of 531.7, 530.6, and
529.1 eV, corresponding to H-O-H, Fe-OH, and Fe-O bonds,
respectively.”®

The XPS high-resolution spectra of the M-F-0.05 hetero-
junction are shown in Fig. 5(c)—(f). Fig. 5(c) shows the high-
resolution spectrum of Fe 2p of M-F-0.05. The peaks at
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Fig.5 XPS spectra of a-Fe,O5 (a) Fe 2p and (b) O 1s. XPS spectra of M-
F-0.05 heterojunction: (c) Fe 2p, (d) O 1s, (e) C 1s, and (f) Ti 2p.
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binding energies of 723.9 and 710.4 eV corresponded to Fe 2p,,
and Fe 2pj3),, respectively, while those at 710.1 and 723.5 eV were
attributed to Fe?', at 712.1 and 725.7 eV to Fe**, and 719.6 and
732.6 €V to the satellite peaks of Fe*".?® Fig. 5(d) is the high-
resolution O 1s spectrum of M-F-0.05 heterojunction. The
peaks at binding energies of 532.5, 531.5, 530.6, and 529.7 eV
corresponded to H-O-H, Fe-OH, Ti-O, and Fe-O bonds,
respectively.””?® Fig. 5(e) shows the C 1s high-resolution spec-
trum of M-F-0.05. The peaks at binding energies of 287.6, 284.8,
and 283.8 eV were attributed to C=0, C-C, and C-Ti-T,,
respectively.?® Fig. 5(f) shows the Ti 2p high-resolution spectrum
of M-F-0.05, which could be divided into Ti 2p3, (457.9 eV) and
Ti 2py/, (463.8 eV). The peaks at binding energies of 463.8,
458.8, and 457.9 eV were attributed to C-Ti-T,, Ti*', and C-Ti-
T, bonds, respectively.*® The presence of Ti*" indicated that
TiO, was generated in the hydrothermal process, which was
consistent with the results of the XRD analysis above.

Gas-sensitive performance

The operating temperature has a huge impact on the sensor.
The lower the temperature, the fewer electrons/holes and the
slower the migration rate in the gas-sensitive materials, and the
response value is then low or there is even no response. Higher
temperature excites more electrons and leads to a faster
migration rate of electrons and holes, and so the activity of gas-
sensitive materials is increased, and the response value
increases accordingly. Too high an operating temperature will
accelerate desorption of the gas, which is equivalent to reducing
the gas adsorbed on the surface of the material, and the
response value will then be reduced. Therefore, we first explored
the relationship between the operating temperatures and the
gas-sensing performance.***> The gas-response values of a-
Fe,03, M-F-0.01, M-F-0.03, M-F-0.05, and M-F-0.1 to 50 ppm
acetone at different temperatures (50 °C, 80 °C, 100 °C, 150 °C,
200 °C, and 250 °C) are shown in Fig. 6(a). The best working
temperature of the sensor was 150 °C. Moreover, with the
increase in Ti;C,T, MXene content, o-Fe,0;-TiO,-MXene had
more heterojunctions. The sensors based on M-F-0.05 showed
the maximum response values at each temperature. However,
the sensor based on M-F-0.1 had the smaller response values.
This was possibly because excessive Ti;C,T, MXene addition
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Fig. 6 (a) Response values of a-Fe,Oz, M-F-0.01, M-F-0.03, M-F-
0.05, and M-F-0.1 to 50 ppm acetone at different temperatures. The
error bar is from the mean values and standard deviations of three
tested groups of gas sensors under the same experimental conditions.
(b) Dynamic response values to different concentrations of acetone at
150 °C.
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will lead to a stacking of the sheets, which reduces the
adsorption sites and affects the gas-sensitive response of the
composite.*® Each group of experiments above tested three
groups of gas sensors under the same experimental conditions,
and the mean value and standard deviation were taken, and
then the error bar was obtained, which represents the label
difference, while the length of the error bar also represents the
degree of data dispersion. The same was true for the subsequent
gas-sensitivity tests. Fig. 6(b) presents the dynamic response
curve of the sample to different concentrations of acetone gas at
150 °C. The response value increased with the increasing
acetone concentration. The response of M-F-0.05 to 50 ppm
acetone was 24, while that of «-Fe,O; was 5.3.

The response/recovery curves of different samples to
different concentrations of acetone gas at 150 °C are shown in
Fig. 7(a)-(e). Under the same test conditions, sensor M-F-0.05
had the shortest response/recovery time and the largest
response value (10 s/6 s). Repeatability testing of a-Fe,O; and M-
F-0.05 in 50 ppm acetone gas at 150 °C was carried out (Fig. 7(f)).
The results showed they all had good repeatability.

Selectivity is also one of the main properties of gas sensors.
The sensors were tested with 50 ppm of different gases (acetone,
ethanol, ammonia, n-butanol, ethylene glycol, and isopropyl
alcohol) at 150 °C, and the results are shown in Fig. 8(a). M-F-
0.05 had the better response to acetone gas compared to the
other gases. From the stability tests of a-Fe,O; and M-F-0.05 in
50 ppm acetone gas at 150 °C for 30 days, as shown in Fig. §(b),
M-F-0.05 also demonstrated good stability. Table 1 shows
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Fig. 7 (a)—(e) a-Fe,O3, M-F-0.01, M-F-0.03, M-F-0.05, and M-F-0.1

response/recovery curves to 50 ppm acetone at 150 °C. (f) Repeat-
ability testing of a-Fe,Os and M-F-0.05 in 50 ppm acetone gas at
150 °C.
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Fig. 8 (a) M-F-0.05 selectivity to 50 ppm of different gases at 150 °C.
(b) 30 days stability test of a-Fe,Oz and M-F-0.05 in 50 ppm acetone
gas at 150 °C. The error bar is from the mean values and standard
deviations of three tested groups of gas sensors under the same
experimental conditions.

a comparison of the acetone responses between the M-F-0.05
sensor and some relevant reports. The sensor based on M-F-
0.05 exhibited a relatively higher acetone response with
a lower working temperature, confirming our sensor is a prom-
ising candidate for acetone detection with
consumption.

low power

Gas-sensing mechanism

The gas-sensitive response of the sensing material is affected by
the chemical adsorption of oxygen on the semiconductor
surface and the chemical reaction of the gas molecules to be
measured.” The a-Fe,0;-TiO,-MXene gas sensor showed n-type
semiconductor characteristics when testing acetone. Here, the
oxygen in the air will be adsorbed on its surface, trapping the
electrons in its conduction band to generate chemisorbed
oxygen (O, "), resulting in a widening of the electron depletion
layer and increase in the resistance value of the material.****
Ti;C,T, MXene with metallic properties has a work function of
4.37 eV. TiO, has a work function of 4.6 eV. After contacting, the
electrons in the Ti;C,T, MXene conduction band will be
transferred to the TiO, conduction band until their Fermi levels
reach equilibrium. A Schottky barrier will form at the interface
between Ti;C,T, MXene and TiO,. The work function of a-Fe,O;
is 5.9 eV, therefore when it contacts with Ti;C,T, MXene-TiO,
heterojunction, electrons will be transferred from the Ti;C,T,

Table 1 Comparison table of different acetone sensors®
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Fig. 9 Schematic of the gas-sensing mechanism of the a-Fe,Oz—
TiO,-MXene heterojunction-based sensor.

MXene-TiO, heterojunction to a-Fe,03, and then another het-
erojunction will form between the Ti;C,T, MXene-TiO, hetero-
junction and o-Fe,O;. In acetone, acetone molecules are
oxidized by oxygen ions (O™) and release electrons into the
conduction band of a-Fe,0;-TiO,-MXene, causing the electron
depletion layer to narrow, thus further reducing the resistance
value of the material, which plays a crucial role in improving the
gas-sensitive performance. The whole reaction process is shown

Sensing materials Preparation method Temperature (°C) Concentration (ppm) S (Ra/Ry) Res./Rec. time (s) Ref.
a-Fe,0; Hydrothermal 400 100 13.1 3/108 12
d-Fe,0; Azeotropic distillation 340 100 9.1 — 34
a-Fe,03/CuFe,0, Template 275 100 14 — 35
d-Fe,05/Sn0O, Hydrothermal 280 200 16.8 5/23 36
ZnFe,04/Ag Hydrothermal 175 100 334 17/148 37
0-Fe,0,/Si0, Sol-gel 290 500 50.2 14/7 38
Ce-a-Fe, 03 Oil bath 220 100 26.3 7/80 14
ErFeOj;/a-Fe,03 Impregnation 250 100 55 9/123 39
Pt-Fe, 05 Hydrothermal 139 100 25.7 3/22 40
a-Fe,0,/TiO,@Ti;C,T,  Hydrothermal 220 100 34.66 10/7 41
a-Fe,05;-TiO,-MXene Precipitation 150 50 24 10/6 This work

“ Res./Rec. Time-response/recovery time.
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in eqn (3)-(6).>** The reaction mechanism diagram is shown in
Fig. 9.

02 (gas) — O (ads) (3)
O, (ads) + e~ — O, (ads) (4)
0, (ads) + e~ — 207 (ads) (5)

CH;COCH; (gas) + 80~ (ads) — 3CO, (ads) + 3H,0 + 8¢~ (6)

Conclusions

a-Fe,03;-TiO,-MXene heterojunctions were successfully prepared
by a simple precipitation method. The gas sensor based on them
showed good responses value for 24 to 50 ppm acetone at 150 °C,
which was more than a-quarter that of pure a-Fe,0; (5.3). It also
had a shorter response/recovery time (10 s/6 s) and a better
stability. The enhanced gas sensitivity of the «-Fe,0;-TiO,-
MXene gas sensor may be mainly due to two reasons. (1) The a-
Fe,0;-TiO,-MXene heterojunction could improve the electron-
transfer efficiency. (2) The a-Fe,0;-TiO,-MXene heterojunction
has a larger specific surface area with more active sites for gas-
sensitive reactions. This article provides an idea for developing
excellent acetone sensor-sensitive materials. However, the
optimal working temperature needs to be further reduced.
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