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Oxygen Vacancies Modulation in CoFe,O, via Two-Step
Incorporation of Synergistic TiO,/MXene and Carbon for

Enhanced Acetone Sensing

Mengyuan Li, Ying Guo,* Yuanyuan Guo, Hao Li, Paddy J. French, and Yao Wang*

Oxygen vacancy concentration in metal oxides is crucial to gas sensing
performance. This study introduces a novel strategy of oxygen

vacancies modulation on CoFe,O,, by two-step controllable incorporation

of TiO, @ MXene and carbon. In the first step, MXene simultaneously acts as
an incorporation agent and a titanium source to grow TiO, and regulate the
oxygen vacancy concentration in CoFe,O,. The fabricated n-n heterojunctions
of TiO, /CoFe, O, further induced a gradient distribution of oxygen vacancies
through energy band bending. And a second step, combining glucose as a
carbon source, further increases the oxygen vacancy concentration in CoFe, O,
by chemical reduction during a hydrothermal process, leading to the formation
of a CoFe,0,-TiO, @ MXene-C nanostructured composite. Through controlling
the glucose content, the ratio of Co** to Co?* within the composite can be se-
quentially adjusted, which allows for the further regulation of oxygen vacancy
concentration on the composite surface. The effectiveness of this two-step
incorporation is demonstrated through enhanced acetone sensing perfor-
mance, providing valuable insights into the fabrication of high-performance
metal oxide-based gas sensors via controlled oxygen vacancy modulation.

1. Introduction

Volatile organic compounds (VOCs) originating from various
sources, including industrial emissions, motor vehicle exhaust,

M. Li, Y. Guo

State Key Laboratory of Chemical Resources Engineering

Beijing University of Chemical Technology

P. O. Box 98, Beijing 100029, P. R. China

E-mail: guoying@mail.buct.edu.cn

Y.Guo, H. Li, Y. Wang

Guangdong Provincial Key Laboratory of Optical Information Materials
and Technology

Institute of Electronic Paper Displays

National Center for International Research on Green Optoelectronics
South China Academy of Advanced Optoelectronics

South China Normal University

Guangzhou 510006, P. R. China

E-mail: wangyao@m.scnu.edu.cn

P.). French

BE Laboratory

EWI

Delft University of Technology

Delft 2628CD, The Netherlands

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admt.202500901

DOI: 10.1002/admt.202500901

Adv. Mater. Technol. 2025, 10, e00901

€00901 (1 of 12)

and indoor air pollution, are a class of
significant pollutants with detrimental ef-
fects on both environmental quality and
human health.[!l Acetone (CH;COCH;),
characterized by its flammability, toxicity,
and low boiling point, also serves as a cru-
cial biomarker for diabetes diagnosis./?]
Studies have indicated that healthy in-
dividuals exhaled acetone concentrations
in breath ranging from 0.3 to 0.9 ppm,
whereas diabetic patients present sig-
nificantly elevated levels, ranging from
1.25 to 25 ppm.[**l Therefore, develop-
ing acetone gas sensors with high sen-
sitivity and low detection limits is of
great research significance for the ap-
plication of diagnosing early diabetes
through the detection of breath gases.

Among the acetone gas sensors,
resistive gas sensors have harvested
considerable attention due to their
cost-effectiveness, compact size, and
facile integration, offering advantages
over techniques like spectrometry and chemiluminescence.l>!
As resistive sensing materials, metal oxides are commonly used
with good sensing properties, but exhibit limitations such as
poor target selectivity and high operating temperatures. As is
known to all, the oxygen vacancy structure has a key role in
the gas sensing performance of metal oxides, which has been
reported by many previous works. Conventional methods for
oxygen vacancy regulation, such as elemental doping, high-
temperature treatment, and plasma processing, all exhibit cer-
tain limitations.”=) For instance, achieving precise control over
dopant concentration and depth distribution in elemental dop-
ing remains a significant challenge. Inadequate doping often
leads to insufficient oxygen vacancy modulation, whereas exces-
sive doping may introduce unintended impurities or secondary
phases. These issues can result in undesirable sensor behav-
iors, including baseline drift, reduced selectivity, and compro-
mised long-term stability. Plasma treatment, which primarily
modifies the material surface (within a few nanometers), can gen-
erate oxygen vacancies confined to the superficial layers. Its ef-
fectiveness is constrained for thicker sensing materials or appli-
cations requiring bulk-phase regulation to optimize overall con-
ductivity. Therefore, the development of a novel and efficient ap-
proach to modulate oxygen vacancies in metal oxides remains
imperative.
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Recently, 2D materials, such as MXenes (e.g., Ti,C,T,), have
emerged as promising candidates for gaining better sensing
performance due to their high conductivity, high specific sur-
face area, abundant surface functional groups, and rapid elec-
tron transport capabilities.['*!!] However, pristine MXenes with-
out any modification or complexation exhibit limitations as
sensing materials for a wide range of gases/VOCs, including
low bandgap, poor stability, aggregation tendency, and limited
selectivity.'?! Therefore, much research is focused on the com-
plexation of MXenes with metal oxides, leading to enhanced
gases/VOCs sensing performance and the mitigation of the
shortcomings of both sides. For instance, Ti;C,T, and its com-
posites with different metal oxides, such as ZnO, TiO,, Co,0,,
ZnFe,0, have demonstrated improved sensing results com-
pared to their pristine counterparts.['>1¢l Accordingly, the reg-
ulation of oxygen vacancy structure of metal oxide by MXene
presents an effective strategy for modulating the electronic struc-
ture of materials, providing additional adsorption sites, and en-
hancing their sensing performance. Besides, it is worth noting
that Ti,C, T, is also a titanium source to grow TiO, on its sur-
face. By the in situ growth approach, the TiO,-Fe, O, heterojunc-
tion on the Ti,C,T, surface was reported by Huang et al., indicat-
ing significant gas sensing performance due to the large num-
ber of oxygen vacancies induced by charge transfer at the inter-
face of TiO,-Fe, 0, and thus promoting gas adsorption and sur-
face reaction.['”! Therefore, the MXene phase transition process
to TiO, synergistically modulates the concentration of the oxy-
gen vacancies, which also reveals the key role of oxygen vacancy
engineering in heterojunctions.[*#-20]

Moreover, removing oxygen atoms from the material lattice by
chemical reduction is another way to modulate oxygen vacancies.
Recent studies have demonstrated that the reduction of metal ox-
ides by carbon materials can introduce uniform oxygen vacancies
through mild reactions.’!~2*] For instance, Li et al. successfully
synthesized oxygen-deficient ZrC composites through a combi-
nation of hydrothermal deposition and carbothermal reduction,
utilizing sucrose as a carbon source.*!]

Hence, inspired Dby the above findings, CoFe,O,-
TiO,@MXene-C (CoTM-C) nanocomposites were prepared,
and the oxygen vacancies were modulated through two-step
incorporation of TiO, @MXene and carbon on CoFe,O,. During
the first incorporation process, MXene served as an incorpo-
ration agent, providing the abundant active sites and precisely
regulating the concentration of oxygen vacancies at the inter-
face between the metal oxide and MXene. The further in situ
and partial oxidation of TiO, from MXene not only generates
abundant oxygen-deficient active sites but also combines with
CoFe,0O, to construct n-n heterojunctions. While the built-in
electric field at the TiO,/CoFe,O, n-n heterointerface facilitates
efficient charge transfer and a gradient distribution of oxygen
vacancies through energy band bending. Additionally, the TiO,
nanoparticles act as interlayer spacers, which extend the spacing
of the Ti,C, T, layers to optimize the gas diffusion channels. And
in the second incorporation, glucose was further introduced for
carbothermal reduction to synergize carbon incorporation with
Co**/Co?* redox modulation, which achieves a fine optimization
of the spatial distribution of oxygen vacancies and electronic
states on CoFe,O,. The optimized gas sensor, by modulating the
amount of glucose, shows excellent gas sensing performance,
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such as the response value for 100 ppm acetone at 185 °C is
52, and a response/recovery time is 17 s/54 s. Compared with
CoFe,0, alone, the response value is 2.3 times higher, and the
response/recovery time is 35 s/100 s shorter. Not only that, the
optimized gas sensor shows a stable response to low concentra-
tions of acetone even at ppb level, which further verifies that the
concentration modulation of oxygen vacancies of this sensor is
effective for the enhancement of acetone sensing.

2. Results and Discussion

2.1. Material Characterization

As shown in schematic Figure 1a, in this study, multilayer
Ti, C, T, MXene was first prepared by chemical etching of Ti; AIC,
precursor. Then, CoFe,0, nanoparticles were grown on the
surface of MXene by in situ hydrothermal method, and the
CoFe,0,-TiO, @MXene (abbreviated as CoTM) composites were
successfully synthesized. As shown in schematic Figure 1b, in
order to further optimize the material properties, a glucose-
assisted hydrothermal approach was introduced in the sub-
sequent steps to modify CoTM, and finally, glucose-modified
CoFe,0,-TiO, @MXene-C composites (abbreviated as CoTM-C)
were obtained. Elemental analysis was conducted to determine
the organic carbon contents of the four samples (CoTM-C).
As shown in Figure S1 (Supporting Information), the results
for CoTM-C1, CoTM-C2, CoTM-C3, and CoTM-C4 were 3.68%,
6.87%, 8.09%, and 13.47%, respectively, exhibiting an obvious
gradient increase trend.

The physical phase composition and crystal structure of
CoFe,0,, Ti,C,T,, and CoTM-C series of composites were in-
vestigated systematically by X-ray powder diffractometer (XRD)
characterization. The XRD patterns are shown in Figure 1c with
a scanning range of 3°-80°. The patterns reveal that CoFe,O,
and CoTM-C series composites all have significant diffraction
peaks at 26 = 30.12°, 35.54°, 43.18°, 53.67°, 57.09°, and 62.73°,
corresponding to (220), (311), (400), (422), (511), and (440) crys-
tal planes of CoFe,O,, respectively. These peak positions match
well with the standard XRD data for CoFe,O, (JCPDS No. 22—
1086), indicating that CoFe,O, was successfully synthesized or
contained in the composites.!®] At 26 = 9.56°, the (002) diffrac-
tion peak of Ti,C,T, MXene appears, corresponding to its lamel-
lar structure and reflecting the interlayer crystallographic spac-
ing. It is noteworthy that the overall small angle shift of the (002)
diffraction peak of MXene for the CoTM-C series composites
compared to the pristine Ti,C, T, may be attributed to the interca-
lation of the CoFe,O, nanoparticles, which results in an increase
in the interlamellar spacing of the MXene layers.[?%! In addition,
the strongest diffraction peak (101) of TiO, is observed at 26 =
25.28°, which is consistent with the standard XRD data of TiO,
(JCPDS No. 21-1272), suggesting that partial oxidation of MXene
in the CoTM-C series of composites occurs to form TiO,. A broad
(002) diffraction peak appears in the range of 20 = 15°-30°, which
indicates a degree of disorder in the crystal structure within the
sample.

The surface functional groups of CoTM and CoTM-C series
composites were characterized by Fourier transform infrared
spectroscopy (FTIR). From the spectra in Figure 1d, it can be seen
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Figure 1. Schematic illustration of the synthetic procedure of CoTM a) and CoTM-C b); XRD patterns c) of Ti;C,T,, CoTM, and CoTM-C series compos-
ites; FT-IR spectra d) and Raman plots e) of CoTM and CoTM-C series composites.

that the characteristic peaks at 3421 and 584 cm™! occur in all the
samples. The absorption peak at 3421 cm™ is usually attributed
to the stretching vibration of hydroxyl groups (—OH), which may
originate from the water molecules adsorbed on the surface of the
material or chemically bonded hydroxyl groups. It is noteworthy
that the enhanced intensity of the absorption peak at 3421 cm™!
for the CoTM-C series samples compared to the no carbon-coated
CoTM samples may be attributed to the contribution of hydroxyl
groups in the carbon precursor (glucose) or the introduction of
hydroxyl-containing species generated during the hydrothermal
reaction. The characteristic absorption peak at 584 cm™! can be
attributed to the Co—O and Fe—O stretching vibrations, indicat-
ing the presence of CoFe,0, in all samples.!?”] The characteris-
tic peaks of 2926, 2852, 1628, and 1390 cm ™' in the spectra only
appear in CoTM-C series composites. The two weak absorption
peaks at 2926 and 2852 cm™! correspond to C—H stretching vi-
brations, which are usually associated with C—H bonds in long-
chain alkanes or aldehyde groups.[?®! This suggests that a small
amount of aldehyde intermediates was generated during the hy-
drothermal process or that the aldehyde group in the glucose
molecule was involved in the reaction. The absorption peak at
1628 cm™! can be attributed to the C=C stretching vibration, sug-
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gesting that the glucose molecule underwent a dehydration con-
densation reaction and formed a conjugated double bond struc-
ture in the carbon skeleton during hydrothermal carbonization.
The absorption peak at 1390 cm™! is usually attributed to the
bending vibration of C—OH, which is especially common in aro-
matic structures or phenolic compounds. It further suggests that
glucose underwent partial aromatization during hydrothermal
processes and formed functional groups similar to phenolic hy-
droxyl groups, further supporting the occurrence of the carbona-
tion reaction.

In order to further assess the degree of graphitization of
the samples, Raman spectroscopy was used for characterization.
Usually, the D band (~1320 cm™') corresponds to defects and
disordered structures in the carbon material, while the G band
(1590 cm™') reflects the ordered graphitized structure of sp?
carbon.[®! As seen in Figure 1le, the D/G peak intensity ratios
(Ip/Ig) of CoTM-C1, CoTM-C2, CoTM-C3, and CoTM-C4 were
1.31, 3.48, 2.38, and 1.92, respectively, with the highest degree
of defects in CoTM-C2, while no obvious D/G peaks were ob-
served for the sample without carbon coated (CoTM), probably
due to the low carbon content, which makes it difficult to form
an ordered carbon structure. When the carbon content is low

© 2025 Wiley-VCH GmbH
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Figure 2. a—f) SEM images of CoFe,O,4, CoTM, CoTM-C1, CoTM-C2, CoTM-C3, and CoTM-C4; g-k) elemental mapping of C, O, Co, Fe, and Ti for

CoTM-C2; |-0) TEM images of CoTM-C1, CoTM-C2, CoTM-C3, and CoTM-C4.

(e.g., CoTM-C1 and CoTM-C2), the carbon atoms are difficult to
self-assemble into a six-membered cyclic graphite flake layer but
exist in the form of disordered carbon, which leads to an increase
in defects and a rise in the I, /I; value. And with the increase
of carbon content (e.g., CoTM-C3 and CoTM-C4), the connec-
tion between carbon atoms is more adequate, and it is easier to
form a larger-scale ordered graphite layer. Hence, the defects are
gradually reduced and the degree of graphitization is increased,
which induces the decreased ratio of I,/I;. A moderate number
of structural defects helps to optimize electron transport and ac-
tive site distribution, which in turn enhances the gas-sensitive
performance of gas sensors.

The morphologies of the CoFe,0,, CoTM, and CoTM-C com-
posites were investigated using a combination of scanning elec-
tron microscopy (SEM) and energy spectroscopy (EDS) with el-
emental analysis. As illustrated in Figure 2a, the CoFe,O, sam-
ple consists of uniform spherical nanoparticles with a diameter
of ~50 nm. From the SEM images (Figure 2b-f) of the compos-
ites, it can be seen that lamellar Ti, C, T, MXene is distributed on
the surface. The local magnification images further reveal that
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the CoFe, O, nanospheres are not only distributed on the surface
of the MXene but are also partially intercalated between the lay-
ers of the MXene, which indicates the close contact between the
layered MXene and the CoFe,O, nanoparticles. As illustrated in
Figure 2g-k, elemental mapping confirms the uniform distribu-
tion of all components in CoTM-C2, thereby the formation of op-
timal interfacial contacts.

In order to observe more directly the effect of the addition of
a glucose carbon source on the microstructure of the CoTM-C
series samples, the thickness of the coated carbon layer of the
CoTM-C series samples was characterized using high resolu-
tion transmission electron microscopy (HRTEM). The HRTEM
images revealed the glucose-derived carbon layer thickness in
CoTM-C series, showing controlled growth with increasing car-
bon source. As shown in Figure 2l-o, it can be seen that the
CoTM-C series composites are encapsulated by the carbon layer,
although the carbon shells are difficult to keep completely homo-
geneous during the reaction process. And the thickness of the
carbon layer increases with the gradual increase of glucose car-
bon source, which are 1.27, 1.87, 4.30, and 7.43 nm, respectively.
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Figure 3. a) N, adsorption-desorption isotherms and b) pore size distribution curves of the composites of CoTM and CoTM-C.

It suggests that the thickness of the carbon layer coated on the
surface of CoFe,0,-TiO, @MXene can be effectively controlled
by regulating the addition of glucose during the synthesis pro-
cess. Thus, the carbon content of the composite and its structural
properties can be regulated.

As shown in Figure 3a, the N, adsorption-desorption
isotherms of CoTM-C composites are similar in shape, and the
energy required for desorption is higher than that required for
adsorption. The isotherms show H3-type hysteresis loops and
belong to the type IV adsorption isotherms, indicating that the
pore structures in the materials are mesoporous. From the pore
size distribution graphs (Figure 3b), it can be observed that the
pore sizes of the composites are all in the range of 15.5-16.1 nm,
which has a relatively large pore size and is favorable for gas
molecule transport. The specific surface area of the composites
listed in Table 1 shows that CoTM-C2 has the largest specific sur-
face area of 52.5320 m? g~!. A larger specific surface area and
pore size mean more active sites for oxygen adsorption, enabling
the material to adsorb more gas molecules, which is an impor-
tant factor affecting the gas-sensing performance. The specific
surface area of the composites increases and then decreases as
more carbon is added. This may be due to the fact that excess
carbon blocks the pore structure of the material, which is not
conducive to the diffusion of gas molecules and therefore re-
duces the reaction between the gas molecules and the sensing
material.

X-ray photoelectron spectroscopy (XPS) was used to study the
chemical composition and elemental surface valence states of the
composites. Figure 4a shows the full-width scanning spectra of
CoTM and CoTM-C composites, and the presence of five elemen-
tal peaks of C, Ti, Fe, Co, and O can be seen. Further analyzing
the chemical states of every element, as shown in Figure 4D, the
peaks of the Ti 2p spectra at 458.2 and 464.2 eV correspond to
the Ti 2p,, and Ti 2p, , orbitals, respectively, indicating that Ti

Table 1. BET surface areas and pore sizes of the CoTM-C composites.

Sample BET Surface Area [m? g7 Pore Size [nm]
CoTM-C1 52.1758 17.2728
CoTM-C2 52.5320 17.9730
CoTM-C3 50.6347 23.6174
CoTM-C4 45.1087 19.5603
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in the composites exists in the form of Ti**. Since XPS can only
detect compositional information on solid surfaces at a depth
of analysis within 10 nm, this suggests that the surface of MX-
ene was oxidized to TiO,. As shown in Figure 4c, the O 1s re-
gion can be decomposed into three peaks: adsorbed oxygen (O:
533.4 eV), oxygen vacancy (Oy: 531.6 eV), and lattice oxygen (Oy:
530.0 eV). Among the four peaks that appeared in the high-
resolution spectra of Co 2p (Figure 4d), two peaks could be at-
tributed to Co 2p;, and its satellite peaks (782.8 and 780.5 eV,
respectively), while the other two peaks corresponded to Co 2p, ,
and its satellite peaks (798.0 and 796.5 €V, respectively).*") The
calculated contents from the integration areas of the adsorbed
oxygen, oxygen vacancies, lattice oxygen, and Co?* are shown in
Table 2. It can be seen that the relative contents of oxygen va-
cancies and Co?" vary in a consistent relationship. As the car-
bon content increases, the concentrations of Co?* and Oy, also
increase, with the oxygen vacancy content of the CoTM-C se-
ries composites exhibiting the following sequence: CoTM-C2 >
CoTM-C1 > CoTM-C3 > CoTM-C4. Notably, the sample CoTM-
C2 has the highest concentration of Co** and Ov, followed by a
decrease in the oxygen vacancy concentration along with the in-
creased carbon content. On the one hand, because Co** is re-
duced by the hydrothermal process of glucose, which provides
electrons to Co**, causing the oxidation state of Co** to be re-
duced. In order to fulfill the electron transfer and stoichiomet-
ric relationship of this reduction process, oxygen atoms in the
crystal are released as oxygen ions, forming oxygen vacancies.[??]
On the other hand, the larger ionic radius of Co?* compared to
Co** induces significant lattice distortion in CoFe,O,, elongating
the Co—O bonds and reducing their binding energy. This strain
destabilizes the oxygen coordination, lowers the energy barrier
for oxygen vacancy formation, and promotes the creation of oxy-
gen vacancies. This distortion reduces the stability of the crys-
tal structure and makes the bonding of the oxygen atom with
the surrounding ions weaker. In this unstable structural state,
oxygen atoms are more likely to overcome the lattice bonding
and detach from the lattice, resulting in the formation of oxy-
gen vacancies. As for COTM-C3 and CoTM-C4, when too much
carbon content is added, it will block the MXene interlayer voids,
which is unfavorable for electron transport. The above studies
show that the chemical composition and surface state of CoTM-
C series composites can be effectively regulated by controlling
the addition of glucose, which in turn adjusts the gas sensing
properties.
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Figure 4. The full XPS survey spectra a) and the fitted XPS spectra of b)Ti 2p; c) O Ts; d) Co 2p for CoTM and CoTM-C composites.

2.2. Sensing Performance

In order to investigate the potential application of carbon coat-
ing treatment in gas sensitization, gas sensors based on CoTM-
C composites were fabricated and systematically investigated re-
garding their gas sensing performance for acetone. In order to
determine the optimum operating temperature of the sensor,
Figure 5a shows the response (Ra/Rg) variation of the CoTM-C-
based sensors to 100 ppm acetone at varied operating tempera-
tures ranging from 155 to 245 °C. The experimental results show
that the response value increases gradually with the increasing
temperature and reaches the maximum value at 185 °C. Sub-
sequently, the response value decreases with further increasing
temperature. The whole change trend may be attributed to the
fact that a suitable temperature helps the adsorption and reac-
tion of acetone molecules on the sensor surface and increases
the carrier concentration. However, when the temperature is too

high, the microstructure of the sensing material may change, and
the enhanced carrier scattering effect leads to a decrease in sen-
sitivity. At the optimum operating temperature of 185 °C, the re-
lationship between the response values of the samples with dif-
ferent carbon contents is CoTM-C2 > CoTM-C1 > CoTM-C3 >
CoTM-C4. This may be attributed to the fact that the oxygen va-
cancy content on the surface of the CoTM-2 sample (32.80%) is
higher than that of the other samples, which was mentioned in
the XPS spectra (Figure 4c and Table 2). The oxygen vacancies
provide more gas adsorption sites and act as an activator for the
acetone molecules. In addition, the excellent BET-specific surface
area and pore size of CoTM-C2 (Figure 3) also contributed sig-
nificantly to the gas sensing performance. For comparison, the
response (Ra/Rg) variation of the sensors of CoFe,0,, CoTM,
CoFe,0,-C, and CoTM-C2 was tested to 100 ppm acetone at var-
ied operating temperatures ranging from 155 to 245 °C, as shown
in Figure S2 (Supporting Information). The gas-sensing test

Table 2. O¢, Oy, O, and Co?*/Co contents of CoTM and CoTM-C series composites.

Sample Oc Oy o}} Co?*/Co
CoTM-C4 21.22% 23.06% 55.72% 42.37%
CoTM-C3 21.33% 24.77% 53.90% 50.45%
CoTM-C2 32.27% 39.84% 27.89% 54.27%
CoTM-C1 29.35% 31.87% 38.87% 46.78%
CoTM 18.28% 27.96% 53.76% 39.39%
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Figure 5. a) Sensing response of CoTM-C composites to 100 ppm acetone at varied operation temperatures from 155 to 245 °C; b) Response/recovery
time of CoTM-C2 to 100 ppm acetone at 185 °C; c) Response of CoTM-C2 to varied concentrations of acetone at 185 °C; d) Stability of CoTM-C2 to
100 ppm acetone; e) Stability of response to acetone over six months; f) Selectivity columns of CoTM-C2 to acetone under the same concentration of

interfering gases.

results demonstrate that CoFe,O, modulated by TiO, @MXene
only or modulated by carbon reduction only shows enhanced
gas response values compared to pristine CoFe,O,. However,
the composite of CoFe,O, modulated by two-step modulation,
which are the incoporation of TiO, @MXene and the carbon re-
duction consecutively on CoFe,O,, shows the optimal response
to acetone compared to one-step modulation of CoFe,O,. The fit-
ted XPS spectra of O 1s for CoFe,O,, CoTM, CoFe,0,-C, and
CoTM-C2 samples are shown in Figure S3 (Supporting Infor-
mation). The pristine CoFe, O, sample (without any modulation)
exhibits an oxygen vacancy concentration of 22.5%. In contrast,
controlled variable experiments show that the CoTM sample, pre-
pared by incorporation of TiO, @MXene onto CoFe,0, has an
oxygen vacancy concentration of 27.96% presenting a 5.46% in-
crease relative to the pristine CoFe,O,. Furthermore, the sam-
ple CoFe, 0, treated with the second-step carbon reduction mod-
ulation alone (CoFe,0,-C), exhibits an oxygen vacancy concen-
tration of 29.19%, representing a 6.69% increase compared to
pristine CoFe,O,. Furthermore, the pristine CoFe,0O, subjected
to two-step modulation (CoTM-C2) involving the incorporation
of TiO, @MXene followed by carbon reduction displays a signif-
icantly higher oxygen vacancy concentration of 39.84%, corre-
sponding to a 17.34% increase relative to CoFe,O,. Evidently, the
combined processes of incorporating TiO, @MXene and imple-
menting carbon reduction on CoFe,O, exert a synergistic effect
in regulating oxygen vacancies.

Due to the CoTM-C2-based sensor exhibiting the highest re-
sponse among all the composites, it was further evaluated for
other gas-sensing performances. For instance, at 185 °C, the re-
sponse/recovery times toward 100 ppm acetone are 17 s/54 s, as
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illustrated in Figure 5b. This represents reductions of 35 s/100 s,
respectively, compared to the pristine CoFe,O, (Figure S4, Sup-
porting Information). Figure 5c shows the dynamic response of
CoTM-C2 sensor upon exposure to 5-300 ppm acetone at 185 °C.
It can be seen that the sensor has a strong dynamic response re-
covery characteristic to acetone, and the response value increases
with increasing acetone concentration. To assess the stability of
the CoTM-C2 composite, thermogravimetric analysis (TGA) was
performed, as depicted in Figure S5 (Supporting Information).
The results show that the material undergoes only a 9.50% mass
loss when heated to 400 °C at a heating rate of 2 °C min~" in air.
Notably, at the operating temperature of 185 °C, the mass loss is
as low as 2.04%, indicating that only water is lost without struc-
tural changes. In addition, to further validate its long-term us-
age reliability, CoTM-C2 sensor was tested for 10 cycles at 185 °C
(Figure 5d) and repeatedly tested against 100 ppm acetone over
a 6-month period (Figure 5e), which both show minimal fluctu-
ations in the response, demonstrating the good repeatability and
long-term stability of CoTM-C2-based sensor. Selectivity is also
an important indicator of a gas sensor’s performance. The re-
sponse sensitivities of CoTM-C2 sensor to 100 ppm ammonia,
formaldehyde, methanol, ethanol, and Dimethylfumarate (DMF)
at 185 °C are shown in Figure 5f. The sensor shows a higher re-
sponse value for acetone compared to the other interfering gases,
demonstrating its excellent selectivity. In the actual use of the ace-
tone sensor, humidity may also affect the response of the sensor.
Therefore, the humidity response of the CoTM-C2 sensor was
tested in the humidity range of 25% RH (relative humidity)-75%
RH at 185 °C (Figure S6a, Supporting Information). As demon-
strated in Figure S6a (Supporting Information), the sensor shows
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Figure 6. a) Response/recovery curves for varied acetone gas concentrations (70-300 ppb); b) Response-concentration linear fit curve for CoTM and
CoTM-C series composites; ¢) Dynamic cycling curves of CoTM and CoTM-C composites to 100 ppb acetone.

an excellent humidity resistance at an operating temperature of
185 °C. The response of the sensor CoTM-C2 to 100 ppm acetone
at different humidity at 185 °C is shown in Figure S6b (Support-
ing Information). The sensitivity of the sensor in an acetone at-
mosphere decreases considerably with the increase of ambient
humidity. This phenomenon can be attributed to the fact that
the water molecules adsorbed on the surface of the CoTM-C2
composites form a barrier layer under high humidity conditions,
which prevents the effective adsorption of acetone gas, thus lead-
ing to a decrease in the gas-sensitive performance. However, in
a high humidity environment (e.g., 75% RH), the sensor still ex-
hibits significant sensitivity to acetone (10-15), indicating that it
can function normally even under high humidity conditions.

In addition, healthy individuals exhale acetone gas at concen-
trations of 0.3-0.9 ppm, while diabetic patients exhale acetone
gas at concentrations as high as 0.9-25 ppm. Considering the
utility of CoTM-C composites in the diagnosis of disease, the
gas-sensitizing properties of the composites were further evalu-
ated for acetone at ppb levels. As shown in Figure 6a, the sen-
sor still shows a significant response to low concentrations of
acetone (70-300 ppb). From the corresponding concentration-
sensitivity linear fit curve (Figure 6b), it can be seen that the sen-
sor response value is positively correlated with the increase in
concentration, with a good linear fit and an R? of 0.9847. The
100 ppb acetone test of CoTM-C2-based sensor over 8 cycles is
shown in Figure 6c, indicating that its sensitivity repeatability
is good (2.6-100 ppb) and further verifying its stability and re-
liability in detecting acetone at ppb levels. Compared with other

sensors reported in the literature (Table 3), the sensor developed
in this study demonstrates significant advantages in key per-
formance parameters such as high gas response value and low
operating temperature, further validating the excellent sensing
performance.

2.3. Sensing Mechanism

As a typical n-type semiconductor, the sensing behavior of
CoFe,0, can be explained by the space charge model. The fun-
damental sensing mechanism primarily involves three sequen-
tial surface processes: gas adsorption, redox reaction, and sub-
sequent desorption. These processes collectively modulate the
surface carrier concentration and spatial distribution of the elec-
tron depletion layer, thereby inducing measurable resistance vari-
ations in the sensing element.

CoFe,0, first adsorbs oxygen molecules from the environ-
ment, which capture free electrons and ionize them into nega-
tive oxygen ions (O,~, O, or O%"). This charge transfer process
establishes an electron depletion layer (EDL) extending several
nanometers from the surface, consequently elevating the base-
line resistance by creating potential barriers at grain boundaries.
When the sensor is exposed to a reducing gas environment such
as acetone, the acetone molecules react with the oxygen ions ad-
sorbed on the surface, releasing electrons back into the conduc-
tion band. This electron replenishment effect reduces the EDL
thickness and the Schottky barrier height at interparticle con-
tacts, ultimately decreasing the overall sensor resistance through

Table 3. The acetone sensing performances of materials in references and this work.

Materials Concentration [ppm] Temperature [°C] Response
CoFe,0, nanoparticles®'] 100 220 17.5
Porous CoFe, O, nanorods!3?] 500 350 56.8%
Ce doped CoFe, 0,33 100 200 138%
CoFe,0, nanostructure foams!34] 150 300 30%
Al-Doped ZnOI33] 10 300 13.41
NiO/SnO, [36] 50 300 20.18
Ce0,-Sn0, nanosheets!*’] 750 280 47
ZIF-8 derived ZnO@CeO, **] 100 210 32
This work 100 185 52

Adv. Mater. Technol. 2025, 10, e00901

€00901 (8 of 12)

© 2025 Wiley-VCH GmbH

85U8017 SUOWOD A1) 8|qeot|dde 8y Aq peusenob ae SeoiLe VO ‘8sN JO S8|nJ 0 Akiq 1 8UIIUO AB[IM UO (SUOIIPUOD-PUe-SWBIALIO" A3 1M AleIq 1 pUl|Uo//ScIY) SUONIPUOD Pue SWIS | 81 88S *[S202/TT/6T] Uo ARiqiTauliuo AB(IM ‘Hied AseAun oy | A T06005202 1WPe/Z00T OT/I0P/W09 A8 |im Alelq 1[puluo"psoueApe//Sdny wouj pepeojumod ‘Iz ‘SZ0Z ‘X60.S9€2


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

—— 1 min 1739
——3 min
= | — 5 min
:;: 7 min 1369 1215
:’ 9 min
> 11 min
=
[+ 1435
"g 29l73 2341 W
2 [ — I\ AR
< - — Y
3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 7. In situ DRIFT spectra of acetone absorption on CoTM-C2 at
185 °C.

improved charge carrier mobility. The reaction process on the
CoFe, 0, surface can be roughly described by the following three
equations:3!

0, (gas) — O, (ads) (1)
0, (ads) + e~ — 207 (ads) (2)
CH,COCH; (ads) + 80~ (ads) — 3CO, (gas) + 3H,0 (gas) + 8¢~ (3)

To further explore the gas-sensing reaction mechanism, the
in situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFT) technique was employed to investigate the ace-
tone sensing process on the surface of CoTM-C2 composite,
with analysis of reaction intermediate evolution. As depicted in
Figure 7, the IR spectra exhibit peak variations upon introduc-
ing acetone gas into the reaction chamber. The peaks at 1739
and 1215 cm™! are assigned to the stretching vibrations of C=0
and C—C bonds in acetone, respectively.[*?] The 1369 cm~! peak
originates from acetone methyl groups formed via acetone dis-
sociation, while the 1435 cm™! peak suggests the formation of
acetone dimers through condensation reactions.!*!*?] Eventually,
acetone undergoes oxidation to produce CO,, evidenced by the
peak at 2341 cm~!. The emerging peak at 2973 cm~" corresponds
to—OH groups, likely resulting from the material absorbing H,O
molecules generated during the acetone reaction.

Compared with pure CoFe,O,, the acetone sensing perfor-
mance of CoFe,0,-TiO, @MXene and CoFe,0,-TiO, @MXene-C
composites is significantly improved, and the mechanism can be
attributed to the multicomponent synergistic effect:

Firstly, MXene, a highly conductive 2D material, serves as an
incorporation agent, which provides the abundant active sites
and precisely regulates the concentration of oxygen vacancies
at the interface between the metal oxide and MXene. Further-
more, Titanium in MXene undergoes partial oxidation during hy-
drothermal treatment. The in situ generated TiO, nanoparticles
effectively prevent the restacking of MXene nanosheets, thereby
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fully utilizing their high specific surface area and excellent con-
ductivity, which significantly enhances the gas diffusion and sur-
face reaction kinetics. During the partial oxidation, the electrons
are transferred from Ti** to oxygen molecules, resulting in Ti**
being oxidized to Ti**. Concomitantly, oxygen reduction gener-
ates reactive O%~ species that coordinate with Ti**, while oxy-
gen vacancies emerge as charge-compensation centers.[*] As
demonstrated in Figure S3 (Supporting Information), the oxy-
gen vacancy content of CoTM samples is higher than that of
pristine CoFe, O, . Apparently, the incorporation of TiO, @ MXene
on CoFe,0, enables the modulation of oxygen vacancies. And
the interfacial engineering between n-type CoFe,O, and TiO,
establishes n-n heterojunctions, inducing EDL reconstruction
at phase boundaries. This heterojunction modulation synergis-
tically enhances oxygen adsorption-activation cycles while opti-
mizing charge carrier transport dynamics, ultimately amplify-
ing the sensor’s response magnitude. As shown in Figure 8, the
work function of CoFe,0, (4.80 eV) is higher than that of TiO,
(4.46 eV), which results in the electron transfer at the interface
from TiO, to CoFe,O, until the Fermi energy levels reach equi-
librium. This charge redistribution process induces a significant
widening of the interfacial EDL, leading to a marked elevation in
baseline resistance in the air environment.[**! When the CoTM-
C sensor was in contact with acetone, the acetone molecules re-
acted with O~ to release electrons, forming a thin EDL between
CoFe,0, and TiO, to lower the potential barrier. Such interfacial
band engineering effectively amplifies the sensor’s response to-
ward acetone through the enhanced surface electron depletion-
recovery dynamics.

Second, the roles of carbon might be deduced into two parts:
a reduction agent to modulate the oxygen vacancies of CoFe,O,
and a trigger agent of the Co’*—Co?" valence transition. Car-
bon reduction with glucose introduces oxygen vacancies into
CoFe,O,, which not only provide additional adsorption sites and
regulate the band structure but also optimize electrical conductiv-
ity and gas response. Moreover, the glucose-mediated hydrother-
mal reduction triggers the Co**—Co?* valence transition, fur-
ther generating charge-compensating oxygen vacancies in the
lattice.[*] The large radius of Co?* ions generates significant lat-
tice stresses when they occupy lattice positions, triggering local
structural distortions. This structural distortion destabilizes the
coordination of oxygen ions by reducing the lattice binding en-
ergy, thereby lowering the energy barrier for oxygen desorption
and facilitating the formation of oxygen vacancies. These oxygen
vacancies serve as preferential adsorption sites that significantly
accelerate gas adsorption/desorption kinetics through enhanced
surface redox activity. As shown in Figure S3 (Supporting In-
formation), the oxygen vacancy content of CoFe,O, samples is
enhanced after carbon reduction (CoFe,O,-C versus CoFe,0,).
Similarly, the oxygen vacancy content of CoTM-C samples is also
increased compared to CoTM, which indicates that the carbon
reduction induces the formation of more oxygen vacancies.

Therefore, based on the foregoing discussions, it can be con-
cluded that the two-step treatments involving TiO, @MXene in-
corporation and carbon reduction act synergistically in regu-
lating oxygen vacancies. The increased oxygen vacancies serve
as adsorption centers to capture oxygen molecules and acti-
vate them into adsorbed oxygen species with higher reactivity,
thereby strengthening the adsorption of acetone molecules and
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Figure 8. Schematic diagram of the energy band structure of the CoTM-C2 sensor.

facilitating acetone sensing. The accounts for the order of ace-
tone sensing performances observed: CoFe,0,-TiO, @MXene-
C(CoTM-C) > CoFe,0,-TiO, @MXene(CoTM) > CoFe,O,.

3. Conclusion

This study innovatively proposes a two-step strategy
(TiO, @MXene doping and carbon reduction) to regulate oxygen
vacancy concentration in CoFe,0,. MXene serves dual roles
as a dopant and a titanium source to construct the CoFe,O,-
TiO,@MXene heterostructure, followed by glucose-derived
carbonization to induce chemical reduction, successfully prepar-
ing CoFe,0,-TiO, @MXene-C nanocomposites with tunable
oxygen vacancies. By precisely controlling glucose content, the
composite achieves gradient modulation of surface Co**/Co?*
ratio and oxygen vacancy concentration, resulting in superior
acetone sensing performance. The optimized composite has fast
response/recovery properties (17 s/54 s) to acetone gas with good
long-term stability and excellent selectivity. The response value
of 100 ppm acetone at 185 °C is as high as 52, which is 2.3 times
higher than that of CoFe,O,,. Especially for low concentrations of
acetone still has a certain gas-sensitive response, with a detection
limit of up to 70 ppb. The enhanced gas-sensing performance of
this composite material can be attributed to the following oxygen
vacancies modulations: the introduction of MXene coupled
with the in situ growth of TiO, fabricates the heterojunction
CoFe,0,-TiO, @MXene, which effectively optimizes the distri-
bution of oxygen vacancies; the glucose-assisted hydrothermal
reduction process further enables the precise control over the
concentration of oxygen vacancies. Moreover, the in situ formed
TiO, effectively prevents MXene restacking, fully utilizing its
high specific surface area and superior conductivity, thereby
significantly improving gas diffusion kinetics. These findings
offer a novel approach for designing high-performance acetone
sensors and provide valuable insights into the mechanism
by which gas-sensing performance is modulated by oxygen
vacancies.
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4. Experimental Section

Synthesis Process—Synthesis of Multilayer Ti;C,T, MXene Powders:
First, LiF (0.5 g) was added to 20 mL of 12 m HCl (20 mL, 12 mol L")
at once and stirred magnetically for 5 min to form a mixed solution. Sub-
sequently, Ti;AlC, (0.5 g) powder was weighed and slowly added into the
above mixture in ten portions within 30 min. After the addition, magnetic
stirring was continued for 10 min and then transferred to a 60 °C water
bath with magnetic stirring for 36 h to etch the Al layer in Ti;AlC,. After
that, the obtained suspension was washed several times with de-watering
centrifugation at 3500 rpm until the pH became neutral and then dried
in a vacuum oven at 60 °C for 24 h. Finally, the dark Ti;C, T, powder was
collected for further use.

Synthesis Process—Synthesis of CoFe,O ,-TiO, @ MXene by In Situ Growth
Method: Under sonication and magnetic stirring, Co(CH;COO),-4H,0
(2 mmol) and FeCl;-6H,0 (2 mmol), and an amount of MXene
(n(Co(CH3COO0),-4H,0): n(MXene) = 1:0.05-1:0.15) were dissolved in
1,2-propanediol (30 mL). The obtained solution was transferred to a
Teflon-lined stainless-steel autoclave and kept at 180 °C for 24 h. Af-
ter natural cooling to room temperature, the precipitate was obtained
by centrifugation and washed with ethanol. Subsequently, the precipitate
was roasted in air at 400 °C for 2 h at a ramp rate of 2 °C min~ to
obtain the CoFe,O,-TiO, @MXene composite (hereinafter referred to as
CoTM).

Synthesis Process—Synthesis of Carbon-Coated CoFe,O ,-TiO,@ MXene:
The synthesized CoFe,0,4-TiO, @MXene and a certain amount of glucose
(feed mass ratio: 1:0.5-1:2) were dissolved in deionized water and stirred
for 30 min, after which the obtained solution was transferred to a stainless-
steel autoclave lined with Teflon and kept at 180 °C for 8 h. After cooling
naturally to room temperature, the precipitates were obtained by centrifu-
gation and washed with deionized water and dried overnight in an oven
at 90 °C, to obtain a black powdered sample of CoFe,0,-TiO, @MXene-C
(abbreviated as CoTM-C). The samples were named CoTM-C1, CoTM-C2,
CoTM-C3, and CoTM-C4 according to the amount of glucose added with
the feed mass ratio of CoTM and glucose of 1/0.5, 1/1, 1/1.5, and 1/2,
respectively.

Material Characterization: The crystal structure, physical phase com-
binations, and lattice parameters of the materials were investigated by
X-ray powder diffractometer (XRD) (Ultima 1V, Rigaku, Japan). The sam-
ples were analyzed by scanning electron microscopy (SEM) (Supra 55,
Zeiss, Germany) and transmission electron microscopy (TEM) (JEM-
2100F, JEOL, Japan) for microscopic morphology. The elemental and
chemical states of the materials were analyzed using X-ray photoelec-
tron spectroscopy (XPS) (Axis Supra, Shimadzu, Japan). The structure and
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functional groups of the materials were analyzed using Fourier transform
infrared (FT-IR) (TENSOR I, Bruker, Germany). The molecular structure
and chemical bonding vibrations of the materials were analyzed by Raman
spectroscopy (LabRAM Aramis, HORIBA Jobin Yvon S.A.S., France). The
specific surface area and pore size of the materials were analyzed using
a specific surface and porosity adsorption tester (BET) (ASAP-2460-4N,
Micro, America). Gas-sensitive property tests were performed on a CGS-8
test system (Elite, China). The thermal stability of the material was char-
acterized by thermogravimetric analysis (TGA) (STA7300, Hitachi, Japan).
The contents of carbon, hydrogen, and oxygen in the samples were quanti-
tatively determined using an elemental analyzer (EA) (vario MICRO cube,
Elementary, Germany) with combustion-based methodology. The molecu-
lar structural variations of acetone during gas sensing were analyzed using
in situ diffuse reflectance infrared Fourier transform spectroscopy (in situ
DRIFT) (INVENIO-R, Bruker, Germany).

Detailed In Situ DRIFT Measurements: The sample was purged in ar-
gon at 185 °C for 30 min to remove surface impurities and environmental
moisture. Subsequently, a background spectrum was collected under con-
tinuous argon flow. To establish an acetone atmosphere in the in situ cell,
an acetone solution was introduced into the system using argon as the
carrier gas. In situ DRIFT spectra were then recorded at 185 °C at differ-
ent time intervals. Finally, the acetone atmosphere was purged from the
system.

Gas Sensing Performance Testing:  Firstly, an appropriate amount of a
sample was poured into a mortar and pestle, and a few drops of deionized
water were added and ground until a viscous paste was formed. Subse-
quently, a paint pen was dipped into the sample and applied to a hollow
ceramic tube, evenly coating the sample until it completely covered the
entire ceramic tube. Then left it to dry naturally for a few minutes. The
ceramic tube was soldered to the hexagonal base, and the Ni-Cr heating
wire was passed through the hollow part inside of the ceramic tube and
soldered to the center of the hexagonal base. The gas sensor was placed
on an aging bench and aged for 24 h at 80 mA before being used for gas
sensitivity testing.

The gas sensitivity performance test was performed in a CGS-8 test sys-
tem. Initially, the gas sensor was placed within the chamber of the test sys-
tem, and the equipped glass cover was securely closed. The heating system
was then turned on, allowing for temperature regulation by adjusting the
current flow. Before data acquisition began, the sensor’s initial resistance
was stabilized to a value denoted as Ra.

Prior to the injection of the liquid, the external heating button was ac-
tivated. A specific volume of the liquid, converted to gas, was then intro-
duced into the evaporating dish inside the chamber using a microsyringe.
This liquid evaporated, forming a gas of a particular concentration, which
caused the sensor’s resistance to change until it stabilized at a value re-
ferred to as Rg. Once stabilization was achieved, the glass cover was re-
moved, and the fan was turned on to introduce air, allowing the resistance
to stabilize again. Data acquisition was subsequently halted, and the col-
lected data was saved for further analysis.
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