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ABSTRACT: 2D MXenes have garnered enormous interest in the
field of gas sensing. Unfortunately, the low stability, long recovery
time, poor selectivity, and vulnerability to oxidation have hampered
further development. Herein, Ti3C2Tx MXene is incorporated with
CeO2 nanoparticles to improve the detection of NH3. Compared
with Ti3C2Tx and CeO2, the response of composite to 10 ppm of
NH3 is enhanced by 180% and 714% at room temperature,
respectively, in addition to the excellent selectivity, fast response,
and recovery rate. Based on the first-principles calculation, the
CeO2 nanoparticles form a multifunctional passivation layer to
shield the MXene from oxidative degradation and also provide
ample active sites to adsorb NH3 gas to enhance the sensing ability.
The results reveal an effective means of designing and developing
high-performance room-temperature ammonia sensors.
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1. INTRODUCTION
Ammonia (NH3) emitted into the atmosphere during the
industrial process of synthesizing chemical manure, plastics,
and synthetic fibers not only causes the serious water
ecosystem pollution but also constitutes to the generation of
suspended particles (PM2.5) in the atmosphere. Furthermore,
higher NH3 concentration in air can cause severe health
problems, including vomiting, headaches, pulmonary edema,
and so on.1−5 In addition, metabolic activities in humans
generate NH3 gas, and kidney diseases can be diagnosed by
detection of NH3.

5 Hence, the development of sensing
materials highly sensitive to NH3 is crucial for human health
and environmental protection.
In the past decades, various NH3-sensing materials, such as

metal oxide, transition metal dichalcogenide (TMDCs), and
polymers, have been applied for detection of NH3.

6−11

However, the high working temperature limits the application
of metal oxide.10 The TMDCs and polymers always suffer from
the poor recovery performance, low stability, and low response
at room temperature (RT).9−11 Hence, it is urgent to develop
new NH3-sensing materials with high sensing performance.
Ti3C2Tx, as an typical class of MXene, possesses excellent
electrical conductivity, high signal-to-noise ratio, and abundant
surface functional groups, boding well for NH3 monitoring at
RT.12−16 Because of the active surface groups (−O, −OH, −F)
and metal layers, Ti3C2Tx shows exceptional electrical
conductivity, promoting interaction with NH3 molecular. For

example, Lee et al. synthesized Ti3C2Tx by etching the Ti3AlC2
with HCI and LiF mixture and observed that Ti3C2Tx showed
the higher response to NH3 at RT compared to ethanol,
methanol, and acetone.12 Wu et al. found that the response of
Ti3C2Tx toward 500 ppm of NH3 was about 6.13%, which is
four times higher than ethanol (1.5%).14 Yang et al.
successfully prepared alkalized Ti3C2Tx by using NaOH, and
the 100 ppm of NH3-sensing response was enhanced to
28.87% at RT.15 However, because of strong interlayer van der
Waals forces, the Ti3C2Tx suffers from restacking and
agglomeration, causing the loss of active sites and consequently
limiting the NH3-sensing response.

12−16 Hence, it is crucial to
the development of Ti3C3Tx-based NH3 sensors with high
sensing performance.
To overcome these shortcomings, the heterojunction

construction is considerate as the effective strategy.17−22 For
example, Liu et al. synthesized In2O3 and Ti3C2Tx composites
hydrothermally and achieved enhanced response and ppm-
level NH3 detection. Compared with the pure Ti3C2Tx, the
response to 20 ppm of NH3 is enhanced by 2677% at RT, in

Received: March 20, 2025
Revised: May 18, 2025
Accepted: May 29, 2025
Published: June 5, 2025

Articlewww.acsanm.org

© 2025 American Chemical Society
12090

https://doi.org/10.1021/acsanm.5c01721
ACS Appl. Nano Mater. 2025, 8, 12090−12099

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lizhai+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiayuan+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dingyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyu+Lei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Henghui+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhong+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fei+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taotao+Ai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taotao+Ai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+K.+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.5c01721&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01721?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01721?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01721?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01721?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.5c01721?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/8/23?ref=pdf
https://pubs.acs.org/toc/aanmf6/8/23?ref=pdf
https://pubs.acs.org/toc/aanmf6/8/23?ref=pdf
https://pubs.acs.org/toc/aanmf6/8/23?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.5c01721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


addition to response and recovery time of 98 and 580 s,
respectively.17 Song et al. reported the α-Fe2O3−Ti3C2Tx
composite has excellent properties in the detection of NH3
at RT, such as a recovery time of less than 2.5 s for 5 ppm of
NH3 at RT.

18 Zhou et al. reported that the response of TiO2
and N-doped Ti3C2Tx composite to 200 ppb NH3 is about
7.3%, together with decent repeatability, stability, and
selectivity.19 In situ synthesis of metal oxide on Ti3C2Tx can
combine the structural advantages and avoid the agglomeration
of Ti3C3Tx, increasing the active adsorption sites for NH3
molecular. Meanwhile, the heterojunction in composites could
alter the electrical transport and adsorption energy.17−22

Among the various metal oxides, cerium oxide (CeO2) has a
small oxygen vacancy formation energy.23−28 Oxygen vacancies
in CeO2 can enhance the adsorption of NH3 molecules to
improve the sensing properties.23−28 If the Ti3C3Tx is
decorated with CeO2 nanoparticles, the sensing performance
to NH3 at RT may be enhanced effectively.
Herein, Ti3C2Tx prepared by HF etching is combined with

CeO2 nanoparticles to form the heterojunction. The CeO2
nanoparticles are anchored on the surface of Ti3C2Tx to
increase the gas adsorption. Compared to Ti3C2Tx, the
response of CeO2 and Ti3C2Tx composite for 10 ppm of
NH3 is increased by 180% at RT. First-principles calculation is
conducted to elucidate the mechanism.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CeO2 and Ti3C2Tx Composites. The Ti3C2Tx

powders were prepared by etching with hydrofluoric acid (HF). The
Ti3AlC2 powders were etched to remove Al in the HF solution under
stirring at 50 °C for 24 h. The suspension was washed several times
using deionized water (DI) until neutral. Then, the obtained Ti3C2Tx
was transferred to ethanol, and the mixture was stirred at RT for 12 h.
The mixed solution was centrifuged and vacuum-dried at 50 °C for 12
h to attain the Ti3C2Tx MXene power.

17−19 Afterward, 0.2 g of
Ce(NO)3̇6H2O, 0.05 g of NaOH, and 0.15 g of PVP were decanted
into the Ti3C2Tx solution and transferred to a Teflon-lined autoclave
(50 mL) for reaction at 200 °C for 24 h. Before the hydrothermal
reaction, nitrogen gas was continuously flowed into solution to
remove the dissolved oxygen. The precipitate was collected by
centrifugation, washed with DI water and ethanol six times, and
vacuum-dried at 60 °C for 12 h (Figure 1). To study the effects of
Ti3C2Tx on the gas sensing response of composites, the 0.5 wt %, 1.5
wt %, 2.5 wt %, and 5 wt % of Ti3C2Tx (relative to 0.2 g of Ce(NO)3·
6H2O) were added to the solution, and the samples were labeled as
Ce−Ti-a, Ce−Ti-b, Ce−Ti-c, and Ce−Ti-d, respectively. The CeO2
was synthesized by the same method without Ti3C2Tx powders.

2.2. Materials Characterization. The crystal structures of CeO2,
Ti3C2Tx, and CeO2/Ti3C2Tx compounds were determined by X-ray
diffraction (XRD, Bruker D8 Advance, Cu Kα1: λ = 0.154056 nm)
using a scanning range between 5° and 90° at a rate of 8°/min. The
Raman spectra were acquired from the Horiba HR Evolution (514 nm
laser). The chemical states were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB Xi+). The morphology
of CeO2, Ti3C2Tx, and CeO2/Ti3C2Tx composites was examined by
scanning electron microscopy (FESEM, Zeiss Sigma300) and
transmission electron microscopy (TEM, JEM-2100Plus).
2.3. Sensing Assessment. The prepared samples were added to

deionized water to form a slurry and then spin-coated on the Au
interdigital electrodes. After room-temperature drying for 12 h at RT,
the gas sensor was obtained (Figure S1). The gas sensing performance
was tested using the static gas test platform (CGS-8 HP system). The
ambient temperature was controlled at RT (26 °C). The NH3 with
the corresponding concentration was prepared by injecting the
ammonia aqueous solution (25 wt %) into the chamber, and the
changes in sensor resistance were monitored during NH3 exposure.
The ethanol (99.7 wt %), acetone (99.5 wt %), and toluene (99.5 wt
%) solution were evaporated at 180 °C to attain the ethanol, acetone,
and toluene gas. The concentration (C0, ppm) was calculated by eq 1

=
× × ×
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where the ρo is the density of liquid (g/cm3), Cs is the concentration
of liquid (wt %), VL and VC are the volume of liquid and chamber
(mL), respectively. The M0 is the molar mass of organics (g/mol).
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in which Ra and Rg are the resistance values of sensor upon exposed to
air and target gas, respectively. The time required to reach 90% of
total resistance change during adsorption and desorption is referred to
as the response and recovery times, respectively.
2.4. DFT Calculations. The work function, density of states, and

adsorption energy were derived by density functional theory

Figure 1. Schematic illustration of the preparation of the CeO2/Ti3C2Tx composite.
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calculation. The Perdew−Burke−Ernzerhof functional was selected
for the exchange−correlation potential.29−31 The 450 eV energy
cutoff, 0.01 eV Å−1 atomic Hellman−Feynman force threshold, and
10−4 eV electron self-consistent iteration were used in the
calculations. The 3 × 3 × 1 k-point grid was used to calculate the
heterostructure, and a 20 Å vacuum layer was set to limit self-
interactions. The adsorption energy for gas molecules is calculated as
follows eq 4

=E E E Eads total gas sub (4)

where Etotal, Egas, and Esub are the energy of total system, gas molecule,
and substrate, respectively.

3. RESULTS AND DISCUSSION
3.1. Materials Characterization. The structures of CeO2,

Ti3C2Tx, and CeO2/Ti3C2Tx compounds are determined by
XRD. As displayed in Figure 2, the peak at about 7.6° stems

from the (002) plane of Ti3C2Tx and the other peaks
correspond to the (111), (200), (220), (311), (222), (400),
(331), (420), and (422) planes of CeO2 (JCPDS card No. 34-
0394). The XRD peaks of Ti3C2Tx and CeO2 are detected
from CeO2/Ti3C2Tx composites, corroborating the successful
fabrication of composites. The Raman scattering spectra of
CeO2, Ti3C2Tx, and composites are depicted in Figure 3, in

which the peak at about 153.47 cm−1 arises from Ti3C2Tx.
20

After incorporation of CeO2 nanoparticles, a sharp peak
appears at about 456.96 cm−1, indicating the presence of CeO2
in the composite.32,33 Compared with the pure CeO2, the
Raman peak red-shifts by 7 cm−1 as an indication of charge
transfer between CeO2 and Ti3C2Tx.

32

As shown in Figure 4a−c, Ti3C2Tx has an accordion-like
multilayer nanosheet structure. Some granular Ti3C2Tx is
attached to the structure due to the nonuniformity of the
precursor and nanosheets damage during ultrasonic treatment
and stirring. Figure 4d−g shows the SEM morphology of CeO2
and Ti3C2Tx composites. There are many CeO2 nanoparticles
on the edge and surface of Ti3C2Tx nanosheets, which form a
heterointerface and provide abundant adsorption sites,
promoting the adsorption of gas molecules. Figure 4h−l
shows the SEM elemental maps of composite. The Al
concentration decreases resulting from etching, and the Ce
elements are distributed on the surface of Ti3C2Tx, which
further confirms that the heterojunction is formed in the
composites.
Figure 5 shows the TEM images of CeO2, Ti3C2Tx, and

CeO2/Ti3C2Tx compounds. As displayed in Figure 5a,b,
without Ti3C2Tx, the pure CeO2 nanoparticles are reunited,
and the size of the CeO2 nanoparticles is about 24.89 nm. The
HR-TEM image in Figure 5c reveals lattice fringes with an
interplanar spacing of 0.32 nm, which can be indexed to the
(111) plane of CeO2. The pristine Ti3C2Tx exhibits a
multilayered structure (Figure 5d,e). The lattice spacing of
0.26 nm corresponds to the (100) plane of Ti3C2Tx. The
selected-area electron diffraction pattern demonstrates the
typical hexagonal structure of Ti3C2Tx (Figure 5f). The TEM
images of CeO2/Ti3C2Tx in Figure 5g,h show that the CeO2
nanoparticles are distributed on the surface of Ti3C2Tx, and the
size is decreased to 14.32 nm, which indicates that the addition
of Ti3C2Tx could effectively decrease the size of CeO2
nanoparticles during preparation, promoting the adsorption
of NH3 molecular. The clear lattice fringes of 0.32 and 0.26 nm
match the (111) plane of CeO2 and the (100) plane of
Ti3C2Tx, respectively (Figure 5i). The above results indicate
the successful preparation of CeO2 and Ti3C2Tx hybrids.
To investigate the chemical states and elemental composi-

tion, XPS is carried out. The Ce 3d XPS spectra of CeO2 in
Figure 6a show peaks at about 886.54 eV (u′) and 904.98 eV
(v′) belonged to the Ce3+ 3d5/2 and 3d3/2 orbitals, indicating
presence of oxygen vacancies (Ov). The O 1s spectrum in
Figure 6b shows that peaks at about 528.76, 530.96, and
532.89 eV are assigned to Ce−O, Ov, and adsorbed oxygen
(Oads), respectively. The Ti 2p spectrum of Ti3C2Tx in Figure
6c shows that peaks at about 454.83, 458.34, 461.82, and
464.91 eV are associated with Ti−C, C−Ti−OH, TixOy, and
C−Ti−OH. The C−Ti−OH and TixOy bonds indicate a
stoichiometric mismatch of titanium and oxygen. The
hydrogen and hydroxyl groups are formed on the surface by
etching.32 The survey spectrum in Figure 6d reveals that
CeO2/Ti3C2Tx hybrids contain C, Ti, Ce, and O, which is
consistent with the aforementioned elemental maps. The Ti 2p
spectrum of composites in Figure 6e shows the binding
energies of Ti−C, C−Ti−OH, TixOy, and C−Ti−OH are
located at about the 455.15, 457.86, 461.14, and 464.65 eV,
respectively.32 In Figure 6f,g, the binding energies of Ce 3d (u′
and v′) and O 1s (Ce−O, Ov, and Oads) are located at about
the 885.13, 904.93, 528.38, 531.26, and 533.92 eV,
respectively.26−28 The proportion of Ov is calculated from
the integrated peak area as follows

[ ] =
+ +

A

A A A
Ov

O

O O O

v

v L ads (5)

Figure 2. XRD patterns of CeO2, Ti3C2Tx, and CeO2/Ti3C2Tx
composites.

Figure 3. Raman spectra of Ti3C2Tx, CeO2, and CeO2/Ti3C2Tx
composites (Ce−Ti-b).
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Figure 4. SEM images of (a−c) Ti3C2Tx, (d−g) CeO2/Ti3C2Tx composites (Ce−Ti-b); SEM elemental maps of the composite: (h) survey, (i) Ti,
(j) C, (k) O, and (l) Ce.

Figure 5. TEM images of (a−c) CeO2, (d−f) Ti3C2Tx, and (g−i) CeO2/Ti3C2Tx composites (Ce−Ti-b).
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in which AOdv
, AOdL

, and AOdads
are the integrated area of the XPS

peaks of Ce−O, Ov, and Oads, respectively. The Ov
concentration of CeO2 and composites is about 33.15% and
34.62%, respectively, indicating that the density of Ov is
increased slightly when the composites are formed (Figure 6h).
Additionally, the electron paramagnetic resonance (EPR) of
CeO2 and CeO2/Ti3C2Tx composites is measured and
displayed in Figure 6i. The EPR signal at g = 2.002 is clearly
observed, which further confirmed that the Ov occurs on the
surface of composites. Moreover, a stronger EPR signal means
the higher concentration of Ov.

34,35 The composites contain a
higher Ov concentration in comparison with CeO2. Because of
lattice constants difference, the stresses are generated at
interfaces in composites. It would disrupt the lattice integrity
and lower the energy barrier for formation of Ov. Then, the
interface region usually has a large number of dislocations and
grain boundaries. It would promote oxygen atoms to leave the
lattice, resulting in a higher concentration of Ov. In addition,
when two different materials contact, electrons are redis-
tributed to balance the Fermi level differences, accelerating the
formation of Ov as charge compensation. Hence, the
composites contain abundant Ov.
3.2. Sensing Properties. The room-temperature NH3-

sensing performance of CeO2, Ti3C2Tx, and CeO2/Ti3C2Tx
composites is determined at RT. As displayed in Figure 7a, the

resistance (Ra) of CeO2, Ti3C2Tx, Ce−Ti-a, Ce−Ti-b, Ce−Ti-
c, and Ce−Ti-d is about 136.58 MΩ, 14.61 MΩ, 98.23 MΩ,
65.42 MΩ, 49.36 MΩ, and 41.03 MΩ, respectively. The
response of CeO2 to 10 ppm of NH3 is about 3.63% at RT,
behaving the poor NH3-sensing response. As for the
composite, the response is enhanced when the Ti3C2Tx
concentration is increased from 0 to 1.5 wt %. However, the
response becomes poor when the Ti3C2Tx concentration is
increased further. Because of the larger band gap, the
conductivity of CeO2 is poor, behaving with the poor NH3-
sensing response. When composited with Ti3C2Tx, the
conductivity is increased and thus the NH3-sensing response
is enhanced because the adsorption ability of Ti3C2Tx is lower
than that of CeO2. At high content of Ti3C2Tx, the adsorption
ability of composites for NH3 would become poor, resulting in
a lower NH3-sensing response. Hence, the composites of CeO2
and 1.5 wt % Ti3C2Tx (Ce−Ti-b) show the highest NH3-
sensing response at RT and are studied further. Figure 7b−d
displays the resistance change curves of CeO2, Ti3C2Tx, and
CeO2/Ti3C2Tx composites (Ce−Ti-b) toward 10 ppm of NH3
at RT. The response and recovery time of CeO2 is about 39
and 161 s, respectively. However, the resistance of Ti3C2Tx
could not restore to the initial resistance, indicating the poor
recovery performance. When the composites of CeO2 and
Ti3C2Tx are formed, the response and recovery time is about

Figure 6. (a) Ce 3d and (b) O 1s XPS spectra of CeO2. The (c) Ti 2p XPS spectra of Ti3C2Tx. The (d) survey, (e) Ti 2p, (f) Ce 3d, and (g) O 1s
XPS spectra of CeO2/Ti3C2Tx composites (Ce−Ti-b). (h) The Ov concentration of CeO2 and Ce−Ti-b. The (i) EPR spectra of CeO2 and Ce−Ti-
b.
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147 and 875 s, respectively. Hence, fabrication of CeO2 and
Ti3C2Tx composites could effectively enhance the NH3-sensing
response and lower recovery time at RT. The corresponding
linear fitting curves of response versus NH3 concentration are
displayed in Figure 7e. With an increase of NH3 concentration
from 3 to 500 ppm, the response is enhanced from 7.69% to
83.25%. The response is enhanced by 1.26541% at RT if the
NH3 concentration is increased by 1 ppm at RT in the range of
3−50 ppm. However, the sensing response tends to saturation
if the NH3 concentration is further increased. At high NH3
concentration, the active sites may be fully occupied by the
NH3 molecular. The charge transfer is nearly independent of
NH3 concentration. Hence, the response reaches the saturation
value. Figure 7f displays the real-time sensing response curve of
CeO2/Ti3C2Tx hybrids (Ce−Ti-b), showing that the resistance
decreases rapidly in NH3 and then recovers to the initial
resistance in air. During the NH3-sensing response, some
highly active adsorption sites would impede the NH3
molecular desorption, resulting in difficult detaching of all
adsorbed NH3 molecules during the desorption process. In
addition, the intermediate products generated during the NH3-
sensing response probably hinder the NH3 molecular
desorption. Hence, the resistance of sensor could not be
recovered to initial states completely and the steady state was

not achieved during NH3-sensing response. The response time
of Ce−Ti-b to 500, 300, 100, and 50 ppm of NH3 is about 58
s, 62 s, 78 s, and 125 s, and the recovery time is about 1550 s,
1173 s, 925 s, and 673 s, indicating the excellent response and
recovery properties (Figure 7g). At low NH3 concentration,
the reaction rate between NH3 molecules and adsorbed oxygen
molecules is poor. There is enough long time for the sensor’s
resistance to attain balance. Hence, the response time is longer.
With an increase of the NH3 concentration, the NH3 molecules
diffuse more rapidly to the surface of the sensor, accelerating
the adsorption and reaction rates. Hence, the resistance of the
sensor could reach balance quickly, showing the lower
response time. In addition, with a decrease of NH3
concentration, the time for the NH3 molecular desorption is
lower, resulting in decreased recovery time. The NH3-sensing
response curves of the Ce−Ti-b sensor toward 10, 1, and 500
ppb are also measured. As displayed in Figure S2, the Ce−Ti-b
sensor could achieve a detection of 500 ppb NH3, which
showed the huge application potential in the medical diagnosis
of patients. Figure 7h shows the response of the Ce−Ti-b
sensor toward 10 ppm of NH3, H2S, SO2, ethanol, acetone, and
toluene. The response to NH3 is much higher than that to H2S,
SO2, ethanol, acetone, and toluene. Compared with other gas
molecular, the adsorption energy of CeO2 toward NH3 is much

Figure 7. The (a) response and Ra of CeO2, Ti3C2Tx, and CeO2/Ti3C2Tx composites to 10 ppm of NH3 at RT; the response and recovery time of
(b) CeO2, (c) Ti3C2Tx, and (d) CeO2/Ti3C2Tx (Ce−Ti-b) to 10 ppm of NH3 at RT; the (e) response value of the Ce−Ti-b sensor to 3−500 ppm
of NH3 at RT; (f) real-time resistance curves of the Ce−Ti-b sensor to 50−500 ppm of NH3 at RT; the (g) response and recovery time of the Ce−
Ti-b sensor to 3−20 ppm of NH3 at RT; (h) responses of the Ce−Ti-b sensor to different gases at RT; (i) response curves of the Ce−Ti-b sensor
to 50 ppm of NH3 in six cycles.
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more negative, indicating the higher adsorption ability of the
sensor toward NH3 (Figure S3). Hence, the CeO2/Ti3C2Tx
composites show the excellent selectivity toward NH3 at RT.
To test the repeatability performance of the Ce−Ti-b sensor,
the six continue response−recover cycles were measured. As
displayed in Figure 7i, the relative standard deviation (RSD) of
six cycles responses is about 3.27%, behaving with excellent
repeatability. To demonstrate the long-term stability of the
sensor, the sensor is stored in a normal indoor environment for
15 days. The RSD of response to 50 ppm of NH3 is about
8.39%, and the response is reduced by only 16.67% after 15
days, showing decent stability (Figure S4). In addition, the
EPR spectra of CeO2 and Ti3C2Tx composites were measured
before and after 15 days. It is clearly found the EPR signal of
composites becomes poor after 15 days, which indicates that
the concentration of Ov is reduced after 15 days (Figure S5).
Hence, the room-temperature response of the composites
toward NH3 after 15 days becomes poor.
The influence of working temperature on the 10 ppm of

NH3-sensing response is studied. As shown in Figure S6a, the
response is reduced by 0.2% if the working temperature is
increased by 1 °C, which is equivalent to a decrease of 158 ppb
NH3 at RT. Higher thermal activation could promote the
desorption ability of NH3 molecules. No enough long time for
the sensor to react with NH3 molecules, resulting in the lower
sensing response.36−38 The influence of environmental
humidity (RH) on the 10 ppm of NH3-sensing response is
also studied. The environmental humidity was controlled
through injecting deionized water onto an evaporator with
heating temperature of 180 °C by a microsyring. With an
increase of environmental humidity, the response declines
(Figure S6b). Figure S6c,d displays the NH3-sensing response
curve of CeO2 and Ti3C2Tx compounds under dry air and 87%
RH by using a dynamic gas sensing test system. In dry air, the
resistance is reduced obviously when exposed to NH3 and then
the resistance is completely recovered to the initial resistance.
The room-temperature sensing response to 500, 300, and 100
ppm of NH3 is about 89.5%, 75%, and 69.36%, respectively.
However, at high humidity (87% RH), the response to 500,
300, and 100 ppm of NH3 is reduced to 22.26%, 16.23%, and
9.38%, respectively, and the resistance could not be recovered
to the initial value, showing the poor recovery performance. At
higher humidity, the water molecules are adsorbed on the
surface of the sensor, which forms H3O+ molecules layers. The
layer of H3O+ molecules prevents charge transfer between
them, resulting in decrease of sensing response.39−41 In
addition, the comparison of the sensing performance of
CeO2/Ti3C2Tx composites in this work with other previous
work is presented in Table S1. The pure Ti3C2Tx shows the
lower NH3-sensing response, longer response, and recovery
time at RT.12,14,15,41,42 When composited with ZnO,43 CuO,44

and TiO2,
45,46 the NH3-sensing response is enhanced.

However, it is still lower than that of CeO2 and Ti3C2Tx
composites in this work. In addition, the CeO2/Ti3C2Tx
composites also have excellent response and recovery rate.
Hence, fabrication of CeO2 and Ti3C2Tx composites in this
work displays the excellent NH3-sensing response at RT.
3.3. Sensing Mechanism. The enhanced sensing proper-

ties arise from the strong adsorption of CeO2, the larger surface
area (SA) of Ti3C2Tx, and heterojunctions. In the first-
principles calculations of Figure S7, CeO2 shows the stronger
adsorption ability to NH3 than Ti3C2Tx. Although the
adsorption energy of CeO2 for NH3 is more negative than

that of Ti3C2Tx, the response of pristine Ti3C2Tx to 10 ppm of
NH3 is higher than that of CeO2 at RT. In fact, besides
adsorption energy, the sensing response is also depended on
the morphology and electrical conductivity. The multilayer
structure, abundant exposed edges, and high carrier mobility of
Ti3C2Tx give rise to ample adsorption sites for NH3 molecules
and enhanced NH3 adsorption and diffusion. According to the
results of nitrogen adsorption−desorption experiments, the
Brunauer−Emmett−Teller (BET) SA of CeO2 is about
73.1152 m2/g (Figure S8a). When composited with Ti3C2Tx,
the BET SA increased to 77.0326 m2/g (Figure S8b). Hence,
when the composites of Ti3C2Tx and CeO2 are formed, the
CeO2 nanoparticles covered the surface and interlayers of
multilayered Ti3C2Tx nanosheets and the specific SA is
increased. Furthermore, the adsorption energy of the
composites is much more negative than that of pure CeO2
and Ti3C2Tx. Fabrication of composites promotes the
adsorption ability of NH3 molecular and thus enhances the
NH3-sensing response (Figure 8a,b).

To reveal the role of chemically adsorbed oxygen (O2
−) on

NH3-sensing response, the room-temperature response of the
Ce−Ti-b sensor to 100 ppm of NH3 in N2, air, and O2 is
measured, respectively. As shown in Figure S9, the response of
composites toward 100 ppm of NH3 in O2 is higher than that
in N2. In N2, almost no O2 is adsorbed on the surface. The
NH3 molecules could not react with O2

− ions and directly
release electrons to sensors, resulting in decreased resistance.
In O2, lots of O2 molecules are adsorbed on the surface, and
the response is enhanced. It confirms that the NH3 molecules
could react with O2

− ions, and more electrons are produced on
the surface of the sensor (eqs 6−8).43−46

O (gas) O (ads)2 2 (6)

+O (ads) e O2 2 (7)

+ + +4NH O 4NO 6H O 5e3 2 2 (8)

To reveal the role of heterojunctions on the sensing
properties, the work functions of Ti3C2Tx and CeO2 are
calculated and the results are displayed in Figure S10a,b. The
work function of Ti3C2Tx is 4.27 eV, which is smaller than that

Figure 8. (a) Schematic illustration of the sensing mechanism of
CeO2 and Ti3C2Tx composites and (b) schematic diagram of NH3
adsorption.
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of CeO2 (6.03 eV). When CeO2 and Ti3C2Tx contacts, free
electrons move from Ti3C2Tx to CeO2 until the Fermi levels of
two materials reach a balance, consequently forming a
heterojunction at the interface (Figure S10c,d). The contact
resistance (Rc) is expressed by the following eq 9:

13

R
n

e
1 kT

c
/B

(9)

where n is the electron concentration, φB is the interface
barrier height of heterojunction, k is Boltzmann’s constant, and
T is the absolute temperature. In air, the oxygen molecule is
mainly adsorbed on the surface of composites and captures
electrons to form O2

−. The adsorbed O2
− ions broaden the space

charge region (Figure S10e). Upon exposure to NH3, the NH3
molecule is mainly adsorbed on the surface of CeO2, releasing
the electrons to CeO2. The electron concentration is increased.
At the same time, the Fermi level of CeO2 is upshifted. The
difference of the work function between CeO2 and Ti3C2Tx is
reduced, resulting in a decreased space charge region and φB.
Correspondingly, the Rc decreases, making electron transfer at
the interface easier and enhancing room-temperature NH3-
sensing response (Figure S10f). Except for the heterojunction,
Ov also plays the important role in enhancing NH3-sensing
response. Based on XPS and EPR results, the composites
possess a higher density of Ov than CeO2. The abundant Ov
provides more active sorption sites and electrons to interact
with NH3 molecules, further facilitating the gas−solid
reactions.
In addition, the DOS and PDOS of CeO2, Ti3C2Tx, and the

CeO2/Ti3C2Tx composites are calculated. As shown in Figure
9a,b, the conduction band (CB) and valence band (VB) of
CeO2 are mainly associated with Ce 4f and O 2p, respectively,
with a band gap of about 2.43 eV. Electrons are difficult to
transfer from VB to CB, resulting in poor conductivity. With
regard to Ti3C2Tx, the VB and CB overlap at the Fermi level,
showing metallic properties. The CB and VB arise mainly from

Ti 2p and C 2p, respectively (Figure 9c,d). As for the
heterojunction of CeO2/Ti3C2Tx, the Fermi level is close to
CB, making it n-type, and CB and VB are primarily associated
with C 2p and Ce 4f, respectively (Figure 9e,f). The band gap
is about 0.23 eV, and electrons can move from VB to CB easily,
thus giving rise to excellent conductivity. The results reveal
that CeO2/Ti3C2Tx hybrids have better sensing properties for
ammonia at RT, boding well for commercial adoption.

4. CONCLUSION
The CeO2/Ti3C2Tx heterojunction is designed and fabricated
to enhance the NH3-sensing performance. Compared with
Ti3C2Tx, the response of CeO2/Ti3C2Tx for 10 ppm of NH3 at
RT increases by 180%, together with the fast response and
recovery rate. The composite also has excellent reversibility
and selectivity. According to DFT calculations, the adsorption
energy of CeO2 toward NH3 is more negative than that of
Ti3C2Tx. The CeO2 nanoparticles in the composites form
active adsorption sites. The band gap of CeO2 is about 2.43 eV.
When combined with Ti3C2Tx, the band gap decreases to 0.35
eV, thus enabling electrons to move from VB to CB easily for
better conductivity. Furthermore, the heterojunction formed at
the interface prolongs the carrier lifetime, consequently
promoting charge transfer and response to NH3.
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The O 1s spectrum in Figure 6b shows peaks at about 528.76 eV, 530.96 eV, and 

532.89 eV are assigned to Ce-O, Ov, and adsorbed oxygen (Oads), respectively.” In the 

analysis of O1s spectrum, authors have attributed peak at 530.96 eV to the oxygen 

vacancies. Core and valence level spectroscopy rely on the removal of an electron from 

an atom and measuring its kinetic energy by a spectrometer. In simple words, for O1s 

signal to be observed, one needs to have an oxygen atom in the lattice. When oxygen 

atom is absent (so called oxygen vacancy), then how come one can still obtain such 

signal? Therefore, XPS analysis require explanation from authors. 

Answer: As the Ov is produced, the local electronic structure of surrounding oxygen 

atoms would be changed. Although the XPS couldn’t directly detect missing oxygen 

atoms, it could indirectly reflect the existence of Ov through detecting the chemical state 

changes of surrounding oxygen atoms. Thereby, when splitting peaks of oxygen, the 

peaks at about 531.26 eV would be attributed to the Ov. 
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Figure S1 The photo of Au interdigital electrodes which is coated by CeO2/Ti3C2Tx 

composites. 
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Figure S2. The response and recovery curve of Ce-Ti-b sensor toward 10 ppm, 1 ppm and 500 

ppb NH3 at RT. 
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Figure S3. The adsorption energy of CeO2 toward NH3, H2S, SO2, ethanol, acetone and toluene. 
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Figure S4. Response of Ce-Ti-b sensor to 50 ppm NH3 after storage for two weeks 
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Figure S5. The EPR curves of CeO2 and Ti3C2Tx composites (Ce-Ti-b) before and after 15 days. 
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Figure S6. Response of the Ce-Ti-b sensor to 10 ppm NH3 at different (a)Temperature 

and (b) Humidity; The resistance change curves of Ce-Ti-b sensor toward 500 ppm, 

300 ppm and 100 ppm NH3 in (c) dry air and (d) 87% RH humidity. 
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Figure S7 (a) The atom structure of CeO2{111} facet; (b-d) the bonding configurations of NH3 on 

Ce atom, O1 atom and O2 atom sites of CeO2{111} facet, respectively. (e) the structure of 

Ti3C2Tx, (f-h) the bonding configurations of NH3 on O1 atom, O2 atom and Ti atom of Ti3C2Tx; (i) 

The adsorption energy of NH3 molecular on the surface of CeO2, Ti3C2Tx and CeO2/ Ti3C2Tx 

composites. 
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Figure S8 The BET surface area of (a) CeO2 and (b) Ce-Ti-b. 
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Figure S9. The response of Ce-Ti-b sensor toward 100 ppm NH3 at RT in the different 

background gas.  
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Figure S10. The work function of (a) Ti3C2Tx and (b) CeO2; (c) Schematic diagram of the work 

functions of CeO2 and Ti3C2Tx; (d) Schematic diagram of charge carriers transfer; The variation in 

band structure of Ti3C2Tx and CeO2 heterojunction in (e) air and (f) NH3. 

 

 

 

 

 

 

 

 

 



S-13 
 

Table S1. Comparison of NH3-sensing performance of CeO2/Ti3C2Tx composites in this work with 

those in the previous work. 

Sensing 
materials 

concentration 
(ppm) 

Response/recovery 

time (s) 
Temperature 

(℃) 
Response 

(%) 
Ref. 

Ti3C2Tx 500 120/230 RT 6.13 [14] 

Ti3C2Tx 100  300/900 RT 0.8 [41] 

Ti3C2Tx 100  240/360 RT 21% [12] 

3D-Ti3C2Tx 50  180/476 RT 0.8 [42] 

Alkalized-Ti3C2 100 48/196 RT 28.87 [15] 

Ti3C2Tx/ZnO 1000 34/103 RT 28.89 [43] 

MXene/CuO 100 43/260 RT 24.8 [44] 

Ti3C2Tx/TiO2 10 33/277 RT 3.1 [45] 

Ti3C2Tx/TiO2 0.08 69/895 31 7.98 [46] 

CeO2/Ti3C2Tx 
composites 

10  147/875 RT 28.36 
In this 
work 
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