Room Temperature Triethylamine Sensor Based
on Reduced Graphene Oxide/CeO>
Nanocomposites

Cecilia A. Zito, Tarcisio M. Perfecto, Diogo P. Volanti”

Laboratory of Materials for Sustainability (LabMatSus), Sao Paulo State University
(UNESP), Rua Cristovao Colombo 2265, 15054-000 Sao José do Rio Preto, Brazil

*Corresponding author. E-mail: diogo.volanti@unesp.br

ABSTRACT

Triethylamine (TEA) detection has been widely performed by using chemoresistive sensors.
Nevertheless, chemoresistive sensors still exhibit limitations to be addressed in terms of power
consumption and humidity interference, and developing efficient TEA sensors operated at low
temperatures and humid conditions remains a challenge. Here, we present the effect of reduced
graphene oxide (RGO) on the TEA sensing performance of CeO: nanospheres at room
temperature and relative humidity (RH) range of 34-70%. We show that CeQO; is a suitable
sensing material for TEA detection at room temperature and humidity conditions; however, the
modification with RGO greatly improves the TEA-sensing performance. The RGO/CeO;
nanocomposite has higher sensitivity and selectivity to TEA than the bare CeO»-based sensor,
in addition to the low theoretical detection limit of 1 ppm at 70% RH. Moreover, we elucidate
that humidity plays a positive role in the detection of TEA. Our findings elucidate that RGO
positively affects the sensing performance of CeO> nanospheres, which can be attributed to the
improvements in the baseline electrical resistance and enhancement of the active sites for TEA
adsorption due to the RGO modification. This work provides a promising strategy for

developing sensitive TEA sensors with practical applications.
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1. INTRODUCTION

Volatile organic compounds (VOCs) can be found in indoor and outdoor air
environments ' due to their ample use in manufacturing processes and materials.> The concerns
surrounding VOCs arise from their potential adverse effects on human health.? Among the
VOC:s, triethylamine (TEA) is one pollutant with toxic and odorous characteristics, which has
several industrial applications ranging from organic solvent to catalyst.>* According to the
Occupational Safety and Health Administration (OSHA), the exposure limit for TEA is 25 ppm
during an 8-hour workday.®> Exposure to TEA may lead to headaches, eye irritation, dizziness,
and respiratory discomfort.®® Therefore, real-time monitoring of TEA levels is required for air

quality and human safety.

The detection of TEA has been extensively performed by using chemoresistive sensors
based on semiconducting metal oxides (SMOx), including SnOz,° ZnSn03,!° ZnO,!" In,0s,'?
WO3,"3 Co304,'* and NiO.!3 Despite the great TEA-sensing properties of such sensors, they
often require high operating temperatures (above 180 °C),'#!6!7 causing an increase in the
power consumption and costs of the sensing device. Another major drawback of chemoresistive
sensors 1s the worsening of the TEA-sensing performance due to humidity, which leads to a

clear and significant suppression of the sensor signal when increasing humidity levels.!”2°

The preparation of nanocomposites, control of oxygen vacancies, metal doping/loading,
or hydrophobic modifications are among the strategies to develop SMOx-based sensors that
can either operate at room temperature (RT) or have humidity-tolerance properties.?'* Yet,
sensors operated at low temperatures still exhibit low TEA signals under humid
environments,?>?® while the sensors with humidity resistance require heating at elevated
temperatures.?’?® It is still challenging to overcome both limitations for TEA sensors

simultaneously.?

Incorporating reduced graphene oxide (RGO) into SMOx nanostructures not only
enables the sensor operation at RT due to the good electrical conductivity 2'-° but also leads to
general improvements in the TEA-sensing performance. Nanocomposites based on
RGO/SMOx have a lower operating temperature, improved selectivity, and higher sensor signal

to TEA than bare SMOx.3!33

In this sense, RGO can be combined with a suitable SMOx to produce a high-

performance sensor. Studies have demonstrated that pristine CeO; is a viable sensing material



to detect different gases and compounds at reduced working temperatures in humid conditions,
3438 Formerly, we observed that humidity plays a positive role in the sensing performance of
CeO»-based sensors for the detection of TEA and CO,.3%3” However, the study of the synergistic
effect between RGO and CeO: has been explored so far for the detection of a few inorganic

3941

gases, mainly NO», whereas VOCs detection remains barely explored.

Herein, we demonstrate the effect of the modification with RGO on the TEA-sensing
performance of CeO> nanospheres. Unlike many SMOx, both developed sensors, bare CeO»
and RGO/CeOz, present high sensor signals to TEA at RT and relative humidity (RH) between
34% and 70%. Yet, the RGO/CeO, nanocomposite has higher sensitivity and selectivity to TEA
than CeO; nanospheres, in addition to the great calculated detection limit of 1 ppm at 70% RH.
Our findings confirm that humidity positively influences the TEA-sensing performance of CeO>
nanostructures; however, the sensing properties are greatly improved after the modification
with RGO. Hence, we show that the fabrication of RGO/CeO> nanocomposite is a promising

approach for developing TEA sensors.

2. EXPERIMENTAL SECTION
2.1 Materials

Ce(NO3)3.6H20 (>99% purity) and urea (=99.0 purity) were purchased from Sigma-
Aldrich and the aqueous solution of H202 (30% w/w) from Vetec. All chemicals were used
without further purification. The syntheses were performed using high-purity water (resistivity
of 18.2 MQ-cm at 25 °C), which was obtained from a Millipore Direct-Q® 3 UV Water

Purification System.

2.2 Synthesis of the CeO2/RGO nanocomposites

Graphene oxide (GO) was used as a precursor of the RGO/CeO, nanocomposite. GO
was first synthesized from graphite powder by a modified Hummers’ method,***? then GO was

modified by an additional chemical oxidation step, according to our previous report.**

The RGO/CeO, nanocomposite was synthesized via a one-step microwave-assisted
hydrothermal method, by using an adaptation of a formerly reported method.** First, 21.8 mg
of GO was dispersed in 75 mL of deionized water by using an ultrasonic bath for 1 h. Then,
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Ce(NO3)3.6H>0O (0.4531 g, 1.04 mmol) and urea (0.4744 g, 7.90 mmol) were dissolved in the
mixture and H>O> solution (800 puL) was added. The mixture was stirred for 20 min and then
transferred to a 100 mL polytetrafluoroethylene (PTFE) container, sealed in a PTFE autoclave
with a stainless-steel seal, and heated at 160 °C for 2 h in a microwave system (2.45 GHz/800
W).® The precipitate was centrifuged, washed with deionized water (6x) and ethanol (1x), and dried
at 85 °C for 3 h. The same method was employed to synthesize the CeO, nanospheres, except for
the addition of GO. The synthesis process of the RGO/CeO, nanocomposite is schematically
illustrated in Figure 1.

GO
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Figure 1. Schematic illustration of the synthesis of the RGO/CeO2 nanocomposite via the microwave-assisted

hydrothermal method.

2.3 Characterization

Powder X-ray diffraction (PXRD) analysis was performed on a Rigaku MiniFlex 300
powder diffractometer using Cu Ka radiation (A=1.5418 A), operated at 30 kV and 10 mA.
Field-emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy
(EDS) analyses were performed using a JEOL JSM-7500F microscope operated at 2 and 10 kV for
the corresponding analyses. Transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM) images were obtained using a JEOL JEM2100F microscope operated at an
accelerating voltage of 200 kV. Raman spectra were collected employing a HORIBA T64000
triple grating spectrometer with a laser excitation of 633 nm. X-ray photoelectron spectroscopy
(XPS) analysis was carried out on a Thermo Scientific K-Alpha Spectrometer applying Al Ka
X-ray radiation (1486.6 keV). The spectra were calibrated with the reference to the C 1s peak
(284.8 eV). Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were
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recorded on a PerkinElmer Spectrum Two™ spectrometer. N> adsorption isotherms were
measured at 77 K on a Micromeritics' Gemini® VII 2390 surface area analyzer. The specific surface

areas were calculated using the Brunauer-Emmet-Teller (BET) method.

2.4 VOC-sensing measurements

The samples were dispersed in isopropanol by using an ultrasonic bath for 15 min. The
dispersions at a concentration of around 20 mg mL"! were deposited into alumina substrates
containing interdigitated gold electrodes (100 pm wide lines and 100 pm spacing between the
lines). The substrates containing the samples were heated at 150 °C for 1 h 10 min to stabilize

the sensing layer.

The VOC-sensing measurements were performed at RT (24 °C). The prepared sensors
were individually placed inside a 3D printed chamber made of polymeric material,*® and
connected to a Source Measure Unit (Keithley SourceMeter 2400). A combination of flow tube
rotameters (Aalborg Instruments & Controls, Inc.) was employed to control the concentration
of different VOCs and the RH levels at a constant flow of 200 mL min™!. The sensors were kept
under humid air flow before VOCs exposure to obtain a stable baseline. The RH was measured
in the gas outlet of the testing chamber by using a thermohygrometer (HANNA, HI9564 model).
The changes in the resistance of the sensors after VOC exposure were measured by employing
a Source Measure Unit (Keithley SourceMeter 2400), applying a voltage of 20 V. The sensor
signal was defined as the ratio Ro/Rvoc, where Ry is the resistance in clean humid air and Rvoc
is the resistance measured after VOC exposure. The response time is the time to reach 90% of
the maximum resistance change after the sensor is exposed to the VOC, whereas the recovery
time is defined as the time to recover 90% of the initial resistance after the exposure to the

VOC.



3. RESULTS AND DISCUSSION
3.1 Characterization

We investigate the morphology of the CeO; and RGO/CeO> nanocomposite with
FESEM and TEM (Figure 2). Pure CeO; is composed of spherical nanostructures with an
average diameter of 100 nm, as shown in Figure 2a. The FESEM image of the RGO/CeO,
nanocomposite (Figure 2b) reveals that the spherical morphology of CeO; is preserved;
however, the CeO> nanospheres of ca. 150 nm are anchored on RGO sheets, which present a
wrinkled surface. The TEM characterization confirms the existence of nanospheres with
smaller diameters than those measured in FESEM images. The TEM image in Figure 2c
provides a better understanding of the structure of a single CeO> nanosphere. The individual
nanosphere is composed of small crystalline nanoparticles with a size ranging from 5 to 8 nm.
The TEM image of the RGO/CeO, nanocomposite (Figure 2d) also elucidates that the CeO
nanosphere 1s composed of small particles with a size of 4.5-7 nm. However, the nanosphere
is connected to a thin layer with a low degree of order, which can be assigned to the RGO. As
shown in the HRTEM image of pure CeO: in Figure 2e, the lattice spacing of 0.31 nm
corresponds to the (111) plane of cubic CeO,. Figure 2f presents the HRTEM image of the
RGO/CeO; nanocomposite, in which the interface RGO/CeO is also noticed in addition to the
(111) plane of cubic CeO>. Further characterizations of CeO; nanospheres and RGO/CeO>
nanocomposite by PXRD, EDS, and ATR-FTIR are depicted in Figures S1-S3 of Supporting

Information (SI).



Figure 2. FESEM images of (a) CeO2 nanospheres, (b) RGO/CeO2 nanocomposites. TEM images of (c) CeOa,
(d) RGO/CeO2. HRTEM images of (e) CeOz, (f) RGO/CeO:s.

The specific surface areas of both materials remain almost unchanged despite the
presence of RGO in the RGO/CeO> nanocomposite. The specific surface area obtained by the
BET method of CeO; nanospheres is 34.3 m? g'!, whereas RGO/CeQO, nanocomposite presents
an area of 36.5 m? g'!. Similar specific surface areas suggest that the CeO> nanospheres are
distributed on the RGO sheets, as seen in the FESEM image.

To obtain the size distribution of the nanoparticles, we fit the experimental and
calculated pair distribution functions (PDFs) for both samples by using the crystallographic
data of cubic CeO> from the Inorganic Crystal Structure Database (ICSD: 72155) (for details,
see notes in SI, Table S1, and Figure S4). The refinement of the spherical particle diameter (sp-
diameter) parameters provides values of 114 A (fraction of 71.5%) and 22 A (fraction of 28.5%)
for pure CeO2 nanospheres. Whereas the sp-diameter parameters refine to 105 A (fraction of

66.7%) and 26 A (fraction of 33.3%) for the RGO/CeO: nanocomposite. These results indicate
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a size distribution of coherent domains within the range of about 20-120 A. The sizes of the
crystallites are in good agreement with the size of the small nanoparticles visible in TEM
images. Moreover, the use of GO as a precursor in the RGO/CeQO; synthesis does not affect the
crystal formation of CeO> nor significantly impacts the particle size distribution.

We perform XPS to study the chemical composition of the material's surface. As
depicted in Figure 3a, the XPS spectra of pure CeO> nanospheres and RGO/CeO> exhibit only
emissions from cerium, oxygen, and carbon, indicating the purity of the samples. The survey
XPS spectra provide a relative quantification of 24.2 at% Ce, 42.7 at% O, and 33.1 at% C for
CeO», while RGO/CeO> nanocomposite has 23.0 at% Ce, 41.0 at% O, and 36.0 at% C.
Emissions from carbon in XPS are known to result from atmospheric contamination; thus, the
technique is not suitable for the identification of carbon in the nanocomposites with such a small
quantity of RGO, and it is not straightforward to assign the small increase in carbon

quantification in the nanocomposite to the presence of RGO.

As shown in Figure 3b, the high-resolution XPS spectra at the C 1s energy level of both
samples can be fitted in four components C-C/C=C (284.8 eV), C-O (286.3 eV for CeO; and
286.9 eV for RGO/Ce0O,), O=C-0O (289.1 eV), and carbonate-related species (291.5 eV for
CeO: and 291.1 eV for RGO/Ce0,)**® with similar relative quantities. Except for the
carbonate-related component, such contributions are typical of adventitious carbon
contamination, but have also been previously reported as contributions of graphene-derived
materials.*”** Thus, such ambiguous determination of the C 1s components confirms that XPS
is not suitable to prove the existence or the oxidation degree of RGO in our nanocomposite.

The XPS core-level spectra of O 1s of both samples, shown in Figure 3c, exhibit an
asymmetric peak that suggests three distinct oxygen species. The contribution at 529.1/529.2
eV is assigned to the O% species from the CeO lattice, the peak at 531.3 eV corresponds to the
hydroxyl or carbonate species adsorbed on the surface,**° and the component at 533.7/533.8
eV can be attributed to oxygen bonded to carbon.>! The hydroxyl and carbonate species on the
materials’ surface might be residues of the synthetic route, which employs urea, and should be

easily removed upon heating before the sensing tests.

As depicted in Figure 3d, both samples exhibit the Ce 3d XPS spectra composed of five
doublets due to the multiplet splitting of the Ce 3ds» and Ce 3ds/2 spin-orbit components. The
peaks labeled as v and u correspond to 3ds» and Ce 3ds2, respectively, and the fitting into ten
components suggests both Ce** and Ce** oxidation states on the samples’ surfaces. The doublets

v and u at 882.1 eV and 900.6 eV, v’’and u’’ at 888.5 ¢V and 907.1 eV, and v’”’and u’’’ at
8



897.7 eV and 916.4 eV correspond to Ce*", whereas the doublets named vo and u at 879.7 eV

and 898.4 ¢V, and v’ and u’ at 885.0 ¢V and 903.6 ¢V are assigned to Ce**.%°
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Figure 3. XPS characterization of CeO2 and RGO/CeO:2 nanocomposite. (a) Survey XPS spectra. XPS spectra
measured at the (b) C 1s energy. (c) O 1s energy, and (d) Ce 3d energy, where the v°, u’, v’, and u’ are assigned

to Ce’".

Raman spectroscopy is a powerful tool to identify RGO in our nanocomposite, as shown
in Figure 4. The Raman spectrum evidences two characteristic peaks of graphene-based
materials denoted as D and G bands for the RGO/CeO; nanocomposite. The D band at ~1352
cm’! corresponds to structural defects in the hexagonal graphene framework (e.g., sp’
hybridized carbons),*’? whereas the G band at ~1605 cm™ is assigned to the Ex, vibration mode
of sp? hybridized carbons in the graphitic region.>® The intensity ratio of D to G bands (In/Ig)
is about 1.01 for the RGO/CeO> nanocomposite. Such a value is higher than the Ip/Ig of 0.88

of the precursor GO,* confirming its reduction to RGO during the microwave-assisted
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synthesis.>* Moreover, both pure CeO nanospheres and RGO/CeO nanocomposite exhibit a
peak at ~460 cm!' that is assigned to the F2, mode of cubic CeO2, concerning the O-Ce-O

stretching.>
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Figure 4. Raman spectra of CeO2 and the RGO/CeO2 nanocomposite.

3.2 VOC-Sensing performance

We assess the TEA-sensing performance of CeO> nanospheres and RGO/CeO>
nanocomposites at RT and 34%, 56%, and 70% RH. As depicted in Figure 5, we evaluate the
sensing performance of both materials towards TEA by monitoring the changes in the resistance
upon exposure to TEA in the concentration range from 5 to 200 ppm. At all RH conditions,
both CeO; nanospheres and RGO/CeO; nanocomposite exhibit high sensitivity to all TEA
concentrations and show great reversibility since the electrical resistances can return to their
initial resistance after each exposure to TEA. These results are uncommon for SMOx-based

sensors but desired for practical applications.

The electrical resistance of the sensors decreases by increasing the RH from 34% to
70%. The magnitude order of the resistance of RGO/CeO; nanocomposite changes from G2
to MQ (Figure 5d,e,f). Such behavior can be related to the donation of electrons from molecules
of water that adsorb to the sensing material,’® or the interaction of water with the ionosorbed
oxygen species on the surface of the material, releasing electrons back to the semiconducting
material.>” Notably, the RGO/CeO, nanocomposite shows electrical resistance ca. 3.2-4.7

times lower than bare CeO> at all RH range. As shown previously, RGO has a lower work
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function than Ce0»,%%%° causing the charge transfer from the RGO to CeQ,. The electron
transfer occurs until reaching the Fermi level equilibrium, resulting in a synergistic effect of the
combination of the SMOx and RGO that reflects in the decrease of the electrical resistance of

the nanocomposite.

Figure S5a,b exhibit the sensors’ signal as a function of the TEA concentration. The
signals towards TEA for both sensors increase as increasing the RH, which is advantageous but
uncommon for chemoresistive sensors,®® and the sensors achieve the highest signal at 70% RH.
Thus, we elucidate that humidity plays a role in enhancing the sensitivity to TEA instead of

hindering the sensing performance.

The sensor signal as a function of TEA concentration at 70% RH is given in Figure 6a.
The RGO/CeO> nanocomposite has superior sensitivity compared to CeO> nanospheres for all
TEA concentrations. For 200 ppm TEA, the sensor signal of RGO/CeO; nanocomposite is
~64% higher than that of CeO> nanospheres. We hypothesize that the enhancement in the
sensitivity of RGO/CeO; occurs not only due to the improvements in the electrical resistance

of the sensor but also to the increase in the active sites for TEA adsorption.

The relationship between the logarithm of the sensor signal of RGO/CeO; and the
logarithm of TEA concentration at 70% RH 1is depicted in Figure S6. The data show a great
linear relationship in which the slope of the linear fit corresponds to the sensor sensitivity, as
given in the inset of Figure S6. By using the linear fitting, the calculated detection limit of the
RGO/CeO; nanocomposite is about 1 ppm (see details in SI and Figure S6), while the practical
detection limit is 5 ppm due to the sensing measurement setup. The sensor signals as a function

of TEA concentration at 34% and 56% RH are shown in Figure S7a,b.
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Figure 5. Resistance changes of the sensors during exposure to TEA in the concentration range of 5-200 ppm in
humid air at room temperature (RT). (a-c) Variation in the resistance of CeO2 nanospheres at (a) 34% RH, (b)
56% RH, and (c) 70% RH. (d-e¢) Changes in the resistance of RGO/CeO2 nanocomposite at (d) 34% RH, (e)
56% RH, and (f) 70% RH.

The response and recovery times of the sensors are important parameters to be
evaluated. We show in Figure 6b,c the response and recovery times of CeO> nanospheres and
RGO/CeO; nanospheres for 100 ppm of TEA at 70% RH. Both sensors have the response and
recovery times in the same magnitude order, elucidating that the modification of CeO>
nanospheres with RGO does not interfere with the speed of response and recovery of the sensor.
Nevertheless, both sensors exhibit relatively fast response and recovery times for a

chemoresistive sensor operated at RT and humid conditions (see Table 1).
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Figure 6. Comparison of the TEA-sensing performance of CeO2 and RGO/CeO:2 nanocomposite at 70% RH and
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100 ppm of TEA for the CeO2 nanospheres-based sensor. (¢) Response and recovery times to 100 ppm of TEA
for the RGO/CeO2 nanocomposite. (d) Sensor signal to 200 ppm of different testing VOCs. (e) Selectivity of the
sensors, showing the ratio Stea/Svoc, where Stea is the signal to 200 ppm to TEA and Svoc is the sensor signal

to 200 ppm of the testing VOCs.

To illustrate the advantages of the RGO/CeO> nanocomposite-based sensor, Table 1
presents the TEA-sensing performance of so far reported chemoresistive sensors. The
RGO/CeO, nanocomposite has comparable signal and response time to other chemoresistive
sensors; however, it operates at RT in humidity conditions. It is clear that high operating
temperatures are required to obtain a high sensor signal for many chemoresistive sensors, even
for composites-based sensors. Moreover, the sensitivity is achieved in dry conditions, far from
practical applications. Thus, we show that our RGO/CeO> nanocomposite is a suitable material

for highly sensitive TEA detection with low power consumption, in addition to the positive

effect of humidity on the sensing performance.
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Table 1. Summary of the TEA sensing performance of different chemoresistive sensors.

Sensing Material Operating | RH (%) | Concentration Sensor | Response/recovery | Ref.
temperature (ppm) signal* times (s)
O
Zn0/ZnCo204 220 26 100 5.12 8/65 o1
Zn0/ZnCo204 220 45 100 4.0 -/- o1
Zn0O 40 30 50 2.5 10/21 62
Sm doped RT 25 100 5.23 8/52 60
SnS»/ZnS
V20s 370 0 100 7.2 ~20/96 63
MoS2/ZnO RT 0 200 3.43 103/- 64
GaFeOs 200 0 200 7.4 9/49 65
CuO/Co304 320 0 200 7.6 68/111 16
Graphene/ZnCo204 200 0 100 6.97 45/65 66
RGO/CeO: RT 70 100 4.32 78/377 This
nanocomposite work

* Sensor signal defined as Rg/Ro or Ro/Rg

Selectivity is another parameter to be evaluated for practical applications of gas sensors.
Figure 6d presents the sensor signal of CeO2 and RGO/CeO, nanocomposite to 200 ppm of
several VOCs, including acetone, benzene, butanone, ethanol, isopropanol, methanol, toluene,
and TEA. Both sensors are more sensitive to TEA than to the other testing VOCs at 70% RH.
The signals to 200 ppm of TEA for CeO; and RGO/CeO> are 3.57 and 5.85, respectively. The
great selectivity and selectivity towards TEA of the CeO;-based sensors can result from the
improved adsorption of TEA molecules on the CeO; surface. The TEA molecules have a high
electron density around the N atom due to the electron donation of ethyl groups, whereas the
surface of CeO; contains Ce*" and Ce’" ions.®” Thus, the interaction between N atoms and Ce
ions can facilitate the adsorption of TEA on the sensors’ surface and, consequently, increase

the sensor signal compared to other VOCs.

As shown in Figure 6e, the signal to TEA reaches values 3.58—4.56 times higher than
those to other VOCs for the RGO/CeO»-based sensor. Such ratios are superior to those seen for
pure CeO2, where the sensor signal to TEA is 1.66—2.29 times higher than those of other testing
VOCs. Thus, the RGO/CeO; nanocomposite has improved selectivity to TEA, showing another
benefit of the modification with RGO. The sensor signals to several testing VOCs at 34% and

56% RH are given in Figure S8.
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It is widely accepted that the changes in the resistance of SMOx-based sensors occur
due to the oxidation reactions between the reducing VOC and the ionosorbed oxygen species
on the surface of the SMOx. When such reactions occur on the surface of an n-type SMOXx, the
electrons previously captured from the SMOx to form the ionic oxygen species return to the

conduction band of the SMOX, resulting in a decrease in the sensor resistance.®

Previous studies have shown by using operando DRIFTS that TEA can be partially
oxidized or fully converted into CO>, NOy, and water, and the TEA-sensing mechanism can
occur in more than one step.?%%7% Qur sensors operate at RT, which might not provide enough
activation for the complete TEA oxidation. Moreover, we observe a strong humidity
dependence, i.e., the sensitivity improves by increasing humidity levels, suggesting a more
complex TEA-sensing mechanism than the oxidation uniquely by the ionosorbed oxygen
species. For instance, TEA molecules could interact with water-related surface species.
Therefore, in situ mechanistic studies are necessary for the complete understanding of the

reactions between the sensors’ surface and TEA molecules, which exceeds the scope of this

paper.

4. CONCLUSIONS

In summary, we develop a highly sensitive TEA sensor based on RGO/CeO,
nanocomposite operated at RT and humidity conditions. We demonstrate that pure CeO>
nanospheres and RGO/CeO; nanocomposite are sensitive to TEA with excellent stability and
reversibility at RT and RH from 34% to 70%. We observe an improvement in the sensor signal
of both sensors upon increasing the RH from 34% to 70%, demonstrating that humidity plays
a role in enhancing the sensitivity to TEA instead of hindering the sensing performance. Yet,
the RGO/CeO, nanocomposite has improved baseline electrical resistance (more than 3 times
lower than CeQy), in addition to the enhanced sensor sensitivity and selectivity to TEA.
Moreover, the RGO/CeO; shows a low detection limit of 1 ppm at 70% RH and fast
response/recovery times for RT conditions, confirming that our nanocomposite has excellent

TEA-sensing performance.

Nevertheless, understanding the TEA-sensing mechanism at RT under humid conditions is still
needed to develop practical sensors. To reveal the path of TEA oxidation and understand the

role of humidity, in situ or operando mechanistic studies can be carried out. Our findings pave
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the way to designing a portable TEA-sensing system that does not require heating elements and
can be operated under environmental humidity, which is a first step for developing of advanced

and commercial sensors for air quality monitoring and public health.
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