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ARTICLE INFO ABSTRACT

Keywords: In recent decades, there has been extensive research into sensors for detecting toxic gases and volatile organic
Flexible gas sensor compounds (VOCs). However, creating a gas sensor that combines high sensitivity, selectivity, and stability at
NO, sensor

room temperature (RT) remains challenging. Additionally, there is a growing need for flexible gas sensors that
can monitor environmental conditions in real-time, suitable for use in accessories like bracelets and watches or
even integrated into clothing. This study focuses on developing a flexible rGO-ZnO-based gas sensor deposited on
a polyethylene terephthalate (PET) substrate for detecting NO, at room temperature using a fast, simple, and
cost-effective methodology. Scanning Electron Microscopy (SEM) images reveal that the rGO-ZnO sensor consists
of rGO sheets adorned with ZnO nanoparticles. Measurements show that the formation of rGO-ZnO hetero-
structures significantly enhances the sensor’s response to NO; at RT compared to pure ZnO. The rGO provides a
conductive pathway for efficient charge transport, while ZnO increases the number of active sites available for
NO2 molecule adsorption, leading to improved sensor performance. Moreover, the rGO-ZnO sensor exhibits high
selectivity for NO, compared to other tested gases and demonstrates minimal change in response even after
multiple bending cycles. In conclusion, our findings suggest that the rGO-ZnO flexible sensor offers excellent
response, stability, flexibility, and selectivity, highlighting its potential for integration into clothing and acces-
sories for real-time NO, monitoring at room temperature.

rGO-ZnO gas sensor
PET substrate

1. Introduction

Nitrogen dioxide (NO3), one of the most harmful gases present in air
pollution gases, is a reddish-brown oxidizing gas, highly reactive, non-
flammable, and with an irritating odor [1,2]. It is formed from the
combustion of fossil fuels in power plants and vehicle engines and
contributes to the formation of tropospheric ozone, acid rain, and global
warming [3]. When humans are exposed to a concentration above the
safety limit, the gas can harm the respiratory system and irritate the skin
and eyes. NO; is widely used as a raw material in producing nitric acid,
which is required for fertilizers and explosives in agriculture and in-
dustry. Because of its harmful effects on human health, the United States
Environmental Protection Agency has established an environmental
NO; concentration limit of 53 ppb for the annual average [4].

Technological advances have demanded the development of gas
sensors with lower power consumption that are faster, more accurate,

versatile, low-cost, light, and small [5]. Flexible gas sensors have
attracted significant interest from academia and the market in meeting
those demands. The sensors can be integrated into watches, bracelets,
glasses, clothes, and shoes, and they can even adhere to the skin of the
human body to monitor environmental conditions in real-time [6,7].
Graphene has proven a promising candidate for gas sensing due to its
excellent properties, such as high electron mobility at room temperature
(RT) (~200,000 cmz/V.s), large surface area (~2630 mz/g), high
thermal conductivity (~3000 W/m.K), high charge density (1012 cm’z),
and low resistivity (10°° Q em) [1]. Furthermore, it shows excellent
mechanical flexibility and low operating temperature, making it an ideal
candidate for fabricating flexible gas sensors [8]. Although gas sensors
made from pristine graphene can detect gases at room temperature, the
interaction between the surface of graphene and the target gases is
weak, thus generating low response, long response times, and incom-
plete recovery [9]. Another factor influencing the low response of gas
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sensors based on pristine graphene is the absence of defects and func-
tional groups. Furthermore, their relatively high production costs and
low large-scale production capacity limit using pristine graphene for gas
sensing [1]. In contrast, reduced graphene oxide (rGO), a graphene
derivative obtained by the reduction of graphene oxide (GO), has defects
and oxygenated functional groups and can be produced on a large scale
and at a low cost [9]. However, rGO sensors still show low response,
poor selectivity, and slow recovery due to their weak interaction with
gases [10].

The formation of a heterostructure between rGO and metal oxide
semiconductors (MOS) is a way to improve the material’s sensing
properties. MOS were the first materials investigated for toxic gas sen-
sors and featured high sensitivity, high response, and low recovery times
[11]. However, sensors based on pure MOS operate at high temperatures
(>200 °C), which makes their use in flexible sensors unfeasible [10].
Studies have demonstrated that sensors based on rGO-MOS p-n hetero-
structure improve the sensitivity, selectivity, response, recovery times,
and reduced temperature due to synergistic effects between the mate-
rials [8,12]. Among n-type MOS, zinc oxide (ZnO) is one of the most
explored for the development of gas sensors. It has 3.37 eV bandgap,
large exciton binding energy (60 meV), high electron mobility (200
cmZ/V.s), and high chemical and thermal stability [7]. The hetero-
structures of rGO (p-type) with ZnO (n-type) have been widely explored
due to their synergistic interactions [13].

In addition to the type of material used for detecting toxic gases, the
choice of substrate is a crucial parameter. The substrate must be flexible,
compatible with the sensor material in terms of adhesion, and withstand
the conditions of gas detection measurements without degrading.
Among the types of substrates used for manufacturing flexible sensors,
we found paper, plastic, and fabric [7]. The plastic substrate is the most
used among these substrates, especially for gas sensors. Plastic sub-
strates are highly flexible and low-cost, and the substrates more explored
for gas sensors are Polyethylene terephthalate (PET), Polyethylene
naphthalate (PEN), Polyimide (PI), Polydimethylsiloxane (PDMS), and
nylon [7,14]. The choice of which plastic will be used depends on the
mechanical, electrical, and thermal properties to which the sensors will
be exposed. Among plastic substrates, PET is an excellent candidate for
flexible gas sensors at RT because is transparent, exhibits high flexibility,
and is cheap. In terms of operating temperature, PET cannot be used at
temperatures above 150 °C, which does not affect the choice of PET as a
substrate since most flexible sensors operate at RT [14].

Su et al. (2014) reported a layer-by-layer fabricated rGO sensor on a
PET substrate. This sensor showed a response of 11.5 % to 5 ppm NO,
[15]. Yaqoob et al. (2016) developed a WO3 NPS-based sensor decorated
with MWCNTs-rGO on a PI/PET substrate for NO5 detection at RT. This
sensor exhibited a maximum response of 17 % to 5 ppm NOj, low
response-recovery times (7/15 min), and high selectivity for NO5 [16].
Kim et al. (2018) developed a MoS,;-SWCNT sensor on a PET substrate,
which exhibited a response of 54 % to 40 ppm NO, at RT [17]. Tian et al.
(2022) fabricated a N-doped SWCNT sensor for NO, detection at 90 °C,
which showed a response of 27.7 % to 10 ppm NOs and a recovery time
of 53 min [18].

Over the past decade, numerous gas sensors based on rGO-ZnO have
been documented in the literature [3,9,10,19-22]. However, most of
these sensors operate at elevated temperatures (>100 °C), which in-
crease costs, shorten their lifespan, and hamper their adoption in flexible
wearables. Additionally, these studies typically focus on detecting high
concentrations of NO,. Recently, some researchers have reported that
rGO-ZnO sensors work at room temperature [23-26], but these devices
are generally not flexible and cannot be integrated into clothing or ac-
cessories for real-time air monitoring. Consequently, there is still a sig-
nificant gap in developing and investigating flexible rGO-ZnO-based gas
sensors for NO; detection at room temperature, particularly regarding
their sensing and mechanical properties.

In this study, we created a flexible heterostructured PET sensor uti-
lizing rGO-5% ZnO, which has a detection limit of 1.5 ppm and exhibits
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strong selectivity for NO5 at room temperature. Our sensor is also cost-
effective, as the ZnO nanoparticles were synthesized using a polymer
precursor method that does not require sophisticated equipment or high
temperatures. Additionally, the rGO-5% ZnO sensor maintains excellent
flexibility, with minimal changes in response after numerous bending
cycles.

2. Experimental section
2.1. Synthesis of ZnO

ZnO NPs were synthesized by the Pechini Method [27] with a ratio of
40:60 per mass of citric acid: ethylene glycol and a ratio of 3:1 by mole of
citric acid: precursor. The precursor was zinc nitrate hexahydrate [Zn
(NO3),-6H,0]. Citric acid was dispersed in Milli-Q water under stirring
and, when the solution became limpid, [Zn(NO3),-6H20] was added and
the solution was heated. Ethylene glycol was added at 80 °C, and the
solution was heated at 120 °C for 1 h. The final solution was transferred
to a glass container and placed in an oven for 2 h at 300 °C at 10 °C/min
rate to form a spongy structure called “puff”. In this heat treatment step,
a brown powder containing organic materials was obtained, macerated,
and treated again for 2 h at 500 °C at 10 °C/min. The ZnO sample ob-
tained after the second thermal treatment, in white color (free of any
organic material), was macerated towards a more homogeneous
material.

2.2. Manufacture of gas sensors

rGO-ZnO dispersions were prepared by adding 1, 2, and 5 % per
volume of ZnO dispersion (1 mg/mL) into the rGO dispersion (0.2 mg/
mL) in distilled water. Both rGO and rGO-ZnO dispersions were soni-
cated for 30 min and deposited by drop-casting on the interdigitated
electrodes, Fig. 1 (a). The sensors were named rGO, rGO-1%ZnO, rGO-
2%Zn0, and rGO-5%Zn0, respectively. Cr/Au interdigitated electrodes
fabricated by ultraviolet lithography and Cu/Au deposition by sputter-
ing were deposited on 70 pm thick PET films to manufacture gas sensors
on a PET substrate, Fig. 1 (b).

2.3. Gas detection measurements

The sensitivity of flexible sensors was evaluated to NO; gas at
different concentrations at room temperature. Two gold-coated tungsten
needles made contacts, and a Keithley electrometer measured electrical
resistance. The baseline was obtained with synthetic air (20 % oxygen
and 80 % nitrogen) at a 100 mL/min flow rate; NO3 gas was generated in
an Owlstone V-OVG permeation system that controls the gas concen-
tration based on the permeation rate as a function of tube temperature.

Measurements at concentrations below 1 ppm, humidity, selectivity,
and bending tests were conducted at Universitat Rovira i Virgili labo-
ratories. The gas sensor was placed in an airtight testing chamber for the
measurements. A pure dry air atmosphere (99.999 % Air Premier Purity)
was used during the sensing tests and as a carrier gas for the target gases.
The overall flow was adjusted at 100 mL/min low rate by a set of mass-
flow controllers (Bronkhorst High-Tech B.V, The Netherlands) and
electro-valves. The sensor resistances were monitored by a multimeter
(HP 34972 A, Agilent, USA) that registered the resistance changes
induced by different concentrations of gases. The sensors were exposed
to given concentrations of target gases for 30 min and subsequently
stabilized for 60 min under dry airflow at RT (27 °C). For a p-type
semiconductor, the relative response was set as R = [(Rgas - Rair)/Rair]®
100 for reducing gases and R = [(Rair — Rgas)/Rair]#100 for oxidizing
gases, where Rgys is the resistance when the sensor was exposed to the
target gas, and Ry, is the resistance under synthetic air [28,29].
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Fig. 1. (a) Fabrication methodology of flexible gas sensors made of rGO and rGO-ZnO, (b) Cu/Au interdigitated electrode on PET substrate, (c) schematic repre-
sentation of the experimental apparatus used for NO, detection measurements and (d) schematic representation of the bending test under compression and the
relationship between maximum deflection and radius of curvature of the sensor.

2.4. Characterization

The structural characterization of ZnO was performed by X-ray
diffraction technique (XRD) in a Rigaku Ultima IV diffractometer with
CuKol radiation (A = 1.54056 A) and LiF monochromator (100) in the
conventional 6-20 configuration. Raman spectroscopy characterized
rGO under a Witec microscope with a highly linear stage and a Nikon
objective lens (100xNA = 0.9). Raman spectra were obtained from the
excitation of an Ar laser (488 nm; 10 mW) and Raman data were fitted
by PeakFit software. The morphological characterization was performed
by scanning electron microscopy (FEG-SEM). FEG-SEM images were
obtained under a ZEISS model SIGMA scanning electron microscope
with a field emission electron gun. The chemical characterization of rGO
and rGO-ZnO sensors was conducted by X-ray photoelectron spectros-
copy (XPS) in a Scienta Omicron ESCA + spectrometer, with Al Ka
monochromatic radiation (1486.7 eV), operated at incident power of
280 W beam and a charge neutralizer. The obtained data was adjusted
using the CasaXPS software, calibrated by adventitious carbon binding
energy (284.8 eV).

3. Results and discussion
3.1. Structural characterization

Fig. 2 (a) shows the X-ray diffraction pattern of ZnO. All peaks are
indexed to card JCPDS:36-1451, confirming the wurtzite phase of ZnO
[10]. No other diffraction peaks corresponding to another crystalline
phase or impurities were observed within the detection limit of the
technique. XRD patterns of the rGO-ZnO heterostructures were per-
formed; however, due to the low concentration of ZnO (1, 2 and 5 %
volume), none of the ZnO peaks were identified, and the diffractograms
will not be presented.

The Raman spectra of rGO and rGO-ZnO films were obtained within
a 200-3500 cm range; the results are shown in Fig. 2 (b). The prom-
inent bands of rGO are D, G, and 2D. G band (~1580 em ) is a
stretching mode of sp? carbon and exists for all C-C sp? systems [30]. 2D
band (~2700 cm™1), also known as G/, is a second-order band related to
the breathing mode in the plane of carbon rings [30,31]. 2D is linked to
the electronic band structure of graphene materials and changes as the
band structure of the material changes. Therefore, G and 2D are active
and satisfy the Raman selection rules [32].

D (~1350 cm™ 1) occurs when the electron is inelastically scattered
by an iTO phonon to the K’ point and then elastically backscattered to
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Fig. 2. (a) X-ray diffraction pattern of ZnO and (b) Raman spectrum of rGO and rGO-ZnO films.

fraction in carbon-based materials [34]. Therefore, Ip/Ig ratio is a good
estimate of the density of defects in the material [35] - it is 1.05 for rGO
in Fig. 2 (b), in agreement with the literature [36]. The Ip/Ig values for
rGO-ZnO heterostructures with 1, 2, and 5 % ZnO are 0.89, 1.13, and

the K point by a defect. Since only one phonon is involved, D has half the
frequency of 2D [30,33] and, since D is associated with defects in the
material structure, the Ip/Ig ratio has been extensively studied for the
characterization of disordered carbon content, defects, and sp>/sp?

Fig. 3. SEM images of flexible gas sensors of (a) rGO, (b) rGO-1%ZnO, (c) rGO-2%ZnO and (d)—(f) rGO5%ZnO.
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1.01, respectively. Iop/Ig is another significant ratio in the Raman
characterization of carbon materials and reflects the density of the
“graphenization” extension, i.e., a structure like pristine graphene [33,
37]. It can also predict the charge carrier mobility [38]. It is 0.21 for the
studied rGO, and the values for rGO-ZnO heterostructures with 1, 2, and
5 % ZnO are 0.08, 0.12, and 0.20, respectively, suggesting the initial
addition of ZnO nanoparticles reduced the mobility of charge carriers
and the material’s electronic properties; however, with the increase in %
v/v of ZnO, the Iyp/Ig ratio also increased.

In the Raman spectrum, peaks associated with ZnO are observed
between 100 and 1000 cm ™, with prominent ones centered at 99 cm ™
and 437 cm™ ! [39]. However, they were not detected in the Raman
spectrum of the heterostructures due to the low concentration of ZnO
used to form them. It is known that MOS-based sensors typically operate
at high temperatures; therefore, heterostructures with low concentra-
tions of ZnO were explored in this work.

3.2. Morphological characterization

Fig. 3 (a) shows the rGO sensor with a relatively smooth surface with
some folds due to the stacking of rGO sheets. Fig. 3 (b) depicts a
micrograph of rGO-1%ZnO sensor, with rGO sheets completely covering
the PET substrate and ZnO nanoparticles (light spots) decorating rGO
sheets in the region of the folds of those sheets. Fig. 3 (c) shows the
micrograph of rGO-2%ZnO sensor, where a morphology like that of the
sensor with 1 % ZnO can be observed. However, in addition to being
anchored on the surface of rGO sheets, ZnO nanoparticles are sur-
rounded by them. Fig. 3(d)—(f) displays the micrographs of rGO-5%ZnO
sensor at different magnifications. Fig. 3 (d) shows ZnO nanoparticles
anchored on the surface of rGO sheets and enveloped by them. The
sensor containing 5 % ZnO also formed clusters of ZnO nanoparticles

Materials Science in Semiconductor Processing 188 (2025) 109229

surrounded by rGO sheets, Fig. 3 (e). Fig. 3 (f) displays the magnification
of a cluster region identified in Fig. 3 (e).

3.3. XPS analysis

Fig. 4a depicts the survey spectra of rGO and rGO-ZnO sensors on
PET substrate. The rGO spectrum displays peaks associated with S 2p
(166.5 eV), C 15 (283.5 eV), O 15 (530.5 eV), and Na 1s (1070.5 eV). Na
and S are impurities incorporated into the material during the GO
chemical reduction process. A peak related to Zn 2p (1020.5 eV) was
also identified in the spectra of rGO-ZnO heterostructures. Table A.1 in
the supplementary data shows the atomic % concentration of all ele-
ments in each sample. The concentration of Zn increases as the per-
centage of ZnO increases in the sensor, being 0.3, 0.46, and 1.57 % at%
for the rGO-1%Zn0, rGO-2%Zn0 and rGO-5%Zn0 sensors, respectively.

The C 1s spectrum of rGO sensor, Fig. 4 (b), was deconvolved into
five bands related to the bonds of C sp2 (284.69 eV), C sp3 (285.45 eV),
C-0 (286.50 eV), C=0 (287.88 eV), and COOH (289.67 eV) [40]. Among
the five bands in the spectrum, the one associated with C sp? has the
highest concentration (70.58 wt%), due to the restoration of sp2 carbon
domains after the chemical reduction of GO. However, there is still a tiny
amount of residual oxygenated functional groups in GO characterized by
the presence of other bands in the spectrum. The O 1s spectrum of rGO
sensor, Fig. 5 (c), was deconvolved into three components attributed to
C=0 (530.25 eV) of PET [41], C=0 (531.3 eV) of rGO and C-O of rGO
(532.3 eV), in agreement with the literature [42].

Fig. 5(a)-(c) displays the high-resolution C 1s spectra of rGO-ZnO
sensors on PET substrate. Like what was observed on the rGO sensor,
the C 1s spectra were deconvolved into five components attributed to C
sp? (284.7 V), C sp° (285.4 eV)), C-O (286.4 eV), C=0 (287.4 eV), and
COOH (289.4 eV) bonds. Fig. 5(d)-(f) shows the high-resolution O 1s
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Fig. 4. — (a) Survey XPS spectra of rtGO nd rGO-ZnO heterostruture samples, (b) high-resolution C 1s spectrum of rGO and (c) high-resolution O 1s spectrum of rGO.
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Fig. 5. — High-resolution C 1s spectra of (a) rGO-1%ZnO, (b) rGO-2%ZnO, and (c) rGO-5%Zn0O samples, high-resolution O 1s spectra of (d) rGO-1%ZnO, (e) rGO-2%
ZnO, and (f) rGO-5%Zn0O samples, and high-resolution Zn 2p spectra of (g) rGO-1%ZnO, (h) rGO-2%ZnO, and (i) rGO-5%ZnO samples.

spectra of rGO-ZnO sensors. The O 1s spectra were deconvolved into
three components, at 530.5 eV attributed to O-Zn bonds [43] and C=0
of PET substrate, a second component around 531.5 eV, refers to C=0
bond of rGO, and the third component, around 535 eV, is attributed to
COOH bond of rGO [42]. The high-resolution spectra of Zn 2p for
rGO-ZnO sensors presented in Fig. 5(g)—(i) show peaks around 1021 and
1044 eV, corresponding to Zn 2 p3/2 and Zn 2 py, levels, respectively
[44]. The energy variation (AE) between these peaks was 23 eV, indi-
cating the presence of Zn>" in all samples [45]. ZnO is known to present
high chemical, thermal and structural stability [12], therefore, there was
no modification in the signal of the high-resolution spectrum of Zn with
the formation of the rGO-ZnO heterostructure.

3.4. Gas detection

The rGO and rGO-ZnO sensors were exposed to different concen-
trations of NO3 (1.5, 2.0 and 2.5 ppm) at room temperature, Fig. 6. The
exposure time to the gas was 30 min, and the recovery time was 60 min.
When exposed to NOo, the electrical resistance of the sensors is reduced,
demonstrating a typical behavior of p-type semiconductors in an
oxidizing gas due to the high concentration of rGO in the
heterostructure.

For comparison purposes, the dynamic response-recovery curves
were normalized and plotted on the same graph, Fig. 7 (a), and the
sensor responses were plotted as a function of NO, concentration, Fig. 7
(b). When exposed to 1.5 ppm of NO3, rGO, rGO-1%Zn0O, rGO-2%Zn0O,
and rGO-5%ZnO sensors display responses of 5.6 %, 16.7 %, 16.9 %, and

18.5 %, respectively, showing the effect of ZnO addition on the sensor
response, when compared to rGO sensor. The response time is defined as
the time a sensor spends to reach 90 % of maximum resistance when
exposed to a target gas [28]. Fig. 7 (c) depicts the response time of rGO
and rGO-ZnO sensors as a function of NO5 concentration. The response
times of rGO, rGO-1%Zn0, rGO-2%Zn0, and rGO-5%Zn0O sensors are
20.9, 17.01, 16.3, and 14.2 min, respectively, to 1.5 ppm of NO,
exhibiting a significant reduction when compared to the rGO sensor.
However, the recovery time of rGO-ZnO increases since MOS, such as
ZnO, typically operates at high temperatures (>200 °C) due to the
thermal energy required to initiate redox reactions at the sensing surface
[10]. The next gas sensor characterizations were only performed on the
rGO-5%Zn0O sensor since it presented the highest response and the
lowest response time.

The sensitivity of a sensor is defined as the angular coefficient of the
straight line obtained by the linear fit of the response results by the
concentration of the target gas [28]. As can be seen in Fig. 7 (d), the
rGO-5%ZnO sensitivity was 3.9 %/ppm, while that of rGO was 1.7
%/ppm.

The limit of detection (LOD) is defined as the minimum concentra-
tion of gas that a sensor can detect. The LOD can be calculated by LOD =
3S/N, where S is the standard deviation of the sensor baseline and N is
the slope of the fitting of the graph of response versus gas concentration,
also called sensor sensitivity [28]. Being S = 0.003 and N = 3.9, we have
that the LOD of the rGO-5%ZnO sensor is 0.002 ppm or 2 ppb.

In addition to response and recovery times, stability, selectivity, and
influence of humidity are also fundamental parameters for a gas sensor.
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Fig. 6. — Dynamic response-recovery curves for NO, detection at room temperature for (a) rGO, (b) rGO-1%ZnO, (c) rGO-2%ZnO, and (d) rGO-5% ZnO sensors.

Humidity, selectivity, stability and flexural test measurements were
carried out in the Universitat Rovira I Virgili (URV) laboratories in
Spain. As a result, gas chamber size, type of electrical contact, and di-
rection of gas flow changed. Such factors influence the response of the
gas sensors, causing changes in their responses. Since the results will not
be compared with previous measurements, the discussions held in this
study will not be affected.

Humidity is a critical parameter for gas sensors operating at room
temperature. NO, detection measurements with 10 %, 30 %, 50 %, and
70 % humidity were conducted to evaluate the effect of humidity on the
rGO-5%ZnO sensor. Fig. 8 (a) displays the dynamic response-recovery
curves in dry and humid air, and as can be observed, the dry air curve
does not show a complete recovery; however, when exposed to hu-
midity, it shows a full recovery for all evaluated humidity levels. Fig. 8
(b) depicts the response (%) of the rGO-5%ZnO sensor in dry and humid
air, showing an increase when the sensor is exposed to 10-50 % hu-
midity and no significant change above 50 %. Such an increase in the
response of rGO-ZnO sensors exposed to NO, with humidity was also
reported in the literature [12,46]. Fig. 8 (c) displays the response times
of the sensors in dry and humid air. When exposed to 10 % humidity, the
sensors show an excellent reduction in response time, and when hu-
midity increases to 30 and 50 %, the response times increase but remain
lower compared to dry air sensors. When humidity rises to 70 %, the
sensors’ response is lower than at 30 and 50 %. Such a reduction in
sensor response in a highly humid environment results from ionic
electrical signal conduction through water molecules adsorbed on the
sensor surface [8]. Fig. 8 (d) shows the sensor recovery times in dry and
humid air. As discussed elsewhere, rGO-5%ZnO does not entirely
recover when exposed to NO» in dry air; however, when exposed to NOy
with 10 % humidity, it shows a rapid recovery (~10 min). Similar results

were reported by Kang et al. (2021) in which the response of a
Pt_ZnO/PRGO sensor to 5 ppm NO; under conditions of 1.5 %-90 %
humidity was evaluated [8].

To evaluate the selectivity of the rGO-5%ZnO sensor relative to other
gases, the sensor was exposed to different gases at RT, and the responses
are presented in Fig. 9 (a). When comparing the sensor response to other
gases, this sensor presents high selectivity to NOs, which can be attrib-
uted to the high absorption energy of NO, with rGO-ZnO [10]. Due to
the lower binding energy, high adsorption capacity, and high surface
reactivity, rGO-5%ZnO shows high sensitivity to NOy gas compared to
the other gases explored. The relative response of the sensor was
normalized by comparing NO, with the different gases. The normalized
response is given by the equation Ry = Rgas/Rno2, Where Rgys is the
relative response of the sensor to an analyte and Ryogz is the relative
response of the sensor to NOy [47]. The Rnor was 0.018 (CO), 0.011
(Hp), 0.003 (NHj3), 0.042 (toluene), 0.031 (benzene), and 0.007
(ethanol). These results demonstrate the strong selectivity of the
rGO-5%ZnO sensor to NO,, while it exhibited negligible response to the
other gases. The stability over time of the rGO-5%ZnO sensor was
evaluated by periodic measurements of 1 ppm NO, over 7 days, Fig. 9
(b). The sensor performs well over the observed period, in good agree-
ment with the literature [10,48].

Bending tests assessed the rGO-5%ZnO sensor’s applicability as a
flexible gas sensor to determine the electrical resistance behavior during
the tests and the sensing properties before and after bending. Fig. 10(a)
and (b) and Fig. 10(d) and (e) show the electrical behavior of the rGO-
5%ZnO sensor over several bending cycles in compressive strain with
strokes of 0.2 and 0.4 mm. When the sensor is bending in a compressive
strain, the electrical resistance increases and returns to near baseline
when the compressive strain is removed. After 100 bending cycles in a
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compressive strain, the sensor’s electrical resistance showed no signifi-
cant variation, indicating that the sensor was not damaged during
bending cycles.

To evaluate whether the bending cycles applied to the sensor
affected its sensing properties, NO, detection measurements were per-
formed before and after the bending test. Fig. 10 (g) shows the equip-
ment used for the bending test and the sensor before (linear) and during
compressive strain. S1 sensor was submitted to 100 bending cycles with
a stroke of 0.2 mm, and the S2 sensor was submitted to 100 bending
cycles with a stroke of 0.2 mm and 0.4 mm. The response of sensors S1
and S2 before and after the bending test are shown in Fig. 10 (c) and (f).
No significant variation in the sensor response was detected after the
bending cycles, demonstrating that the compressive strain did not affect
the sensing properties of the gas sensors and that the rGO-5%ZnO sensor
on PET substrate exhibits high flexibility. The curvature angle and
maximum deflection of the sensor were calculated and are presented in
topic B.2 of the supplementary data.

Table 1 summarizes the sensing properties of flexible NO, sensors
using a PET substrate developed during this study, compared to findings
from existing literature. Compared to the literature, our results
demonstrate that the rGO-5%ZnO sensor presents a high response (22.4
%), high stability, and good selectivity to NO, and allows the detection
of low concentrations of NO2. In addition, our sensor presents high
flexibility, indicating that it can be incorporated into clothing and ac-
cessories for real-time monitoring of air conditions.

3.5. Sensing mechanism

The band structure of the pure materials and rGO-5%ZnO hetero-
structure can be built with the materials’ work function (WF) and

bandgap values. Figure A (supplementary data) presents the UPS spectra
of the rGO, ZnO and rGO-5%ZnO films and UV-Vis for the rGO and ZnO
films. Through these results, the WF and bandgap values can be ob-
tained. Fig. 11 (a) illustrates the band structure of rGO and ZnO before
forming the heterostructures, and Fig. 11 (b) shows the band structure of
rGO-5%ZnO heterostructure.

The most conventional gas detection mechanism for MOS is based on
the oxygen adsorption model [51], which is based on the variation in
electrical resistance after exposure to the target gas due to chemical
interactions between the target gas and oxygen ions adsorbed on the
material’s surface. The operating temperature of the sensor determines
the type of oxygen ions chemisorbed. Equations (1)—(4) show the for-
mation process of chemisorbed oxygen ions in each temperature range
[52].

O3 (gas) < O2(ags) (@)
O2(adx) +e < Oiz(adj) ((100 OC) (2)
O 2(ais) +€ < 20(;‘,5) (100 —300°C) 3
Ologsy +€ < Ol (>300°C) 4)

The type of semiconductor, p or n, defines the sensors’ detection
mechanism. For an n-type, the mechanism depends on most carrier
electrons, whereas in the p-type, it depends on the hole carrier density
[18]. In this study, rGO-ZnO sensors display a p-type behavior similar to
rGO. rGO has excellent electrical conductivity, showing a conductive
path for an efficient transport of charge carriers. ZnO, an n-type mate-
rial, is non-negligible in achieving high sensor responses [9]. Therefore,
forming a p-n heterojunction significantly affects the performance of
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rGO-ZnO sensors [12]. Since the Fermi levels of ZnO are different, rGO
acts as an electron acceptor for extracting electrons from the ZnO surface
and equalizing the Fermi level, resulting in a smaller number of elec-
trons at the surface and interface of ZnO, hence, a higher potential
barrier and a more significant depletion layer [53].

When the sensor is exposed to air at room temperature, oxygen
molecules are adsorbed on the surface of rGO-ZnO, Egs (1) and (2),
capturing electrons from the conduction band of ZnO, which leads to an
increase in the electron depletion layer and a curvature in the band [9].

When the sensor is exposed to NOj, electrons are transferred from
rGO-ZnO to the adsorbed NO5 molecules Eq (5), and, since the elec-
tronegativity of NOz is greater than that of Oz, they react to forming
NO3, Eq (6) [54]. The reduction of electrons in ZnO after NO, adsorp-
tion decreases the Fermi level, leading to a charge transfer between ZnO
and rGO. As a result, rGO transfers electrons to ZnO, thus increasing the
concentration of holes in rGO, which reduces the electrical resistance of
rGO-ZnO when exposed to NO,. Electrons from rGO are also transferred
to NOo, Eq (7), which further reduces the sensor’s electrical resistance,
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with 0.4 mm stroke and (g) equipment used in the bending test.

Table 1

Comparison of the sensor properties of flexible NO, sensor using PET substrate
from this study with the literature results.

Sensor NO, Response Tres/ Flexibility"  Stability =~ Ref
(ppm) (%) Trec
rGO-5%Zn0O 2.5 22.4 12 Yes 7 days This
min/- work
WOs/ 5.0 14 10 Yes - [2]
MWCNTs min/
27
min
rGO 5.0 11.5 7 Yes 43 days [15]
min/
28
min
WOs/ 5.0 17 7 Yes - [16]
MWCNT- min/
rGO 15
min
MoS,/CNT 40 54 - Yes - [17]
Polypyrrole/ 5.0 8.2 - - - [49]
SnO,
NbSe,/WSe, 5 30 - Yes - [50]

@ The sensors have undergone some bending testing.
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improving response, as can be seen in Fig. 6 (a) [8,10].

NO2(gas) +e —>NO’2(ads) (5)
2N072(ad.§) + O; + 267_)2N073(adx) (6)
NO3(ges) = NO (qaq) + H* 7

The formation of a p-n heterojunction provides more adsorbed ox-
ygens on the sensor surface, acting as active sites to interact with NO2
and increasing the sensor response. In addition, it is known that rGO
sheets have a high surface area, causing ZnO NPs to quickly stabilize,
forming a good contact between ZnO and rGO [10]. Because ZnO has a
lower work function, Fig. 11 (a), rapid charge transfer occurs between
ZnO and rGO, which improves the sensor response and decreases the
response time. rGO also presents several defects, such as oxygen va-
cancies and oxygenated functional groups that provide more active sites
and enable the sensor to operate at room temperature.

When rGO-ZnO is exposed to NO, under humid conditions, the
interaction of water vapor with the material’s surface generates an in-
crease in bridging hydroxyl groups and the formation of terminal OH
groups. To achieve this, dissociative water adsorption occurs on the
material’s metal atoms (Zn), giving rise to terminal OH groups and
hydrogen atoms that bind to the family of bridged hydroxyls. Such a
formation of hydroxyls is described by Eq (8) [55,56].

H30 gas) + Stiaty + Ottar) < (Stay” — OH ) + (O H) ™ + € (8
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At low temperatures (<150 °C), NO, is adsorbed on the surface of the
material in hydroxyls, and nitrites are formed [57]. The NO5 absorption
on the surface of a metal oxide semiconductor, ZnO, in a humid envi-
ronment can be described by Eq (9) [55].

NO>(gae) + (Star) " — OH™) + (OpiaryH) " + €~ < (Sary = NO» ™) + H2Ogar
+ Otay)~
)

As discussed above, in dry air conditions, NOy is absorbed on the
material’s surface by interaction with the oxygen ions present. Now in a
humid environment, in addition to the adsorbed oxygen ions, hydroxyls
are generated by the presence of water vapor [57]. This causes more
electrons to be extracted from the conduction band of ZnO, further
reducing its Fermi level. More electrons from rGO are transferred to ZnO
to balance Fermi levels, thus increasing the number of vacancies on the
rGO surface and further reducing sensor resistance. As a result, the
response of rGO-ZnO sensor is increased. Therefore, the “wet” surface is
beneficial for adsorbing a greater quantity of NO, and is consequently
responsible for greater sensitivity in detecting NO; at room temperature.
The water-mediated enhanced adsorption of NO3 on ZnO [46] and InyO3
[57] surfaces has been reported previously.

4. Conclusions

XPS analysis of the rGO-ZnO heterostructure reveals an increased
concentration of Zn in the ZnO. At the same time, FEG-SEM imaging
shows that ZnO nanoparticles are anchored on the rGO surface and
surrounded by rGO sheets. Gas detection measurements indicate that
both rGO and rGO-ZnO sensors are sensitive to NO, at room tempera-
ture, with the rGO-5% ZnO sensor exhibiting the best sensing perfor-
mance, achieving a response of 18.5 % at 1.5 ppm NO, and
demonstrating high selectivity for NOs. Interestingly, exposure to hu-
midity enhances both the response and recovery times, suggesting its
suitability for real-world environmental conditions. Additionally, the
sensor displayed strong stability during bending tests involving multiple
compression cycles. These findings highlight the potential of this flexible
gas sensor for NO, detection at room temperature.
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