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Abstract: NO, is an important environmental pollutant and is harmful to human health even at very
low concentrations. In this paper, we propose a novel chipless RFID sensor able to work at room
temperature and to detect sub-ppm concentration of NO; in the environment. The sensor is made of a
metallic resonator covered with NO,-sensitive tin oxide and works by monitoring both the frequency
and the intensity of the output signal. The experimental measurements show a fast response (a
few minutes) but a very slow recovery. The sensor could therefore be used for non-continuous
threshold monitoring. However, we also demonstrated that the recovery can be strongly accelerated
upon exposure to a UV source. This opens the way to the reuse of the sensor, which can be easily
regenerated after prolonged exposure and recycled several times.

Keywords: chipless RFID; nitrogen dioxide; chemical sensing; microwave sensor; tin oxide

1. Introduction

Nitrogen dioxide (NO,) is a well-known environmental pollutant which is emitted
in large quantities from high-temperature combustion processes in cars, furnaces and
power plants. The Recommended Exposure Limit-Short Term Exposure Limit (REL-STEL)
for NO; is 1 ppm, owing to its significant harmful effect on human health even at very
low concentrations [1]. For this reason, NO, detection at sub-ppm concentrations is es-
pecially important for pollution control, and many types of gas-sensing systems have
been developed for its detection, including electrochemical, optical and chemiresistive
sensing. Among the various types of gas sensors, the metal oxide semiconductor (MOS)
gas sensor shows high responsivity, fast response and recovery times and a vast choice of
semiconductor metal oxides as gas-sensitive layers [2—4].

However, even though recently materials working at low temperature have been
proposed in the literature [2,5,6], the usual MOS-based gas sensor operates at temperatures
in the range of 200-500 °C and in DC mode [5-7]. These are important drawbacks that limit
the exploitation of these devices in many sensing applications. In particular, the need for an
external bias source, dedicated wiring and a micro-heating structure for thermoactivating
the nanostructured MOS results in an increase in the cost and the complexity of the sensing
system. In the upcoming scenario of the increased wireless system integration of the
Internet of Things (IoT), with the emerging needs for ubiquitous sensing and identification
of objects, these difficulties play an important role in limiting the technological exploitation
and market uptake of environmental gas sensors.

A promising solution to overcome these intrinsic limitations of traditional MOS sensors
can be found in the exploitation of a different transduction mechanism [8,9], while at
the same time maintaining the excellent material sensitivity of metal-oxides. A good
opportunity to address this challenge is the replacement of MOS sensors with microwave
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sensors [10], in order to have a seamless integration of the sensing capability and the
wireless transduction of the signal.

Microwave sensors [11] exhibit good long-term stability, work preferentially at room
temperature and can be read wirelessly. A variety of sensor designs and reading archi-
tectures have been reported in the literature, including metamaterial-based resonators
and resonator arrays [12], UHF tags [13], chipless radio frequency identification (RFID)
sensors [14,15] and piezoelectric surface acoustic wave detectors [16]. The electrical signal
can be experimentally detected in terms of frequency, phase or insertion loss and correlated
to the quantification of the parameter that caused the variation. In particular, chipless RFID
technologies became very attractive [17] with the advent of the IoT platform and have been
already exploited in several applications, going from supply chain management, logistics
and storage of goods [18]. Together with the tracking ID function, the chipless RFID sensor
can provide an additional sensing capability with benefits in terms of cost, compactness,
robustness and lower radiated power. Examples of chipless RFID sensors are already been
reported in several domains [19], such as temperature [20], humidity [21,22], pH [23] and
strain and gas sensing [24], and the use of a suitable smart sensing material [23] is often the
key for their competitive performance.

In this paper, we propose a microwave-based sensor approach in order to address this
challenge. This microwave-based NO; sensor is a dual parameter sensor that can operate
by reading the variations of both the intensity and the frequency of the peak signal. The
physical structure is made of a metallic microwave resonator covered with a metal-oxide
sensitive material. The frequency and intensity changes can be read remotely without
direct electric contact. The chipless RFID approach of this sensing structure is particularly
interesting for long-term environmental measurements because it does not require batteries
on the sensor, which is consequently completely passive. Moreover, the sensor can be easily
inserted in a more complex tag structure associated with identification resonators, in order
to become a complete chipless RFID sensor.

Regarding the choice of the sensing material, various MOS have been proposed so
far for NO, detection [25-29], and among them, tin dioxide (SnO,) highlighted interesting
detection features [30-33]. In particular, the introduction of high oxygen vacancy (Vo)
concentrations on the SnO, nanostructures results in a strong improvement of sensing
performance in the detection of oxidizing gases [34]. In fact, in such a condition, oxidizing
gases such as NO, tend to interact directly with the surface oxygen vacancies of the
nanostructures, by oxidizing them, resulting in a strong change of the SnO, electrical
resistance even at room temperature [34,35]. Several approaches have been used so far to
introduce controlled types (bulk or surface) and concentrations of oxygen vacancies into
MOS nanostructures, including chemical synthesis, ion bombardments or heat treatments
in reducing atmosphere [35]. In this work, the oxygen vacancies were introduced in the
SnO, nanoparticles through a heat treatment in a reducing atmosphere (N, /Hjy: 95/5)
obtaining a material which is extremely sensitive to NO, environmental concentration.

The combination of a high-performing material with an innovative sensor transduc-
tion technology allows us to demonstrate the wireless detection of NO, environmental
concentration at the sub-ppm level at room temperature.

2. Materials and Methods
2.1. Chipless RFID Resonator Structure

The sensor is composed of a metallic sensing structure over a flexible low-loss substrate,
covered by a thin layer of reduced SnO, nanoparticles. The geometry of the metallic
structure is that of an Electric-field coupled (ELC) resonator [36,37]. The design and the
simulation of this structure are reported in detail in [21], but the whole structure was
scaled in order to have the first resonant peak around 1.78 GHz. The structure and its
geometrical dimensions are schematized in Figure 1. The important difference compared
to [21] is that the resonating structure is not coupled to a microstrip transmission line but is
remotely read with an electromagnetic probe, as in [38,39]. This last arrangement allows
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the resonator to be read wirelessly with a commercial circular electromagnetic probe [40]
without amplification. The selected probe has a diameter of 20 mm.

Figure 1. Scheme of the sensing structure. All the dimensions are in mm. The green zone is where
the sensing material is deposited. All measures are in millimeters.

The metallic structure was realized by microlithography on a flexible 168 um-thick
RO4350 Rogers substrate, covered with 17 um of copper. The copper was defined by
microlithography and then wet-etched.

2.2. Sensing Material Synthesis, Characterization and Deposition

5nO; nanoparticles were synthesized through the sol-gel method. Tin(Il) 2-ethylhexanoate
[0.1 M] was dissolved in 100 mL of a hydroalcoholic solution (propanol/water 70/30%).
The gel formed was left to decant overnight. Afterwards, the gel was separated from the
sol by filtration and then dried at 100 °C for 6 h and calcined for 2 h at 650 °C, in order to
obtain stoichiometric SnO, nanoparticles. To create oxygen vacancies, SnO, nanoparticles
were then heat treated at 600 °C for 30 min in a reducing atmosphere (Hp /Ny 5/95%). The
reducing heat treatment was followed by a vacuum heat treatment at 600 °C for 15 min,
useful to stabilize the structure of reduced SnO; (SnO,-V) nanoparticles. This final
processing step is necessary because otherwise, they tend to be easily re-oxidized by O, and
H,O present in the air once the SnO,-V material is exposed to the room atmosphere [35].

The morphology and composition of both stoichiometric SnO, and SnO,-Vo nanopar-
ticles were characterized using a Zeiss Leo 1530 Gemini (Zeiss, Oberkochen, Germany)
Scanning Electron Microscope (SEM), equipped with an X-ray Energy Dispersive Spectrom-
eter (EDS). The powders were deposited on carbon tape placed on top of suitable specimen
stubs for SEM analysis. The analysis of SEM images was performed using a suitable image
processing program (Image]J, National Institutes of Health and the Laboratory for Optical
and Computational Instrumentation, University of Wisconsin, Madison, W1, USA).

The optical absorption of the two nanopowders was investigated using a Jasco V-
670 spectrophotometer (Jasco International Co., Ltd., Tokyo, Japan). The samples were
dispersed in 2-propanol and transferred into quartz cuvettes with an optical path of 1 cm.
Absorption spectra were collected in the wavelength range of 200-800 nm. The bandgap of
the samples was calculated by using the Tauc method.

X-ray photoelectron spectroscopy measurements were performed using a Kratos AXIS
UltraDLD instrument (Kratos Analytical, Manchester, UK) equipped with a hemispherical
analyzer and a monochromatic X-ray source Al K« (1486.6 eV), in spectroscopy mode.
The powders were deposited on carbon tape placed over a silicon support. Samples were
analyzed using a 0° take-off angle between the sample surface normal and the analyzer axis.
High-resolution spectra of the core levels of O 1s, C 1s and Sn 3d were collected for each
sample. The alignment was performed by setting the hydrocarbon peak in the C 1s core
level peak at 285 eV. XPS data were analyzed using the software described elsewhere [41].

To be applied as sensing material over the resonating structure, the SnO,-Vo nanopar-
ticles have been suspended in a 2-propanol solution and then deposited as a thin film over
the metallic resonator by spin coating.
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2.3. Test Bench Setup and RF Measurements

The sensing performance of the SnO,-Vo RFID sensor was characterized by using a
dedicated apparatus, including a custom-made gas-flow test chamber (500 cm?) coupled
with an Agilent E5061B ENA Vector Network Analyzer (VNA). A schematic representation
of the apparatus is depicted in Figure 2.

Gas Bottles

Vector network analyzer

{

i e
Gas Out

Bubbler e Test Chamber
Figure 2. Schematic representation of the gas mixing system composed of certified gas bottles, mass
flow controller (MFC), bubbler for humidity control and sealed gas measurement chamber. Data

acquisition is performed through a Vector Network Analyzer.

Gas sensing measurements were performed at room temperature (20 £+ 2 °C) by
exposing the sensing film to controlled gaseous mixtures. Synthetic air (20% O, and 80%
N,) and target gas (NO,) were fluxed and mixed from certified cylinders (N5.0 degree of
purity) through calibrated mass-flow controllers (MFC), achieving a constant total flow of
500 sccm. The lowest NO, concentration which is possible to inject into the gas chamber was
0.5 ppm, which is half of the REL-STEL concentration. The relative humidity was monitored
by a digital humidity sensor (1.0% accuracy) located at the chamber exit. Relative humidity
control was achieved by injecting a fixed fraction of the total dry air flux into a gas bubbler
filled with deionized water to create the desired humidity conditions [33]. The control
of the environmental humidity is considered essential for a reproducible measurement
because there are indications in the literature that this type of sensing material can be
sensitive to humidity [22].

The radio-frequency (RF) measurements were taken from 1.5 to 2.0 GHz, with a
sampling interval of 0.35 MHz. The sensing circular probe, which monitors the frequency
and intensity variations of the resonator through the measurement of the return loss, is not
depicted in Figure 2, due to its small dimensions. During the experiment, it was directly
connected to the VNA, as shown in Figure 3. The sensor tag was located face-down inside
the custom-made test chamber, where the gas environment was controlled, while the probe
was kept outside, and the detection was performed through the plastic chamber wall
(~1 mm) and the sensing tag substrate. The sensor tag located face-down maximizes and
makes faster the interaction between the tag and the gas in the chamber.
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Figure 3. Picture of the custom-made gas chamber. The sensing probe is located outside the chamber,
and the sensor is placed face-down to maximize the interaction with the chamber environment. The
purple light is the UV LED source.

In order to speed up the sensor recovery, an UV LED (ultra-violet light emitting device)
was used, with a central wavelength of 405 nm. The LED power was kept low (around
1 mW) to avoid heating effects on the sensor. The LED was positioned inside the test
chamber, as shown in Figure 3.

3. Results and Discussion
3.1. Sensing Material Characterization

The effect of thermal processing on the formation of oxygen vacancies in SnO,
nanopowders was studied in detail. SEM characterization was used to compare the mor-
phology of the stoichiometric SnO; and SnO,-V samples (Figure 4a,b). It is evident that
both samples present nanoparticles with a spherical-like morphology, suggesting that the
thermal processing did not alter the shape of the nanoparticles.

Figure 4. SEM images of (a) stoichiometric SnO; and (b) SnO,-Vo powders.

The analysis of SEM images revealed that the average nanoparticle size was approxi-
mately 29 nm for stoichiometric SnO; and 19 nm for SnO,-Vo. This decrease in nanoparticle
size due to the incorporation of oxygen vacancies in the metal oxide lattice has been ob-
served in prior studies [42,43] and may be caused by doping effects of the Vp in the SnO,
crystal lattice.
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EDS was used to analyze the Sn/O ratio of the nanopowder before and after the
reducing thermal treatment. The results revealed that the Sn/O ratio increased from
0.52 (for stoichiometric SnO;) to 0.55 for SnO,-V, indicating a significant decrease in
the relative oxygen content of the nanopowder. This is attributed to the reducing heat
treatment, which caused the oxygen molecules to be removed from the SnO; structure.

The formation of Vg in the nanoparticles due to the reducing thermal treatment
was also investigated by characterizing the optical properties of stoichiometric SnO, and
Sn0O,-Vg. In particular, the implementation of bulk Vg in a crystalline metal oxide should
involve a band gap narrowing compared to the stoichiometric semiconductor, due to the
doping effect of the oxygen vacancies that behave as defects in the crystal structure, leading
to the shift of the Fermi level towards the conduction band as well as the creation of
mid-gap donor states that may overlap with the electronic states at the conduction band
and/or valence band edges [44,45]. The optical absorption spectra of stoichiometric SnO,
and SnO;-Vo nanopowders, collected by means of a UV-vis spectrometer, are shown
in Figure 5.
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Figure 5. UV-visible absorbance spectra for stoichiometric SnO, (black line) and SnO;-V (red line).
The inset shows the Tauc diagram obtained from the absorbance spectra, where the extrapolations of
the linear region of the curves to the abscissa are highlighted by the black (SnO;) and red (SnO,-V()
arrows, pointing to the relative direct bandgaps of the two samples.

The energy of the direct band gap (Eg) for the two materials (inset of Figure 4) was
estimated employing the Tauc method [46]. The calculated bandgaps were 3.47 and 3.11 eV
for stoichiometric SnO, and SnO,-V(, respectively. The narrowing in the bandgap further
demonstrated the formation of oxygen vacancies in the SnO, because of the reducing
thermal treatment at 600 °C.

The high-resolution Sn 3d core level spectra for both stoichiometric SnO; and SnO,-Vo
(Figure 6a) showed the presence of a doublet related to the Sn 3d3/, (~495.2 eV) and Sn
3ds/, (~486.8 eV) components. Due to the very similar binding energy of Sn?* and Sn**
in SnO and SnO; [47], a deconvolution of Sn 3d3,, and Sn 3ds,;, for the two samples is
non-trivial. Nevertheless, high-resolution spectra showed a shift of both Sn 3d;3,, and Sn
3ds5,, peaks for the SnO;-Vo sample compared to stoichiometric SnO,, which could be
attributed to the formation of oxygen vacancies [47,48]. In addition, the Sn 3d spectrum
of SnO,-V sample showed the presence of another doublet with low intensity, located
at 492.9 eV (Sn 3ds,,) and 484.4 eV (Sn 3ds.;), which can be attributed to Sn®, further
demonstrating the reduction of SnO, nanoparticle surface [48].
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Figure 6. (a) High-resolution spectra of Sn 3d peaks for stoichiometric SnO; (SnO,) and reduced
SnO; at 600 °C (SnO,-V(). The dashed lines represent the shift between the position of the Sn 3d
core levels in the stoichiometric SnO; (red dashed lines) and SnO;-V (black dashed lines) samples.
Fit of high-resolution spectra of O 1s peaks for (b) stoichiometric SnO, (SnO;) and (c) reduced SnO,
at 600 °C (SnO,-Vp).

Figure 6b,c show the high-resolution spectra of O 1s core levels for SnO, and SnO,-Vo
samples. Also in this case, a shift of the peak binding energy is observed in the two samples,
similar to the shift observed for the Sn 3d peaks. The fit highlighted the presence of two
peaks in both powders, located at 530.88 eV and 531.91 eV for stoichiometric SnO; and
530.64 eV and 531.63 eV for SnO,-Vp [49]. While the peak at lower binding energy is
attributable to the oxygens of SnO; lattice (Ojayice), the peak at higher binding energy
contains the contribution of both oxygen adjacent to oxygen vacancies (Oyac) and oxygens
bonded to carbon residuals within the sample, whose similar binding energies make it
difficult to further deconvolute it into two peaks [49,50]. Considering that the concentration
of C-O is comparable in the two samples, a change in the intensity of the peak at higher
binding energy with respect to the Oj,yice peak can be reasonably attributed to a variation
in the concentration of oxygens adjacent to oxygen vacancies and therefore to a change
in the concentration of the oxygen vacancies. Analyzing the Op,gice/Ovac ratio of the
two peak intensities, a relative increase of the peak related to the oxygen adjacent to the
oxygen vacancies for the SnO,-Vg sample with respect to SnO; was observed. Indeed, the
Olattice/ Ovac ratio was 1.77 for stoichiometric SnO; and 1.37 for SnO,, respectively. The
increase in the relative peak intensity of Oy, for SnO,-V sample further demonstrated
the impact of the thermal reducing treatment on the formation of the oxygen vacancies.

3.2. Performance of Chipless RFID Sensor

Since chipless RFID sensors can exploit both frequency and intensity changes, both
parameters have been considered in order to assess the performance of the fabricated sensor
for NO; detection. Firstly, the frequency and the intensity of the resonator were monitored
at three different values (0.5, 2.0 and 5.0 ppm) of NO, concentration, to assess the sensing
range. The relative humidity was kept at the fixed value of 50%, to eliminate the possible
effects of the variation of this parameter on the measurements. The results obtained are
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reported in Figures 7 and 8. Both the frequency and the intensity markedly change going
from 0 to 0.5 ppm, while at concentrations higher than 2.0 ppm the sensor saturates. This
reveals that the sensor is very sensitive at very low concentrations, in the range where the
NO, determination is more important and interesting for common applications. Moreover,
the use of both parameters can make the determination more precise. It should be noted,
however, that the intensity determination is more precise than the frequency shift. This was
partially due to the limited frequency resolution of our measurement, which in this case is
0.35 MHz. This limit has been improved with an appropriate fitting of the experimental
curves in the frequency interval of maximum peak intensity, which gave good results in
terms of precision.
-2 1 ——0.0 ppm
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Figure 7. Resonance peak frequency and intensity of the chipless sensor at different NO, concentrations.
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Figure 8. Evolution of peak frequency and intensity at different NO, concentrations.

The error bars in Figure 8 have been calculated as the standard deviation on four
measurements. In the case of frequency, the error bar was the larger value between standard
deviation and frequency sampling, without taking into account the fitting improvement.
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The frequency-fitted data have been used in Figures 9-11 and for the calculations of
response and recovery times reported in the following.

It should be noted that, unlike the vast majority of the chipless sensors reported
in the literature [14,21,51], in this specific case, the interaction of the pollutant with the
sensing material causes an increase in the peak frequency and the Q-factor of the resonator.
This is strictly related to the physico-chemical mechanism causing the sensing effect, that
manifestly reduces both the loss and the dielectric constant of the sensing material, and
is consistent with the conductivity reduction at increasing NO, concentration observed
in chemiresistive SnO; sensors [52]. In fact, a lower SnO, conductivity corresponds to a
reduction of material losses and hence to a higher Q of the resonator, while the lower value
of the dielectric constant may be caused by a reduction of charged defects (vacancies) in
the chemical structure of the sensing material.
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Figure 9. Variation of intensity and frequency after opening and closing the NO; flux at 0.5 ppm.
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Figure 10. Variation of intensity after opening and closing the NO, flux with and without LED
irradiation. The opening time is 1 h.
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Figure 11. Variation of frequency after opening and closing the NO, flux with and without LED
irradiation. The opening time is 1 h.

For a rough estimation of response and recovery times, a second measurement was
performed after one day of waiting time. In this case, only the 0.5 ppm concentration was
tested, but for longer times. The data acquired are reported in Figure 9 for both frequency
and intensity. While the high sensitivity in the 0-0.5 ppm range is confirmed, it appears
clearly that the response time of the sensor is much faster than the recovery time. The data
reported in Figure 9 were tentatively fitted with a single exponential rise and decay curve.

The response/recovery times are then estimated as the times necessary to reach 90%
of the total variation [53,54]. The results are reported in Table 1.

Table 1. Estimation of response and recovery times for sensor exposure at 0.5 ppm NO,.

Response Time (min) Recovery Time (min)
Intensity ~17 ~650
Frequency ~28 ~1000

Even though the data reported in Table 1 are only rough estimates, it is clear that while
the response time is in the order of minutes, the recovery time is in the order of several
hours and may never be completed. Moreover, it is also possible that both the response
and the recovery time are further slowed down at concentrations below 0.5 ppm.

The slow and incomplete recovery of the baseline shown in Figure 9 was previously
observed in a similar device [20]. This behavior can be explained by the presence of reaction
sites where target gas molecules may strongly bind at room temperature, inhibiting the
complete desorption in the time scale of a sensing cycle.

With these characteristics, the sensor tag can be used as a (disposable) memory sensor
for single-use exposure, maintaining the memory of the polluting event for a very long time,
and is suitable for areas where the monitoring is not continuous. This use is conceivable
due to the low cost of the tag itself. The lack of electronics on the tag makes the disposal
less impactful for the environment and more suitable for harsh conditions when compared
with other widely used sensors.

However, in view of the wider applicability of this technology and to promote the
reusability of the whole system, we analyzed possible strategies to promote and speed
up the sensor recovery. Among the different possibilities explored so far, the irradiation
of the sensor with a UV LED gave encouraging results, because it allows the creation of
electron-hole pairs while keeping the sensing device at room temperature, as well as the
activation of the photocatalytic properties of the sensing material employed [27,55].
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The data reported in Figures 10 and 11 show the differences in the response and
recovery trends with and without LED irradiation. The data show that the sensor behaves
quite differently in these two cases.

The recovery time is strongly shortened upon LED irradiation (see Table 2), by almost
one order of magnitude, and this is the most striking result of the UV exposure. In the case
of irradiation, the recovery can be fully appreciated within the duration of the experiment,
and therefore the recovery time is estimated more precisely compared to the recovery time
without irradiation.

Table 2. Estimation of response and recovery times during UV irradiation for sensor exposure at
0.5 ppm NO,.

Response Time (min) Recovery Time (min)
Intensity ~60 ~120
Frequency ~60 ~200

The irradiation also affects the time and the intensity of the sensor response. The
estimations of the response times calculated as the time needed to reach 90% of the final
value are reported in Table 2, and they are longer than without LED irradiation. However,
from the curves in Figures 10 and 11, it can be seen that the first and very fast part of the
response curve is very similar in both cases, but without irradiation the response saturates
after few minutes, while under UV exposure another (slower) process seems to take place,
being visible in both the intensity and in the frequency response curve. The data are,
however, not sufficient to separate the two trends.

Figure 12 reports the intensity change during three cycles under UV irradiation. The
cycle includes one hour of exposure at 0.5 ppm of NO, followed by three hours of recovery
time. As can be seen, the UV irradiation does not degrade the material performance, and
the repeatability is quite good.
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Figure 12. Variation of frequency after opening and closing the NO; flux three times with LED
irradiation. The NO, concentration is 0.5 ppm. The relative humidity is 50%. The opening time is 1 h.

Further tests at higher levels of NO, evidenced that the sensor saturation level is not
affected by the UV exposure and the behavior is very similar to that reported in Figure 8.
In order to better appreciate the saturation point, the measurements were taken at 0.5, 0.75,
1,1.5,2 and 5 ppm. The saturation was found to be around 1.5 ppm, with the maximum
sensitivity between 0 and 1 ppm. Results are reported in Figure 13 and compared with data
in Figure 8.
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Figure 13. Evolution of intensity at different NO, concentrations with and without LED irradiation.

Additional tests were performed to investigate the sensor sensitivity to CO because
this is another important environmental pollutant that could interfere with NO, determi-
nation. However, no variations of intensity and frequency have been detected, within the
experimental error, for concentrations up to 10 ppm of CO.

While it is likely that the sensor is sensitive to environmental humidity, this de-
pendence could be accounted for by coupling the sensor presented in this work with
an additional chipless sensor sensitive only to humidity, as for instance those reported
in [21,37].

The shortening of the recovery time is however the most important result because it
opens the way to the reusability of the sensor. In its practical application, the sensor can be
deployed for a long time without being monitored, then checked for NO, exposure and
finally restored with a UV source. A more powerful UV source can likely make the recovery
even shorter than what has been measured in this work, but this possibility has not been
explored yet, for concerns about the possible thermal effects on the sensor response.

Finally, it should be noted that even though the proposed chipless RFID sensor can
be effectively considered a dual parameter sensor, the intensity variation turned out to be
more precise and reliable than the frequency variation, even considering the frequency fit.
It has been observed that this parameter shows some drift in very long measurements. The
reasons for this behavior have not been understood completely yet, but they may be related
to vibrations in the measurement set-up induced by the flowing in the tubing system, that
progressively but invisibly changes the probe positioning relative to the measurement cell.
This will be controlled more accurately in future experiments.

It is especially noteworthy that the NO, concentration that can be detected at room
temperature using the chipless sensor developed in this work is extremely low. In fact, the
sensing characterization showed that the device is capable of detecting up to the lowest
NO; concentration injected into the gas chamber (i.e., 0.5 ppm), which is half of the REL-
STEL concentration, paving the way for practical use of the sensor for NO, detection for
safety applications. The response shown at 0.5 ppm highlights the possibility to obtain a
limit of detection of the photo-activated chipless sensor at even lower concentrations of
NO,, opening up sub-ppm detection of NO, useful in various application fields.

4. Conclusions

The chipless RFID sensor proposed in this work is extremely sensitive to low levels of
NO,, at ambient temperature. Its sensitivity is highest in the range below 0.5 ppm, which
is half of the REL-STEL limit. It shows a fast response and a slow recovery. These character-



Chemosensors 2023, 11, 408 13 of 15

istics make it suitable for low-cost disposable threshold sensing in polluted environments.
On the other hand, we have demonstrated that the recovery time can be shortened by
UV-light irradiation by almost one order of magnitude, and this opens the way to the sensor
reusability and consequent waste reduction. Future work will focus on understanding the
mechanisms that control the sensor response and recovery at the chemical level, on the
optimization of its performance in terms of reliability and response intensity and on the
sensing characterization in the sub-0.5 ppm range.
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