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Abstract: This work describes the technical features and the performance of two different types of
metal-oxide semiconductor sensors, based on ZnO:Ga thin films and SnO2-G nanofibrous layers,
for tropospheric ozone monitoring in ambient air. These nanostructures were tested and compared
with commercial metal-oxide semiconductor sensors under controlled laboratory conditions and
in a field campaign during summer 2021 in Monfragüe National Park (western Spain). The paper
also details the design of the electronic device developed for this purpose. A machine learning
algorithm based on Support Vector Regression (SVR) allowed the conversion of the resistive values
into ozone concentration, which was evaluated afterward. The results showed that the manufactured
sensors performed similarly to the commercial sensors in terms of R2 (0.94 and 0.95) and RMSE
(5.21 and 4.83 µg·m−3). Moreover, a novel uncertainty calculation based on European guides for
air quality sensor testing was conducted, in which the manufactured sensors outperformed the
commercial ones.

Keywords: metal-oxide sensor; tin oxide nanofibers; graphene; air pollution; machine learning

1. Introduction

Tropospheric ozone, also referred to as ground-level or surface ozone (hereinafter
ozone), is a secondary air pollutant that results from a complex set of chemical processes
involving precursor gases, namely methane (CH4), carbon monoxide (CO), and volatile
organic compounds (VOCs), both of natural and anthropogenic origin, in the presence of
nitrogen oxides (NOx) and sunlight [1]. Ozone has negative effects on human health [2–4]
and is the second most harmful pollutant (after particulate matter) in terms of human
mortality and morbidity [5,6]. In addition, ozone is hazardous to sensitive vegetation
such as forests, crops, and grasslands [2,7–12] and is a greenhouse gas that contributes
to climate change [13,14]. The World Health Organization (WHO) has established a limit
value of 100 µg·m−3 for the Maximum Daily 8 h Averaged (MDA8) concentration of ozone
for the protection of human health, never to be exceeded [15]. The European air quality
directive 2008/50/EC [16] is less restrictive as it sets a target value of 120 µg·m−3 for the
MDA8 concentration of ozone for the protection of human health, which can be exceeded
up to 25 days per year averaged over 3 years. For protecting vegetation, the European
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directive uses the Accumulated Ozone over Threshold of 40 ppb (AOT40) metrics, which is
the sum of hourly exceedances above 40 ppb (80 µg·m−3) over the daylight hours during
the growing season, and sets a target value of 18,000 µg·m−3·h and a long-term objective
of 6000 µg ·m−3·h for 5 years averaged AOT40. The Europe-averaged AOT40 showed
a declining trend in the period of 2000–2014 [17], which is attributed to the successful
strategies to reduce ozone precursor emissions that have been put in place in Europe
since the 1990s [18]. However, ozone trends differ largely between regions in Europe
depending on aspects such as the location, population density, economic activity, orography,
climate, and meteorology of the zone under study [19–23]. In 2019, 20 European countries
(from a total of 32 reporting states based on 1665 air quality stations) registered ozone
concentrations above the target value for the protection of health set by the European
directive more than 25 times, and almost all rural background stations recorded ozone
concentrations in excess of the limit recommended by the WHO [19]. It is well known that
southwestern European countries are particularly exposed to exceedances of the ozone
target value in summer due to the frequent anticyclones and clear-sky conditions, favoring
photochemical ozone formation in the troposphere; the long-range transport of pollution
from Europe, Asia, and even North America; and the own emission of ozone precursors
from large urban agglomerations [24,25]. This explains the growing interest in air quality
monitoring systems as distributed and localized monitoring of air pollution is crucial to
determine the sources and causes of pollution and, hence, to provide solutions.

The standardized analyzers currently used for the monitoring of air quality for reg-
ulatory purposes are sophisticated pieces of equipment that are operated in thermally
conditioned weatherproof cabins. The high acquisition, operational, and maintenance costs
of the analyzers severely limit their massive deployment. As an example, the air quality
network in Spain consists of around 4000 analyzers (for the monitoring of all regulated air
pollutants) installed in about 600 stations distributed over an area of 506,000 km2. There is
a need for reliable and accurate air quality data of higher temporal and spatial resolution
and representativeness than the official air quality networks, to efficiently control pollutant
emissions [26,27]. To this aim, the number of commercial products and research prototypes
for atmospheric surveillance that rely on low-cost sensors and are easy to deploy in the
field has multiplied in recent years, thanks to advanced manufacturing technologies that
allow for a high level of integration of miniaturized sensors in ever smaller, lighter, and
more simplified devices [28–30]. These are paving the way for environmental monitoring
through Wireless Sensor Networks (WSNs) and Internet of Things (IoT) devices capable of
processing the data gathered by the WSN and transmitting them over long distances [31].
However, there are still many concerns about the quality assurance of air pollution data
obtained by using low-cost sensors, especially from the regulatory bodies [32–34].

Among the variety of sensor technologies for the detection of gas pollutants on the
market, resistive sensors based on gas-sensitive layers of metal-oxide semiconductors (MOS)
are the ones that are receiving the most attention [35]. The resistance of the pre-heated
MOS layer varies depending on the concentration of the target gas in the air, generating a
proportional current flow in the circuit. The pros and cons of the MOS sensors compared
to their main competitors in the market, the electrochemical sensors, have been widely
discussed [36]. The inherent advantages of the MOS sensors are its ability to work at high
temperature while maintaining a longer service life compared to other types of gas sensors
(e.g., electrochemical sensors); its high sensitivity and fast response; its low cost, capability
for large-scale manufacturing, and potential for miniaturization (e.g., sensors based on
Micro-Electro-Mechanical Systems or MEMS sensors) and integration into IoT devices,
smart gadgets, and wearable and mobile consumer devices [37,38]. Its major drawbacks
are the need to heat the MOS layer, requiring a relatively high operating power; the cross-
sensitivity to ambient temperature and humidity, and to gases other than the target gas
present in the air; and the loss of sensitivity of the MOS surface over time [39–41]. Intensive
research is being conducted on MOS nanomaterials of all dimensionalities and of tailored
surface properties (e.g., composition, micro/nanostructure, and porosity) with the aim of
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improving the low-temperature sensing performance (e.g., limit of detection, sensitivity, and
selectivity toward specific gases, response, and recovery times) of the MOS sensors [42–49].
Ideally, they should work at room temperature and have zero power consumption, which
will enable its large-scale deployment in WSNs for air quality applications [50]. MOS
sensors are widely used for measuring ozone in air [51]. Generally, commercial ozone
sensors use thick or thin films of tungsten oxide (WO3), indium and tin oxide (ITO), and
other oxides, which are deposited by sputtering, and the power consumption ranges from
40 to 400 mW [52–55]. In addition, engineered functional nanomaterials obtained by mixing,
doping, or surface-decoration of MOS with other oxides, noble metal nanoparticles, or
carbon nanomaterials have been demonstrated for sensing ozone in the laboratory [56].

In this work, self-developed microsensors using nanostructured gas-sensitive layers
of two types: thin films of zinc oxide doped with gallium (ZnO:Ga), and nanofibrous
layers of tin dioxide, pure (SnO2), and doped with graphene (SnO2:G), were used for
real-time measurement of ozone in ambient air in a rural area in southwestern Europe
(Monfragüe natural park, Spain). For this purpose, automated multisensor devices were
designed and fabricated: one device for each of the two types of MOS microsensors under
study, and one more device for a set of commercial MOS sensors commonly used in air
quality applications.

2. Materials and Methods
2.1. Metal Oxide Gas Sensors

The air pollutant sensors used in this work were electrically transduced sensors of
the resistive type with MOS as the gas-sensitive material. Both commercial sensors and
home-made sensor prototypes, the latter including nanostructured MOS layers, were used
here to monitor ozone in the air in a natural park.

2.1.1. Commercial Sensors

A total of eight commercial sensors of models MiCS 2714, 4514, and 6814 (SGX Sen-
sorTech Ltd., Corcelles-Cormondreche, Switzerland) and SP3-61 (Nissha FIS, Inc., Osaka,
Japan) were used in this study. As this multisensor device was not built with a specific area
of study in mind, it integrates sensors for different target pollutants. The MiCS sensors
consist of a silicon substrate including a micro-machined diaphragm with an embedded
heater and a MOS layer on top. The SP3-61 sensor is composed of an alumina substrate
with a printed heater (bottom) and electrodes (top) and a thin film of ITO on the electrodes.
Table 1 shows the concentration range of the target gases covered by the sensors and their
rated power, as reported by the manufacturers.

Table 1. Commercial Sensors.

# Model Pollutant Range (pbb) Power (mW)

CO1 MiCS 2714 (OX) NO2 50–104 43
CO2 MiCS 4514 (OX) NO2 50–104 43
CO3 MiCS 4514 (RED) CO 103–106 76
CO4 MiCS 6814 (OX) NO2 50–104 43
CO5 MiCS 6814 (RED) CO 103–106 76
CO6 MiCS 6814 (OX) NO2 50–104 43
CO7 MiCS 6814 (RED) CO 103–106 76
CO8 FIS SP3-61 O3 2–103 400

In the past, these sensors have been used to monitor air quality in urban areas for
different purposes [52–55,57,58].

2.1.2. Nanostructured Sensors

Sensors using MOS nanostructures as the active material, henceforth referred to as
nanosensors, were manufactured. In the first place, four ultrathin dielectric membranes
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were processed on a silicon substrate by MEMS technology. Each membrane contains a
heating resistor and two interdigitated electrodes that are isolated from each other and from
the heating resistor. The assembly is known as a microhotplate. Then, the electrodes were
coated with MOS nanostructures to be electrically measured. The materials, geometries,
and manufacture process of the microhotplates have been described elsewhere [59–61].
Two different microhotplate structures were used in this work. The first one had heating
and measuring electrodes on the same level and was used for materials deposited by
the electrospinning deposition process (Figure 1). To avoid the problem of the high SiO2
step to be covered for very thin (25 nm to 50 nm) sputtered layers, another design was
used in which the measuring electrode was moved to a level above (Figure 2). This last
configuration allowed the reduction in the inter-electrode space from 60 µm to 15 µm,
which also permitted the measurement of higher-resistive materials.
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Two types of nanostructured sensing layers were prepared on the top surface of the mi-
crohotplates. On the one hand, thin films of zinc oxide doped with gallium (ZnO:Ga) were
grown by magnetron sputtering under pure argon from a self-made oxide target [62] on
microhotplates, as shown in Figure 2. On the other hand, highly porous mats of nanofibers
of tin dioxide (SnO2) were deposited by electrospinning a polymeric solution containing
a tin salt and eventually graphene (G) followed by calcination [63] on microhotplates, as
displayed in Figure 1.

Three multisensor platforms (each platform contains 4 microhotplates) were coated
with thin films of ZnO:Ga. One multisensor platform was coated with nanofibers of SnO2
and three platforms were coated with nanofibers of SnO2 loaded with different graphene
materials (SnO2:G): reduced graphene oxide (RGO, E800, Abalonyx AS, Oslo, Norway),
pristine graphene (PG, 900561, Sigma-Aldrich, Saint Louis, MO, USA), and graphene
nanoplatelets (GNPL, 900407, Sigma-Aldrich, Saint Louis, MO, USA). The gas (NO2 and
O3) detection behavior of the nanosensors was tested in the lab and the ones that showed the
best performance are summarized in Table 2 (two nanosensors from each platform). There
were a total of fourteen nanosensors using ZnO:Ga films of 25 nm and 50 nm thickness,
nanofibrous layers of SnO2, and nanofibrous layers of SnO2:G.
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Table 2. Nanosensors.

ZnO:Ga Thin-Film SnO2:G Nanofibrous Layer

# Film Thicknes (nm) Power (mW) # Graphene Type Power (mW)

CN1 25 25 CS1 RGO 41
CN2 25 5–25 CS2 RGO 41
CN3 50 25 CS3 PG 14.5
CN4 50 5–25 CS4 PG 41
CN5 50 25 CS5 GNPL 14.5
CN6 50 5–25 CS6 GNPL 41

- - - CS7 − 14.5
- - - CS8 − 14.5

Lab measurements were conducted with the MOS sensors and mixtures of ozone in
air (25–500 ppb). The sensors using SnO2 nanofibers were very sensitive to ozone over
a broad temperature range (20–400 ◦C). The optimal working temperature (at which the
sensor response reached a maximum) was 350 ◦C (SnO2) and 200 ◦C (SnO2:G) [64]. It
was decided then to operate the nanosensors of SnO2 in the continuous heating mode at
14.5 mW (~100 ◦C) and 41 mW (~350 ◦C). On the other hand, the sensors based on ZnO:Ga
were measured by heating the microhotplate between 100 ◦C and 400 ◦C. The best response
was obtained at 25 mW (~205 ◦C). For a heating power equal to or greater than 35 mW
(~305 ◦C), a drift in the sensor response was found. Two measuring modes were used
for these nanosensors: a classical continuous heating mode at 25 mW (~250 ◦C) and an
alternating heating mode in which the sensor was heated alternately between 5 mW and
25 mW for 3 min.

Figure 3a,b display the commercial sensors used in this work. They are encapsulated
and the housings have openings that allow access of the gas to the MOS film inside.
Figure 2c shows the selected arrangement for the nanosensors. The multisensor platform is
bonded to the top surface of a standard TO-8 header and the electrodes and heater of the
microhotplates are wired to the pins of the header.
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2.2. Air Pollution Monitoring Devices
2.2.1. Device Design

We developed and manufactured multisensor devices for measuring air pollution in
real-time, each one using a different type of MOS sensor. The devices were labeled CO
(commercial sensors), CS (nanosensors based on nanofibers of SnO2 or SnO2:G), and CN
(nanosensors using thin films of ZnO:Ga). Sensor holder PCBs were specifically designed
for each type of sensor. Each PCB could host up to 8 gas sensors of the same type and a tem-
perature and humidity sensor (SHT21, Sensirion AG, Stäfa, Switzerland). The devices were
controlled by the low-power, RISC-based, 8-bit ATMega2650 microcontroller (Microchip
Technology Inc., Chandler, AZ, USA). This met the needs of the device, with features such
as 256 KB of ISP flash memory, 8 KB of SRAM, 4 KB of EEPROM, 86 general-purpose I/O
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lines, 32 general-purpose working registers, a PWM, four USARTs, a 16-channel 10-bit A/D
converter, and a JTAG interface for on-chip debugging. The device achieved a performance
of 16 MIPS at 16 MHz. Readout of the sensors was performed via an external low-power
24-bit, 8-channel analog–digital converter, which allowed the acquisition of up to 15 sam-
ples per second. Three selectable bias voltages (5 V, 3.3 V, and 2.5 V) were implemented for
added versatility. In addition, two measuring ranges were implemented to optimize the
resolution of the measurements. These were automatically selected by the implemented
program according to the measured sensor resistance. In addition, the voltage supplied
to the sensor heating elements was controlled by two 12-bit, 4-channel digital-to-analog
converters. In order to track the control of heaters, the current was measured with a current
shunt monitor. Regarding communications, the device implements a USB port (modbus-
RTU by default), Ethernet, and WiFi. Moreover, the system stores the data in a local µSD
card. A real-time clock is included in the design to allow the user to know the time when
there is no internet connection. With respect to the pneumatic design, the unit is equipped
with an active sampling system. It includes a pneumatic pump with variable control, which
produces a 0.5 L min-1 airflow to the sensors, and an electrovalve that allows the system
to switch from two gas sample inlets. Moreover, a resin cell was developed to encase the
sensors. The whole device was powered by a 230 VAC 50 Hz power supply. Figure 4 shows
a picture of one of the devices and some key parts.
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2.2.2. Laboratory Measurements

Measurements were performed in the laboratory with the multisensor devices and
ozone-air mixtures from a commercial ozone source (model 714 NO2/NO/O3 Calibration
Source, 2B Technologies, Boulder, CO, USA), which generates ozone by photolysis of
molecular oxygen in the air. The concentration of ozone was increased from 0 ppb to
200 ppb in 5 steps of a duration of 10 min each. The measurements were repeated 3 times
on different days in order to assess the sensor performance and the repeatability of the
results. Figure 5 shows the results corresponding to the three devices (CO, CN, and CS).
For simplicity, only one sensor of each kind is shown.
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2.3. Field Campaign
2.3.1. Monfragüe National Park

The devices for the monitoring of air pollution by means of MOS sensors were de-
ployed during the summer of 2021 in Monfragüe National Park, a protected natural zone
(Natural Park and Biosphere Reserve) located in the province of Cáceres (Extremadura)
in Spain. It covers an area of 179 km2 and has an air quality station from the Air Quality
Protection and Research Network of Extremadura (REPICA) inside (Figure 6).
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Monfragüe National Park.

Historical air quality data reveal that ozone concentrations beyond the target value
for the protection of human health occur more than 25 times every year at Monfragüe
National Park. For instance, 32 exceedances were recorded in 2020 for ozone [65], despite
the noticeable reduction in air pollution observed globally as a result of the COVID-19
pandemic. It is also usually in summer that ozone is at its highest level. This is explained
by the large emissions of VOCs (mainly of natural origin), high temperatures, and intense
solar radiation prevailing in summer in Extremadura [66,67]. On the other hand, the
concentrations of other gas pollutants (e.g., NO2 and CO) remain very low throughout the
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year, well below the limit values for protecting health. This situation makes Monfragüe
National Park an ideal environment to assess the detection performance of the MOS sensors
toward ozone, without interferences from other gases.

The multisensor devices were collocated next to the air quality station at Monfragüe
National Park, which was used as a reference. It supplies hourly average values of the
concentration in air of all pollutants regulated by the European directive. Specifically, the
station includes a UV photometer (model 49i-B3ZAA, Thermo Fisher Scientific, Waltham,
MA, USA) as an ozone analyzer. The devices were synchronized with the station and
recorded pollutant concentration values every 5 s. After the field campaign, the data from
the devices were averaged over 1 h periods. Figure 7 displays the response of the MOS
sensors after applying normalization (0,1) and linear drift counteraction. Commercial
sensors CO3 and CO7 exhibited anomalous behavior and their data were dismissed.
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2.3.2. Sensor Calibration

In order to calibrate the multisensor devices to measure ozone, we built a machine
learning model. This model was a SVR with a polynomial kernel. For each device (CO,
CS, and CN), the sensors response was split into two sets (training and test) by randomly
selecting 30% of the data for training and the remaining 70% for testing. It is well known
that MOS sensors are affected by ambient temperature and humidity and, thus, these
parameters were also measured and used as inputs to the model [57,68].

By feeding the training set and the corresponding reference values into the SVR, the
model was fitted. Then, using the test set, the model was able to calculate three values of the
ozone concentration, one for each device. To assess the goodness of the ozone data achieved
with each device, the coefficient of determination (R2) and the Root-Mean-Squared Error
(RMSE) were used, as well as the parameters from the least squares regression line.
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2.3.3. Data Uncertainty

The uncertainty of the data from the multisensor devices was calculated following the
protocol recommended by the EC Working Group on Guidance for the Demonstration of
Equivalence [69], which is based on the orthogonal regression of the sensor data against the
reference data. The relative expanded uncertainty (at the limit value) was calculated by (1),
where a and b are the intercept and slope of the orthogonal regression, respectively, n is the
number of measurements results, u2(xi) is the uncertainty of the reference analyzer, and
RSS is the sum of squares of relative residuals (2) or absolute residuals (3). More details
on the calculation of the relative expanded uncertainty can be found in the Guide to the
demonstration of equivalence [69].

Ur(yi) =
2 ·
√(

RSS
(n−2) − u2(xi) + [a + (b − 1)xi]

2
)

yi
(1)

RSS = ∑n
i=1(yi − a − bxi)

2 when (yi − a − bxi)
2 is constant (2)

RSS = (a + bxi)
2 ∑n

i=1

(
yi

a + bxi
− 1
)2

when
(

yi
a + bxi

− 1
)2

is constant (3)

3. Results and Discussion
3.1. Sensor Calibration

Figure 8 shows the results of the calibration of the devices’ CO, CS, and CN against the
ozone analyzer. The scatter plots show the distribution of the measured ozone concentration
values as well as the values of R2, RMSE, and a and b regression coefficients. This values
are also summarized in Table 3.
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Table 3. Calibration metrics. Sensor vs, Reference.

CO CS CN

Value Value %CO Value %CO

R2 0.67 0.70 104.5 0.69 103.0
RMSE

(µg m−3) 14.03 13.50 96.2 13.61 97.0

Slope 0.68 0.71 104.4 0.71 104.4
Intercept (µg m−3) 27.26 25.44 93.3 25.11 92.1

The devices based on MOS nanosensors showed a moderate correlation with the
reference analyzer, with values of R2 of 0.70 and 0.69 for CS and CN, respectively. This
was also the case for the device based on commercial MOS sensors (R2 of 0.67 for CO).
The RMSE values were 13.50 µg·m−3, 13.61 µg·m−3, and 14.03 µg·m−3 for the devices’ CS,
CN, and CO, respectively. The maximum deviation in RMSE was 7% for CN, and it was
less than 5% for the devices’ CS and CO. Moreover, if the CS and CN devices are directly
compared with the commercial sensors (Figure 9), satisfactory performances of CS and CN
are assessed.
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Figure 9. Correlation scatterplots for ozone concentration: Nanosensors CS (left) and CN (right) vs.
commercial sensors CO. Units in µg·m−3.

3.2. Data Uncertainty

To evaluate the performance of the multisensor devices, the measurement uncertainty
was calculated following the methodology described in Section 3.

Table 4 shows relevant statistical parameters of the orthogonal regression and the
relative expanded uncertainty for each multisensor device. Regarding statistical analysis of
the CO, CN, and CS devices, a positive systematic error was detected in the intercept, as 0
was not included between the 95% confidence limits. A systematic error was also detected
for the slope as the value of 1 was not between the 95% confidence limits. The relative
expanded uncertainties (at limit value) were 20.41%, 19.39%, and 19.45% for CO, CN, and
CS devices, respectively, which means better results were obtained with CN and CS devices
compared to CO. However, in all cases, the uncertainty values were less than 30%, thus
meeting the uncertainty requirement of European directive 2008/520/CE for indicative
measurements [16].
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Table 4. Orthogonal Regression Parameter for devices’ CO, CN, and CS.

CO Value Standard Error Lower (95%) Upper (95%)

Intercept 17.62 1.28 15.11 20.14

Slope 0.80 0.02 0.77 0.83

Relative expanded
uncertainty (k = 2) (%) 20.41

CN Value Standard Error Lower (95%) Upper (95%)

Intercept 15.54 1.24 13.12 17.97

Slope 0.82 0.01 0.79 0.85

Relative expanded
uncertainty (k = 2) (%) 19.39

CS Value Standard Error Lower (95%) Upper (95%)

Intercept 16.16 1.17 13.86 18.46

Slope 0.82 0.01 0.79 0.85

Relative expanded
uncertainty (k = 2) (%) 19.45

Other authors have conducted similar studies with MOS sensors (commercial or pro-
totype devices). For example, [70] used SVR to calibrate an array of sensors and classify
the data after extracting features based on the Relief method. On the other hand, [71]
built a neural network to process the data acquired from an array of MOS sensors to
evaluate the impact of NO2, NH3, and CH4 in agriculture applications. Even though both
papers showed promising results, neither of them (as with many others in the literature)
performed the measurement uncertainty calculation shown in this work, which we believe
should play a relevant role in sensor performance evaluation, e.g., the European regula-
tion on air quality includes maximum uncertainty requirements to validate air pollution
monitoring equipment.

4. Conclusions

In this work, we have demonstrated the real-world applicability of newly developed
resistive sensors using MOS nanostructures as gas-sensitive material (nanosensors) for the
purpose of measuring ozone in ambient air. One type of nanosensor is based on ZnO:Ga
thin films, while another type is formed by nanofibers of SnO2 or SnO2:G. The performance
of the MOS nanosensors and of a selected commercial MOS sensor for ozone was assessed
against a reference analyzer in a field measurement campaign in a natural environment
characterized by a low pollution level. Both the nanosensors and the commercial sensor
performed similarly and showed a moderate correlation with the reference (R2 of 0.67–0.7)
and a deviation in terms of RMSE of 13.50–14.03 µg·m−3, which is about 10% of the maxi-
mum ozone concentration. Furthermore, the nanosensors exhibited a great performance
when compared with the commercial sensor (R2 of 0.94 and 0.95, RMSE of 5.21 µg· m−3

and 4.83 µg·m−3, and offset of 1.44 µg·m−3 and 0.37 µg·m−3), while the former operated
at powers at least a factor of 10 lower than the latter. In addition, for the first time, we
calculated the uncertainty in the sensor measurements using a recognized method, which
resulted in uncertainty values of less than 30% for both the nanosensors and the commercial
sensor. This is a promising result toward the adoption of low-cost sensors for indicative air
quality measurements.
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