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Resum 
Aquesta tesi combina materials de baixa dimensió per a la detecció de 
gasos amb dispositius electrònics per recopilar dades ambientals com la 
contaminació i la qualitat de l’aire. La tesi aborda la base de 
coneixements per dissenyar i desenvolupar dispositius portàtils en 
suports flexibles de baix cost per monitoritzar l’exposició humana a 
gasos objectiu. La tesi integra conceptes de ciència de materials, 
electrònica i anàlisi de dades, i es divideix en quatre parts principals. 

La primera part proporciona dades estadístiques històriques sobre 
gasos contaminants i la seva relació amb el benestar humà, destacant la 
importància d’obtenir una alta precisió de mesura en aplicacions de 
detecció de gasos. Presenta una visió general dels sensors de gasos i les 
principals característiques que haurien de tenir les properes generacions 
de dispositius electrònics per a aquestes aplicacions, com IoT i ANNs. 

En segon lloc, es va utilitzar AACVD per sintetitzar sensors basats en 
WO3. Es van avaluar les respostes dels sensors davant de gasos oxidants 
i reductors com NO2, EtOH i H2. Les dades mesurades es van recollir 
amb una matriu de sensors i es van processar utilitzant un enfocament 
multivariant. A continuació, es van emprar PCA y MLP per obtenir una 
alta capacitat de discriminació i quantificació dels gasos. 

En tercer lloc, es va dissenyar i configurar una plataforma de nivell de 
preparació tecnològica (TRL-4) per interconnectar aquest tipus de 
sensors de gasos químico-resistius. La plataforma consta de diversos 
nodes connectats a un servidor centralitzat mitjançant el protocol MQTT 
de IoT. Es presenta una metodologia per configurar la plataforma quan 
es desplega en diferents escenaris o s’interconnecta amb altres sensors. 
Per desenvolupar aquesta metodologia es van mesurar dos gasos 
contaminants, NO2 i NH3, tant de manera individual (sota variacions de 
% HR) com en la seva mescla. Es proporcionen tots els detalls sobre el 
disseny del maquinari, el programari i el procés d’entrenament de 
ANNs. 

La secció final de la tesi presenta la fabricació de sensors basats en grafè 
que incorporen elèctrodes interdigitats en la mateixa placa de circuit 
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imprès flexible que els components electrònics. Els sensors basats en 
grafè es van obtenir mitjançant la tècnica de deposició per aerografia. Es 
va fabricar un dispositiu portàtil acumulatiu amb comunicació NFC per 
a aplicacions de detecció de NO2. El dispositiu portàtil obtingut es pot 
fixar fàcilment a una armilla de treball, permetent una integració 
senzilla en qualsevol entorn laboral. Cal destacar que les propietats 
estructurals, les característiques morfològiques i les composicions 
químiques de tots els sensors fabricats es van verificar utilitzant 
tècniques com FESEM, EDX, XRD, espectroscòpia Raman, HR-TEM i 
ToF-SIMS. 
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Abstract 
This thesis combines low-dimensional materials for gas sensing with 
electronic devices to collect environmental data such as pollution and 
air quality. The thesis reaches the knowledge base of designing and 
developing wearable devices on low-cost flexible support to monitor 
humans' exposure to target gases. The thesis integrates concepts from 
materials science, electronics, and data analysis and it is divided into 
four main parts. 

The first part gives historical statistical data on pollutant gases and their 
relationship with human well-being, highlighting the importance of 
obtaining high measurement precision on gas sensing applications. It 
presents an overview of gas sensors and the main characteristics next-
generation electronics for gas sensing applications should have such as 
IoT and ANNs.  

Second, aerosol-assisted chemical vapor deposition (AACVD) was used 
to synthesize WO3-based sensors on alumina substrates with platinum-
interdigitated electrodes. Sensors´ responses were evaluated towards 
oxidizing and reducing gases such as NO2, EtOH, and H2. Measured 
data was collected as a sensor array and was processed using a 
multivariate approach. Then, Principal Component Analysis and 
Multilayer Perceptron were employed to obtain high discrimination 
and quantization ability of the target gases.  

Third, to interface this type of chemoresistor gas sensors a technology 
readiness level (TRL-4) platform was designed and set up. The platform 
consists of several nodes (electronics boards) connected to a centralized 
server using the MQTT IoT protocol. A methodology is presented to set 
up the platform when deployed in different scenarios or interfacing 
with other sensors. To develop this methodology two pollutant gases 
were measured, NO2 and NH3, in a single form (under % RH variation) 
and under their mixture. Full details about the design of hardware, 
software, and ANNs training process are given.  
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The final section of the thesis presents the fabrication of graphene-based 
sensors incorporating interdigitated electrodes in the same flexible 
printed circuit board as the electronics. Graphene-based sensors were 
obtained using the airbrushing deposition technique. A cumulative 
near-field communication (NFC) wearable for NO2 sensing applications 
was fabricated. The obtained wearable device can be easily attached to 
a working vest allowing simple integration in any working 
environment. It is worth mentioning that the structural properties, 
morphological characteristics, and chemical compositions of all 
fabricated sensors were checked using techniques such as FESEM, EDX, 
XRD, Raman spectroscopy, HR-TEM, and ToF-SIMS. 
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Resumen 
Esta tesis combina materiales de baja dimensión para la detección de 
gases con dispositivos electrónicos para recopilar datos ambientales 
como la contaminación y la calidad del aire. La tesis aborda la base de 
conocimientos para diseñar y desarrollar dispositivos portátiles en 
soportes flexibles de bajo costo para monitorizar la exposición humana 
a gases objetivo. La tesis integra conceptos de ciencia de materiales, 
electrónica y análisis de datos, y se divide en cuatro partes principales. 

La primera parte proporciona datos estadísticos históricos sobre gases 
contaminantes y su relación con el bienestar humano, destacando la 
importancia de obtener una alta precisión de medición en aplicaciones 
de detección de gases. Presenta una visión general de los sensores de 
gases y las principales características que deberían tener las próximas 
generaciones de dispositivos electrónicos para estas aplicaciones, como 
IoT y ANNs. 

En segundo lugar, se utilizó aerosol-assisted chemical vapor deposition 
(AACVD) para sintetizar sensores basados en WO3 en sustratos rígidos 
de alúmina con electrodos interdigitados de platino. Se evaluaron las 
respuestas de los sensores frente a gases oxidantes y reductores como 
NO2, EtOH y H2. Los datos medidos se recopilaron con una matriz de 
sensores y se procesaron utilizando un enfoque multivariable. Luego, se 
emplearon Principal Component Analysis y Multilayer Perceptron  para 
obtener una alta capacidad de discriminación y cuantificación de los 
gases. 

En tercer lugar, se diseñó y configuró una plataforma de nivel de 
preparación tecnológica (TRL-4) para interconectar este tipo de sensores 
de gas químico-resistivos. La plataforma consta de varios nodos (placas 
electrónicas) conectados a un servidor centralizado utilizando el 
protocolo MQTT de IoT. Se presenta una metodología para configurar 
la plataforma cuando se despliega en diferentes escenarios o se 
interconecta con otros sensores. Para desarrollar esta metodología se 
midieron dos gases contaminantes, NO2 y NH3, tanto de forma 
individual (bajo variaciones de % HR) como en su mezcla. Se 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



proporcionan todos los detalles sobre el diseño del hardware, el 
software y el proceso de entrenamiento de ANNs. 

La sección final de la tesis presenta la fabricación de sensores basados 
en grafeno que incorporan electrodos interdigitados en la misma placa 
de circuito flexible que los componentes electrónicos. Los sensores 
basados en grafeno se obtuvieron utilizando la técnica de deposición 
airbrushing. Se fabricó un dispositivo wearable acumulativo con 
comunicación NFC para aplicaciones de detección de NO2. El 
dispositivo wearable obtenido puede acoplarse fácilmente a un chaleco 
de trabajo, permitiendo una integración sencilla en cualquier entorno 
laboral. Cabe mencionar que las propiedades estructurales, 
características morfológicas y composiciones químicas de todos los 
sensores fabricados se verificaron utilizando técnicas como FESEM, 
EDX, XRD, espectroscopía Raman, HR-TEM y ToF-SIMS. 
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1. Introduction  

1.1. Air pollution and human health relationship 

Air pollution is a significant global health and environmental issue 
affecting people's well-being worldwide. It can be classified as ambient 
pollution related to outdoor scenarios and household pollution often 
named indoor air pollution; both are the second risk factor for death 
globally. In the past ten years, more than 80 million people passed away 
due to illnesses caused by breathing contaminated air 1. Nowadays the 
World Health Organization (WHO) estimates that air pollution takes 
around seven million people's lives worldwide every year 2. 

Indoor and outdoor pollution are caused by stoves for cooking, fueled 
by kerosene, biomass, and coal; and emissions from industrial facilities, 
vehicles, power generation, and agricultural waste, respectively. 
Because of these, most of the global population is exposed daily to 
different contaminants. In some cases, the presence of these pollutants 
exceeds the WHO guideline limits. For instance, exposure to NO2 could 
harm the human respiratory system, is fatal if inhaled, and causes 
severe skin burns and eye damage 3. Another hazardous and important 
gas in atmospheric chemistry is NH3, which causes severe skin burns 
and eye damage, is toxic if inhaled, is very dangerous to aquatic life and 
is a flammable gas. Other common pollutant gases can be found in 
Figure 1. 

The figure shows the change in the world’s emissions of pollutant gases 
since 2010. It is noticed that the emission of NH3 has increased by 10 %, 
emissions of non-methane volatile organic compounds (VOCs) have 
been stable, and NO2, CO, SOX, and other carbon-based emissions 
(Organic Carbon, Black Carbon) have been decreasing in this period 4. 
These pollutants are mainly used in industrial facilities and agricultural 
activities. According to the International Labour Organization (ILO) 
from the United Nations, 1.6 billion workers are probably to be exposed 
to air pollution, resulting in up to 860 thousand work-related losses of 
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life among outdoor workers annually. Over 870 million workers in 
agriculture, are likely to be exposed to pesticides, with more than 300 
thousand fatalities attributed to pesticide poisoning annually 5. 

 

Figure 1: Change in the emissions of air pollutants from 2010 to 2022 4. 

There are some regulations and standards for the number of emissions 
and exposure times to comply with to protect workers and the 
environment from breathing or being exposed to contaminated air. For 
instance, the European Chemicals Agency (ECHA) establishes the 
Occupational Exposure Limits (OELs) in a Long-Term Period Limit 
(LTEL) for NO2 is 0.5 ppm and the OELs in a Short-Term Period Limit 
(STEL) is 1 ppm. In the case of NH3, the LTEL is 20 ppm and STEL is 50 
ppm, to mention some 3. 

1.2. Types of gas sensors 

The first step to fulfilling regulations and helping to reduce pollution is 
to have reliable and robust gas sensors. In past decades, many research 
efforts have been directed at creating gas sensors aiming to enhance 
sensors’ response and selectivity to specific target analytes. Also, 
improving their durability and long-term stability. 

Different types of gas sensors have been developed such as 
electrochemical gas sensors. They use oxidation-reduction reactions to 
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measure gas concentration. They are good for detecting toxic gases and 
are resistant to interferences but have short lifespans. On the other hand, 
optical sensors such as photoionization gas sensors (PID) use ultraviolet 
light to ionize gases for detection. They are highly sensitive to volatile 
organic compounds (VOCs). Non-dispersive infrared (NDIR) gas 
sensors use infrared light absorption to detect gases. They are highly 
accurate and long-lasting; they can detect CO2 and other gases that 
absorb infrared light. Another type of gas sensor is the thermal 
conductivity sensor, Pellistors. They measure gas concentration based 
on thermal conductivity differences and can detect high concentrations 
but have low accuracy and sensitivity 6,7. 

Among all these types of gas sensors, this thesis uses chemoresistor 
sensors: semiconductor metal oxides (MOXs) and graphene-based 
sensors. Both can detect gases by measuring changes in the electrical 
resistance of a semiconductor material. They are sensitive to many gases 
and have fast response and recovery times.  They have a drawback by 
being susceptible to environmental factors such as the variation of % RH 
and ambient temperature 7,8. MOXs work better at high temperatures, 
but graphene-based sensors can operate at room temperature, which is 
suitable for use in battery-powered systems since they have low power 
consumption 9. 

Both types are built in simple steps. The manufacturing process is easy 
and low-cost. A sensitive layer is deposited on top of the IDEs. The IDEs 
are used to acquire the variation in the electrical conductivity of the 
sensitive layer while reacting with the target gas 10. For example, p-type 
materials like graphene reacting with an oxidant gas such as NO2 
increase the electrical conductivity, therefore, its electrical resistance 
will drop in value proportional to the analyte concentration in contact 
with the sensitive layer. This simple mechanism allows chemoresistor 
sensors to have a simple read-out chain design and cheap maintenance 
costs. Therefore, they are appropriate for build-in with commercial 
intelligent electronics to monitor, process, and send their data remotely. 
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Figure 2 shows a general block diagram describing the integration of 
chemoresistor sensors with smart electronics. The main parts are 
highlighted as the IDEs, the chemoresistor gas-sensitive material, the 
substrate, and the smart electronics. 

 
Figure 2: Integration process of chemoresistor gas sensors with 
intelligent electronics. 

1.2.1. IDEs 

IDEs interconnect the gas-sensitive materials with the smart electronics. 
Traditionally, thin films of conducting materials are used for this 
purpose like Au 11, Ag 12, Pt 13, and Al 14,15. When choosing them, 
particular attention should be paid to their high electrical conductivity 
and adhesion to the selected substrate. It is important to highlight that 
in some applications, the flexibility of those conducting layers is 
desirable. Ideally, good IDEs must retain high conductivity even under 
extreme mechanical deformation. One of the most used geometry and 
dimensions of IDEs by researchers is presented in Figure 3. Note that 
IDEs have 5 pairs of fingers; the width and gap distance between them 
are 300 μm, and the length is 1.90 mm. This is the selected geometry for 
this thesis to be comparable with other published results. IDEs were 
purchased from CeramTech GmbH, Plochingen, Germany. 

 
Figure 3: Geometry of IDEs. 
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1.2.2. Chemoresistor gas-sensitive material 

MOXs exhibit a great variety of functional properties making them ideal 
for gas sensing applications. MOXs’ functional properties are strongly 
determined by their crystalline structure, composition, native defects, 
and doping, among other parameters. These parameters influence their 
electrical, chemical, and mechanical characteristics. Growth parameters 
influence the morpho-structural characteristics and therefore their 
physicochemical properties 16. Different growing techniques can be 
envisaged for building a MOXs-based sensor, such as liquid-phase 
(LPS) and vapor-phase synthesis (VPS). LPS enables obtaining different 
morphologies for the sensing layer, like nanoplates, nanowires, and 
nanorods 17. Likewise, using VPS the thickness of the sensing layer can 
be controlled by optimizing the deposition parameters such as 
temperature, gas flow, solvents, and precursors 18. One of the most used 
methods of VPS is aerosol-assisted chemical vapor deposition 
(AACVD) 19. In the literature, several oxide structures have been 
reported by researchers to enable gas sensing applications such as WO3 

20, In2O3 21, Co3O4 22, Cr2O3 23, CeO2 24, MgO 25, MnO2 26, Al2O3 27, CuO 28, 
and Fe2O3 26. On the other hand, carbon-based nanomaterials such as 
carbon nanotubes (CNTs) 29, graphene 30, and reduced graphene oxide 
(rGO) 31 have been explored for gas sensing applications due to their 
room temperature operation ability, and outstanding chemical and 
physical properties 32. Different deposition methods have been reported 
like spin coating 33, airbrush spray coating 34, hot pressing 35, and CVD 
36. Figure 4 shows a general block diagram of the AACVD and Airbrush 
processes used in this thesis. 

 
Figure 4: Block diagram of AACVD and Airbrush processes to 
synthesize chemoresistor sensors. 
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1.2.3. Substrates 

The object that provides the surface where all pieces are integrated as 
one device is a substrate. Usually, rigid substrates are mainly used, e.g. 
silicon, glass, and indium tin oxide (ITO)-coated glass. However, in 
wearable applications, the substrate should be lightweight, small, and 
easy to integrate with clothes and accessories. Tattoo papers 37, textile-
based platforms 38, masks and gloves 39,40,  and commercially available 
polymers 41 have been utilized as a substrate for wearable gas sensors. 
Among polymer substrates, flexible polyimide (PI) 42, polyethylene 
terephthalate (PET) 43, and silk 44 have been widely used for gas sensing 
applications due to their advantages. For example, PI has been used as 
a flexible substrate due to its bendability properties. Also, it is thermally 
and chemically stable and can be used in conventional microelectronics 
fabrication processes. In this thesis, a specific type of PI, Kapton, was 
used. The main features can be found on the main website of the 
manufacturer 45. 

1.3. Smart electronics for gas sensing applications 

The next-generation electronic interfacing with chemoresistor gas 
sensors should be able to integrate acquiring data, processing data, and 
wireless communication functionalities. They should also have low-cost 
and low-power consumption characteristics enabling them to operate 
with low-capacity batteries or even powered by an alternative energy 
harvesting element. Integrating IoT and ANNs plays a crucial role in 
meeting measurement systems' modern demands for precision, 
efficiency, and regulation compliance. 

1.3.1. IoT applied to gas sensing applications 

The IoT consists of interconnected devices by wireless technology 
spread out worldwide. Many low-power wireless communication 
technologies and protocols such as ZigBee, Bluetooth Low Energy 
(BLE), LoRa, SigFox, Z-Wave, WiFi, and Near Field Communication 
(NFC) can be used to connect the smart gas sensors for further data 
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processing and future IoT applications. Some of them have been 
reported as part of gas-sensing devices. Chen et al. demonstrated a 
Bluetooth wearable NO2 sensor based on zinc sulfide 
nanoparticles/nitrogen-doped reduced graphene oxide 46. Zhang et al. 
reported a flexible NFC based on an NH3 sensor of reduced graphene 
oxide decorated with Ag-NPs, which sense low concentrations at room 
temperature 47. González et al. developed a LoRa network for detecting 
gas leakage events and air quality monitoring based on a graphene 
sensor 48. Song et al. presented a wireless self-powered high-
performance integrated nanostructured gas-sensor network for future 
smart homes using Bluetooth 49. Nath et al. did a performance analysis 
of a gas-sensing device and corresponding IoT framework in mines 
connected through Wi-Fi technology 50. Seok et al. presented a low-
power wireless multichannel gas sensing system using a capacitive 
micromachined ultrasonic transducer array through BLE 51. 

1.3.2. ANNs applied to gas sensing applications 

ANNs are widely applied in gas sensing applications to enhance the 
reliability of gas detection systems. ANNs can detect patterns in the data 
from gas sensors to increase the discrimination process of specific target 
analytes, quantify the concentration values, and compensate for 
environmental interferences like temperature and humidity 52–54. ANNs 
have also been used to detect a mixture of gases. Chu et al. identify a 
mixture of NO2 and CO in a wide range of concentrations using a sensor 
array and PCA, BPNN, and CNN. They also evaluate the effect of % RH 
and compensate for it 55. Kim et al. used PCA and ANNs to recognize a 
mixture of CO and NH3 under the presence of NO2 and recognize NO2 
in the presence of CO and NH3 56. Similarly, Zhang et al. used LDA, PCA, 
and BP-ANN methods to classify CO and CH4 and their mixture. Also, 
the authors repeated the experiment by adding interfering species such 
as H2 and formaldehyde 57. 
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1.4. Wearable devices for gas sensing applications 

Wearable devices for gas sensing applications are changing personal 
and environmental safety by providing real-time air quality data. These 
devices can be adapted to protect vulnerable populations, such as 
workers in industrial settings, firefighters, or individuals in polluted 
urban areas. Plenty of research has been done developing wearable 
devices for gas sensing to be applied to different scenarios. For instance, 
in environmental monitoring, Cho et al. integrated an optically reduced 
graphene oxide sensor on a flexible printed circuit board with wireless 
Bluetooth communication, demonstrating outstanding sensing 
properties 58. In health monitoring applications, La Li et al. presented a 
flexible planar concentric circular micro-supercapacitor array for 
wearable gas sensing applications, obtaining good selectivity towards 
ethanol at room temperature 59. Also in the food industry, Tang et al. 

developed a flexible nanowire-based chemoresistor NH3 sensor for 
smartphone-enabled detection of food freshness in real-time. The 
authors used a flexible PET substrate and soft lithography technique. 
The researchers integrated the flexible nanowire sensor onto an FPCB 
with a Bluetooth module to fabricate a wristband-type portable 
electronic system.  

1.5. Outline of the thesis structure 

Combining all the features mentioned above is very complex. 
Integrating the mentioned elements in a small electronic device puts 
together different fields of knowledge such as material science, 
electronics, programming, and data analysis. During this research, the 
author acquired the know-how about combining low-dimensional 
materials for gas sensing with electronic devices to collect 
environmental data such as pollution and air quality. Chemoresisor 
sensors were fabricated, electronics to interface with chemoresistor 
sensors were designed, and IoT and ANNs principles were applied. 
Finally, the thesis reaches the knowledge base of designing and 
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developing wearable devices on low-cost flexible support to monitor 
humans' exposure to target gases. 

The first challenge for developing this thesis was obtaining 
comprehensive learning about the gas sensing mechanisms of 
chemoresistor gas sensors and their fabrication methods. As described 
in Chapter 2, aerosol-assisted chemical vapor deposition (AACVD) was 
the first fabrication method learned during this research. It was 
employed to synthesize WO3-based sensors. Tungsten oxide nanowires 
were loaded with two levels of concentrations of osmium oxide. The 
resultant sensors were coupled as an array and their data were analyzed 
using a multivariate approach to discriminate and quantify gases such 
as NO2, EtOH, and H2. As a result, combining a 3-element sensor array, 
made of cross-responsive sensors, with methods such as Principal 
Component Analysis and Multilayer Perceptron enhanced the 
discrimination and quantification ability of the system. The application 
of these mathematical methods served to gain knowledge related to 
ANNs applied to gas-sensing applications. 

Chapter 3 presents the integration of chemoresistor sensors with a 
hardware and software design, including data analysis. The hardware 
and software bridge the chemical reaction (between the sensitive layer 
of the sensors with the target analyte), to a final visual user interface. 
Implementing statistical methods on the software (user interface) 
enhances the system’s output. Also, incorporating related algorithms in 
the code improves the accuracy and metrics of the discrimination and 
quantification process for the final system. As a result, a platform was 
obtained in level four of the technology readiness level (TRL-4). This 
platform consists of several nodes connected to a centralized server 
using the Message Queuing Telemetry Transport (MQTT) protocol. For 
testing the platform, two pollutants gases, NO2 and NH3, were 
measured in a single form (under % RH variation) and under their 
mixture. While doing so, a methodology was established to adapt the 
platform deployment to different scenarios, add new chemoresistor gas 
sensors in the nodes, and configure new nodes to the platform. 
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The integration process described in Chapter 3: sensors plus electronics 
plus ANNs; creates a system composed of the so-called e-Noses. 
However, building a wearable device on flexible support requires extra 
features to be aware of such as the sensitive layer of the sensor must 
operate at room temperature. This is translated into a substantial 
reduction in the device's power consumption; meaning small batteries 
could power source the device. There is also a relationship between 
weight and battery capacity, consequently, the device's working life and 
lightness. Besides, the electronic design must be as small as possible and 
integrated with some low-power wireless communication technology. 
To show insights into this topic, Chapter 4 presents the fabrication of 
graphene-based sensors incorporating interdigitated electrodes (IDEs) 
in the same flexible printed circuit board as the electronics. Graphene-
based material facilitates the required working temperature for 
wearable devices. Plus, selecting the airbrush deposition technique 
helps the manufacturing process without interfering with the electronic 
design. In this chapter, a cumulative near-field communication (NFC) 
wearable for NO2 sensing applications is fabricated. The obtained 
wearable device can be easily attached to a working vest allowing 
simple integration in any working environment. 

During the mentioned Chapters, the sensors' sensitive layers were fully 
fabricated and characterized. The structural properties, morphological 
characteristics, and chemical compositions were checked using 
techniques such as Field Emission Scanning Electron Microscopy 
(FESEM), Energy-Dispersive X-ray (EDX), X-ray Diffraction (XRD), 
Raman spectroscopy, High-Resolution Transmission Electron 
Microscopy (HR-TEM), and Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS). The sensors' responses through oxidizing 
and reducing gases were proven using a calibrated measurement 
system available in the facilities of the Universitat Rovira i Virgili, 
Microsystems Nanotechnologies for Chemical Analysis (MINOS) 
group, Department d’Enginyeria Electronica. Details can be found in 
the corresponding chapter. Furthermore, a complete step-by-step guide 
is presented for the hardware and software designs, and details are 
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given for the training models process to discriminate and quantify 
different analytes. 

Finally, in Chapter 5, some highlights are commented on the next steps 
that should be taken to continue this study. Research should be directed 
at implementing Machine Learning algorithms inside low-cost and low-
power microcontrollers with wireless communication combined with 
materials that work at room temperature. Furthermore, integrating 
wearable devices on flexible support using energy harvesters from 
temperature or movement could be an interesting path to continue this 
study. These wearable devices should have an available low-power 
wireless technology and be integrated into the IoT. 
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Comprehensive learning on gas sensors:  
fabrication (AACVD) and data analysis 
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The following chapter gives insights into gaining comprehensive 
learning about gas sensors’ fabrication techniques, sensitive layer 
material characterization, and gas sensing properties of 
chemoresistor gas sensors. Also, it introduces knowledge about 
ANNs applied to gas sensing applications. 

These explanations are presented in Section 2.1, through a 
published paper named “AACVD synthesized tungsten oxide-
NWs loaded with osmium oxide as a gas sensor array: enhancing 
detection with PCA and ANNs”. 
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Abstract 

This paper presents the fabrication of sensors based on tungsten trioxide 
nanowires decorated with osmium oxide nanoparticles using the 
aerosol-assisted chemical vapor deposition (AACVD) technique. This 
methodology allows the obtention of different osmium oxide decoration 
loadings on the tungsten oxide nanowires. The morphological and 
chemical characteristics; and the structural properties of the sensing 
layers of the sensors were studied using different techniques such as 
FESEM, HR-TEM, and ToF-SIMS. The gas sensing properties were 
analyzed for pure tungsten trioxide sensors and tungsten trioxide 
loaded with osmium exposed to nitrogen dioxide, hydrogen, and 
ethanol, thus assessing the impact of the loading on the sensor response. 
A sensor array comprising pure and osmium-loaded tungsten oxide 
devices coupled to multivariate pattern recognition techniques is shown 
to perform well in gas identification and quantification tasks, offering 
promising implications in the field of gas sensing technology. 

Keywords 

AACVD, tungsten trioxide, osmium, PCA, ANNs, nitrogen dioxide, 
ethanol, hydrogen. 

1. Introduction 

Global concern about air quality and the emission of toxic gases is 
increasing 1. In that sense, significant progress has been made in 
developing sensors capable of detecting specific gases in different 
scenarios. Semiconductor metal oxides (MOXs) have emerged as a 
group of promising materials, favored for their small size, low 
manufacturing cost, and simple read-out-chain design 2,3. Different 
material synthesis techniques can be envisaged for building a MOXs-
based sensor, such as liquid-phase (LPS) and vapor-phase synthesis 
(VPS). One example of LPS is the sol–gel method, in which porous and 
thin sensing layers can be obtained 4. Another example of this technique 
is hydrothermal growth 5,6. This method enables obtaining different 
morphologies for the sensing layer, like nanoplates, nanowires, and 
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nanorods 7,8. On the other hand, VPS has approaches focused on 
chemical and physical methods. VPS is used to obtain nanomaterials 
(e.g., nanoparticles, nanorods, etc.), and the thickness of the sensing 
layer can be controlled by optimizing the deposition temperature, the 
gas flow, the solvents, and the precursors 9. One of the most used 
methods of VPS is aerosol-assisted chemical vapor deposition (AACVD) 
10. This method combines the advantages of fine particle production in 
aerosol processes with the film-forming capabilities of CVD 11, allowing 
the deposition of oxide structures like WO3 12, In2O3 13, Co3O4 14, Cr2O3 
15, CeO2 16, MgO 17, MnO2 18, Al2O3 19, CuO 20, and Fe2O3 21. When 
properly optimized, the AACVD enables also the loading of the 
aforementioned metal oxides with metal/metal oxide nanoparticles, 
thus showing good potential for the mass-production of functional 
nanomaterials. Since all these materials have specific characteristics and 
react to different chemical analytes, they are widely used as sensitive 
layers in sensors across numerous industries like automotive or 
petrochemical. Although MOXs are useful and effective for a long 
period, they have drawbacks such as lack of selectivity to specific gases, 
baseline drift, high sensitivity to humidity, and high operating 
temperatures 22,23. In that sense, many metal oxides have been modified 
by doping or loading with other materials to address issues associated 
with their disadvantages 24–28. 

Doping metal oxides with metal ions (e.g., Ti3+, Sm3+, La3+, Ce3+, Pr3+, Cr3+) 
has been exploited as a way to tune band-gap, charge carrier 
concentration, carrier mobility and defects, resulting in increased 
responsiveness to gases 29–32. Metal oxides loaded with metal catalyst 
nanoparticles have been widely used to increase the sensitivity and 
adjust the selectivity of gas sensors. These nanoparticles contribute to 
chemical sensitization by enhancing the amount of reactive oxygen 
species adsorbed 33–35 on the semiconductor metal oxide surface and/or 
by helping break down target molecules by catalytic effects, thereby 
enhancing their reaction with oxygen through spillover effects 
36. Additionally, recent advancements have led to the creation of single-
crystalline, nanostructured metal oxides, such as nanorods and 
nanowires 11,26,27,37. Metal nanoparticles (NPs) may also have an 
electronic sensitization effect via developing heterojunctions at the 
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metal oxide/NP interface 38–40. In particular, combining n-type metal 
oxide nanowires decorated with p-type metal oxide NPs results in 
multiple n-p heterojunctions, causing significant electronic sensitization 
effects 41. As n–p heterojunctions form, electrons move from the n-type 
metal oxide to the p-type nanoparticles, creating depletion zones. The 
adsorption of gases onto these nanoparticles triggers further electronic 
charge transfers to the n-type metal oxide base, altering the depletion 
zone width and significantly changing the film's overall electrical 
conductance, thus giving readable data linked to the target gas. In the 
literature, the most used p-type nanoparticles are the ones based on 
noble metals due to their excellent chemical properties, stability, and 
performance. While the most employed metal NPs are Pt, Pd, and Au, 
in the last few years we have studied the use of other transition metal 
NPs such as Ir 26, Co 27, or Ni 28. Supported on tungsten oxide nanowires. 
In addition, the literature shows only few papers in which MOXs have 
been loaded with osmium. Capone et al. 42 developed a sensor consisting 
of SnO2 decorated with osmium using the sol–gel technique to detect 
methane at a low working temperature. Quaranta et al. 43 used an array 
of sensors including a pristine SnO2 sensor and decorated ones with 
palladium, platinum, and osmium. They analyzed the data using a 
multivariate approach and used principal component analysis (PCA) to 
discriminate gaseous species such as carbon monoxide, methane, 
ethanol, methanol, and nitrogen dioxide. Considering the scarce 
number of results available on osmium loaded MOX gas sensors, the 
study of osmium supported on WO3 seems novel and worthwhile. 

It is known from the literature that using gas sensor arrays and 
chemometrics is a way to enhance the discrimination and quantification 
ability of individual MOX sensors 44,45. In this approach, sensors with 
overlapping selectivity are coupled to multivariate data analysis 
techniques that process sensor response vectors 46–48. In particular, the 
principal component analysis (PCA), a technique that enables building 
models that maximize the data variance explained (i.e., sensor response 
variance), has been widely employed as an unsupervised 
dimensionality reduction and classification technique in gas sensor 
arrays. Besides enabling data separation and classification, PCA allows 
for studying how individual sensors contribute to gas discrimination 
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and helps identifying redundant or irrelevant sensors 47,49. Additionally, 
artificial neural networks (ANNs) such as the feed-forward multi-layer 
perceptron (FF-MLP) have been widely employed in quantitative 
analysis (e.g., to predict gas concentrations). The MLP is a supervised 
method that learns the intricate patterns and relationships existing 
between the sensor array responses 50,51. In this paper, pristine tungsten 
trioxide (WO3) and WO3-based sensors loaded with two levels of 
osmium oxide concentrations are synthesized for the first time using the 
AACVD technique. The synthesized sensors were employed in a sensor 
array to discriminate and quantify chemical species such nitrogen 
dioxide, ethanol, and hydrogen. The output data from the sensor array 
was processed through PCA and the multilayer perceptron (MLP) 
ANNs of studying the discrimination and quantification ability of the 
sensor system. 

2. Experimental 

2.1. Description of the fabrication process 

Tungsten trioxide (WO3) nanowires (NWs) and tungsten trioxide 
loaded with osmium oxide (WO3/OsO4) were synthesized through the 
AACVD at 375 °C. The nanomaterials were grown on top of 
commercially available alumina substrates, from CeramTech GmbH, 
that present screen-printed 300 μm gap interdigitated platinum 
electrodes on the top side and an 8 Ω heating platinum resistor on the 
bottom side. The AACVD process was performed in two steps. First, the 
synthesis of pristine WO3 NWs and then, the loading of the WO3 NWs 
with osmium at different concentration levels. To grow the pure WO3 
NWs, as indicated in Fig. 1, 40 mg of tungsten hexacarbonyl W(CO)6, 
(Sigma Aldrich, St. Louis, MO, USA, CAS: 14040-11-0) as an 
organometallic precursor was weighted. Subsequently, the precursor 
was solubilized in a mixture of methanol (Scharlab, Sentmenat, Spain, 
CAS: 67-56-1) and acetone (Sigma Aldrich, St. Louis, MO, USA, CAS: 
67-64-1) with a 1:3 volume ratio (5 mL and 15 mL, respectively). The 
solution was sonicated using an ultrasonic cleaning machine, SKE-3S 
(Tangshan UMG Medical Instrument Co., Ltd, Tangshan, Hebei, China) 
until all the precursor material was fully dissolved (around 15 minutes) 
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and then, placed in an aerosol generator bath (Miniland Humiplus 
Advanced, Ultrasonic, PO: POD-MNL 15-02435), which generates 1 
MHz ultrasonic waves to convert the solution into a micro-droplet 
aerosol. This aerosol is carried via a pipe system using nitrogen as an 
inert carrier gas at a constant flow of 1 L min−1 towards a preheated CVD 
hot-wall reactor at 375 °C where the alumina substrates were previously 
introduced. The resulting WO3 NWs layer fully coats the electrodes and, 
as typically, some amorphous carbon remnants are left by the organic 
precursor and solvents. To remove such impurities and enhance the 
oxidation stoichiometry, an annealing process is performed right after 
the deposition, which is conducted in a Carbolite CWF 1200 muffle 
(Carbolite Gero Ltd, Neuhausen, Germany) at 500 °C for 2 h, with a 
temperature ramp of 5 °C min−1, under pure dry air. Fig. 1 describes a 
schematic of the process. 

 
Fig. 1 Block diagram AACVD synthesis of WO3 sensors. 

Afterward, a second AACVD process was conducted to achieve two 
different levels of osmium loading (low and high concentrations). In this 
second step, two amounts of osmium were weighted using a KERN 
(KERN & SOHN GmbH, Germany) 0.0001 g precision balance: 2.5 and 
10 mg of osmium(iii) chloride hydrate (OsCl3 × H2O) (Sigma Aldrich, St. 
Louis, MO, USA, CAS: 13444-93-4), subsequently, two methanol 10 mL 
solutions were prepared. The AACVD process was repeated, as 
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described before, in this case, the previously annealed substrates were 
placed again inside the CVD reactor and preheated at 350 °C 
respectively in two separate runs. The processes result in two WO3/OsO4 
samples at different loading levels: WO3/OsO4/2.5 mg and WO3/OsO4/10 
mg. Finally, an annealing process was performed to clean the remnants 
of carbon from the surface of the films. 

2.2. Material characterization 

Field Emission Scanning Electron Microscope (FESEM) Scios 2 
DualBeam was used to study the surface morphology of the sensitive 
layers. Sample characterization was performed at a high vacuum, and 
the electron acceleration voltage was established between 2 and 5 kV. 
Also, the energy-dispersive X-ray (EDX) incorporated in the FESEM 
Scios was used to check the chemical composition of the active layers. 
HR-TEM characterization of the samples was performed on a Jeol 2100 
microscope, working at 200 kV. The material was scratched from the 
alumina substrate and dispersed in methanol. The dispersion was 
ultrasonicated for 20 minutes and a drop was deposited on a lacy carbon 
film supported by a nickel grid. Also, using the same equipment, EDX 
analysis was performed. Likewise, before ToF-SIMS data acquisition, 
samples were pre-cleaned with a giant argon cluster beam (Ar3000+) 
operated at 10 keV over an area of 500 × 500 μm2, gently removing 
surface hydrocarbon contamination while keeping the underlying 
sensor material intact. At the center of the freshly prepared sputter 
crater, surface ToF-SIMS spectra were acquired in positive mode using 
a ToF-SIMS M6 instrument from ION-TOF GmbH, Münster, Germany. 
A Bi+30 keV primary ion beam was used at a current of ∼0.76 pA and 
was rastered over a scan area of 200 × 200 μm2, for 1000 seconds, 
allowing the sensitivity in the detection of Os+ to be enhanced. 

2.3. Description of the measurement system 

The gas-sensing properties of the different sensors were studied. The 
sensors were exposed to different gases both reducing; ethanol vapors 
(EtOH) and hydrogen (H2), and an oxidizing gas as nitrogen dioxide 
(NO2). The concentrations analyzed for ethanol vapors were 5, 10, 15, 
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and 20 ppm; for hydrogen 250, 500, 750, and 1000 ppm; and the 
concentrations were set for nitrogen dioxide in 250, 500, 750, and 1000 
ppb. To do so, the sensors were placed inside an airtight Teflon® 
chamber with an inner volume of 21.18 cm3. The chamber has a 
connector-type edge dual female 12POS 0.100 FMC06DRYH (©2024 
Sullins Connector Solutions, San Marcos, CA 92069, USA) which 
interfaces the sensors with the measurement instrumentation. Different 
gases were delivered to the chamber through a computer-controlled 
mass-flow system to ensure the reproducibility of the concentrations 
and constant flow. The gases were purchased from Linde® as calibrated 
gas bottles balanced in dry air and the carrier gas was zero-grade dry 
synthetic air. The analysis of the gases was programmed as pulses: 
consisting of increasing target gas concentrations in between of dry air 
supplying to recover the baseline at a constant flow of 100 mL min−1. 
The sensor resistance was measured and stored employing a Keysight 
3972A data acquisition system. An Agilent U8001A Single Output DC 
Power Supply was used to power the heating element of the substrates 
to achieve the operating temperatures of 150 °C, 200 °C, and 250 °C. This 
system is depicted in Fig. 2. 

 
Fig. 2 Schematic representation of the gas measurement system. 
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2.4. Methodology for data analysis 

After measuring the resistance variation of each sensor while reacting 
with the target gas, specific values were selected from the measurement 
dataset. The electrical resistance values were taken before and after each 
pulse of the target gas. Then, the electrical resistance values related to 
pulses of the same concentration were averaged and PCA was 
conducted to classify the gases. On the other hand, using the whole 
dataset of measurements, MLPs were trained, using MATLAB Statistics 
and Machine Learning Toolbox (academic-available license). Before 
that, the sensor array raw data was filtered using an asymmetric 
windowed filter with a left-right length of 12 and 0 samples. Then, the 
resulting data served as features (input layers) to develop the MLP 
models. For training the MLPs, 80% of the observations were used, and 
the remaining 20% were reserved for testing. Training and validation 
vectors were selected randomly for these purposes. A 5-fold cross-
validation scheme was used to avoid overfitting during the training 
process. The tuning process compared different types of architecture 
(hidden layers), varying the number of layers (1, 2, 3) and neurons per 
layer (10, 25, 100). The quantification MLP with best performance was 
selected based on root mean squared error (RMSE) and coefficient of 
determination (R2). Prediction accuracy was the criterion employed for 
evaluating the performance of MLP classification models. Once the 
architecture of the MLP was set, the activation function was varied 
(including None: 𝑓𝑓(𝑥𝑥) = 𝑥𝑥, ReLU: 𝑓𝑓(𝑥𝑥) = max(0,𝑥𝑥), Sigmoid: 𝑓𝑓(𝑥𝑥) = 1

1+ 𝑒𝑒−𝑥𝑥
, 

and Tanh: 𝑓𝑓(𝑥𝑥) = 2
1+ 𝑒𝑒−2𝑥𝑥

− 1)  to determine the best option. 

3. Results & Discussion 
3.1. Sensing layer characterization 

Fig. 3 shows FESEM images for the different sensors fabricated, pure 
WO3 NWs and WO3/OsO4. 
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Fig. 3 FESEM at 4 μm of sensors. (a) Pure WO3 (b) WO3/OsO4 (2.5 mg) 
(c) WO3/OsO4 (10 mg). 

There is a clear change in the surface morphology as the concentration 
of osmium increases (see Fig. 3a–c). The pure WO3 NWs surface shows 
a smooth surface with well-defined nanowire tips and bodies. As the 
concentration of osmium increases, the formation of material clusters 
also increases. The presence of osmium particles could lead to a 
displacement of material from the already formed layers acting as a seed 
thus enhancing the nucleation of material around the tips of the 
nanowires. One major effect of such change in the layer is the increase 
in the total surface area available for the oxygen species to adsorb and 
react. Similarly, a sample of the synthesized layer was brought to the 
HR-TEM to study and determine the crystallinity and composition. Fig. 
4 shows a cluster of WO3/OsO4/2.5 mg and WO3/OsO4/10 mg NWs with 
an inset depicting that the d-spacing between lattice fringes in the inset 
is 3.78 Å corresponding to (002) planes in WO3 with monoclinic P

 structure (ICDD 43e1035), confirming the composition of the tungsten 
trioxide nanowires. EDX studies were carried out on the sensor samples 
(i.e., on alumina substrates) and on the samples prepared for TEM 
analysis (i.e., on TEM grids). These studies (see Fig. S1 and S2 in the 
ESI†) could not confirm the presence of osmium in loaded samples. The 
amount of osmium loading achieved remains under the detection limit 
of the technique. 
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Fig. 4 (a) Broken nanowires, WO3/OsO4/2.5 mg, from the sonication 
process during sample preparation. (b) HR-TEM inset from a nanowire 
body image, WO3/OsO4/2.5 mg, the caption shows the interplanar 
structure, probing a high crystallinity. (c) Close up, WO3/OsO4/2.5 mg, 
showing the (002) interplanar distance of WO3 (d) broken nanowires, 
WO3/OsO4/10 mg, from the sonication process during sample 
preparation. (e) HR-TEM inset from a nanowire body image, 
WO3/OsO4/10 mg, the caption shows the interplanar structure, probing 
a high crystallinity. (f) Close up, WO3/OsO4/10 mg, showing the (002) 
interplanar distance of WO3. 

On the other hand, Fig. 5 shows the ToF-SIMS analysis on a 
WO3/OsO4/10 mg sample. The presence of the Os+ peak was observed 
at m/z 191.96. It is noteworthy to point out that the Os+ peak region, 
features a higher background compared to the W+ peaks, which 
suggests that osmium occurs with very low abundance. In conclusion, 
ToF-SIMS has confirmed that osmium is present in loaded samples. 
Beyond the detection of Os+ in the ToF-SIMS spectra, simultaneously 
with the spectra acquisition chemical images were recorded of the 
surface sample, enabling the location of osmium. ToF-SIMS was used 
instead of XPS because the former technique is more sensitive than the 
latter. This aspect is discussed further in the ESI†. 
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Fig. 5 ToF-SIMS analysis results for a WO3/OsO4/10 mg sample. (a) 
Chemical mapping image of the surface with osmium clusters 
appearing as red dots/areas, (b) spectrum associated to tungsten 
detection, and (c) spectrum associated to osmium detection. 

3.2. Gas measurement results 

The measurements of the electrical resistance of each sensor are shown 
in Fig. 6–8. Sensors were operated at 250 °C, in which the sensors 
showed the best response intensity and response dynamics to the target 
gases. Long-term measurements for the operating temperatures of 150 
°C and 200 °C can be found in Fig. S3 and S4 in the ESI †. Fig. 6 to 8, 
report the responses to three repeated cycles of four increasing pulsed 
concentrations of the target gases. Each pulse of gas lasted 30 minutes 
and was followed by 30 minutes of dry air to recover the baseline. For 
H2 and EtOH, the resistance of the sensors decreases but in the case of 
NO2, the resistance value increases, as expected for an n-type 
semiconducting nanomaterial. 
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Fig. 6 Measurement of the sensor at an operating temperature of 250 °C 
throughout H2 exposures. 

 
Fig. 7 Measurement of the sensor at an operating temperature of 250 °C 
throughout EtOH exposures. 
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Fig. 8 Measurement of the sensor at an operating temperature of 250 °C 
throughout NO2 exposures. 

This measurement protocol enabled testing the repeatability of 
measurements. Fig. S5a–c in the ESI† show the calibration curves for H2, 
EtOH, and NO2 at 250 °C, respectively. Also, they show the mean of the 
responses of the three repeated cycles in each concentration of the target 
gases and the error bars corresponding to their variability (or 
measurement uncertainty). It is noticed that the response increases 
while the concentration of gases increases. For H2, Fig. S5a†, the pristine 
WO3 sensor increases its measurement uncertainty when increasing the 
gas concentration from 0.18% to 0.4% (Table S1 in the ESI† shows 
numerical details). While the sensors loaded with osmium keep this 
uncertainty almost constant throughout the concentration range 
studied (WO3/OsO4/2.5 mg: from 0.76% to 0.66%, WO3/OsO4/10 mg: 
from 0.4% to 0.37%). It can also be noticed that, for H2 detection, the two 
doped sensors show a higher response than the pristine sensor (Fig. 
S5a†). The response of the sensors towards EtOH is shown in Fig. 
S5b†. The sensor with the lowest load of osmium behaves similarly to 
the pristine sensor. The sensor with higher loadings of osmium shows 
the lowest response. For the three sensors, the measurement uncertainty 
decreases as the gas concentration increases (WO3: from 3.1% to 1.2%, 
WO3/OsO4/2.5 mg: from 7.2% to 2.1%, WO3/OsO4/10 mg: from 5.6% to 
2.1%). When analyzing the response of the sensors towards NO2, it is 
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worth noticing that the sensor with the higher loading level of osmium 
shows the highest sensitivity (i.e., slope of the calibration curve). The 
measurement uncertainty associated to the detection of NO2 is also 
higher (Fig. S5c and Table S1 in the ESI†). Considering these results, the 
tungsten oxide sensors loaded with osmium hold promise for the 
detection of hydrogen and nitrogen dioxide. 

The effect of loading tungsten oxide on the detection mechanism is as 
follows. As the amount of osmium loading is increased, the nanowires 
show an increased number of clusters of tungsten oxide along their 
body, thus becoming more defective. As a result, the number of 
available sites where oxygen can be adsorbed is enhanced with osmium 
oxide loading. The defects present on the material surface act as highly 
active sites compared to the pristine regions of tungsten oxide. These 
active sites break the uniform atomic lattice of the nanowire smooth 
body (see Fig. 3), creating areas with unsaturated bonds, unpaired 
electrons, or localized charge variations. We postulate that the number 
of such defects increase with the amount of osmium loaded, acting as 
adsorption sites for oxygen molecules, which subsequently react with 
the target gas. The defects act as electron donors or acceptors, 
depending on their, nature helping to reduce the activation energy 
required for adsorption and subsequent reaction steps. When oxygen 
adsorbs at these defect sites, it captures electrons. These reactive oxygen 
species are chemically active and are ready to interact with the target 
gas molecules, facilitating the chemical reactions that are responsible for 
the sensing response. 

3.3. Data analysis 

Given the fact that the different sensors studied show overlapping 
selectivity, a multivariate analysis was performed in the next sections to 
assess whether or not the discrimination of the chemical species 
considered and their quantification could be achieved. A 3-element 
sensor array, which comprised pristine, low osmium loaded and high 
osmium loaded tungsten oxide sensors was considered for this analysis. 

Fig. 9a–c show the Biplot of a principal component analysis performed 
using the electrical resistance values of the three sensors. A PCA 
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analysis was performed for every operating temperature tested. Results 
denote that the different gases can be discriminated, no matter the 
operating temperature, through a simple visual inspection. This 
indicates that, even though individual sensors show cross-
responsiveness to the different chemical species considered, a simple, 
linear pattern recognition algorithm such as PCA that processes the 
responses of the three sensors together, achieves good discrimination 
performance. 

 
Fig. 9 PCA at (a) 150 °C, (b) 200 °C, and (c) 250 °C. 

Likewise, MLPs were trained using the whole dataset of measurements 
divided into the three temperatures. To discriminate the gases, the 
output labels of the models were separated into air, ethanol, hydrogen, 
and nitrogen dioxide. Table S2 in the ESI† shows the performance of the 
trained classification algorithms. At 250 °C, the classification model 
with the highest accuracy consists of one hidden layer with 10 neurons 
and utilizes Tanh as the activation function. The total accuracy obtained 
during training was approximately 91.6%, while during the test with 
the observations left out for this purpose, the total accuracy was 93.18%. 
The confusion matrix for the test data is shown in Fig. 10a. The 
classification accuracy was greater than 94% when supplying dry air to 
the sensors, 90.1% for ethanol, 86.9% for hydrogen, and 95.2% for 
nitrogen dioxide. It is worth mentioning that classification errors occur 
mostly between target gases and air (ex: when supplying ethanol, the 
algorithm misclassifies 9.5% of ethanol samples as air and only 0.4% as 
hydrogen). There is almost no confusion among the target gases. 
Similarly, models were trained to quantify the gases. Tables S3–S5 in the 
ESI† compare the results according to RMSE and R2 for NO2, EtOH, and 
H2, respectively. For NO2 at 250 °C, the best model comprised three 
hidden layers, 10 neurons per layer, and ReLU as the activation 
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function. This model results in an RMSE of 0.08 ppb and R2 of 0.94 for 
the samples left out for testing. Fig. 10b shows the predicted vs. true 
values at 250 °C for the test data. For the quantification of hydrogen at 
250 °C, the best model used one hidden layer, 100 neurons per layer, 
and ReLU as the activation function. The RMSE increases to 85.57 ppm 
but is still a good result, since the measured concentration range for 
H2 is up to 1000 ppm. The R2 value is 0.94, see Fig. 10c. In the case of 
ethanol, the best model had three hidden layers, 10 neurons per layer, 
and Tanh as the activation function. For test data, RMSE was 1.64 ppm 
and R2 was 0.94, see Fig. 10d. 

 
Fig. 10 Results of the classification (a) and quantification models NO2, 
(b) H2, (c) and EtOH (d). Input data is from the three-sensor array. 
Sensors were operated at 250 °C. 
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At 200 °C, the classification accuracy was greater than 92% when 
classifying air, 89.4% for ethanol, 82.2% for hydrogen, and 96.1% for 
nitrogen dioxide, see Fig. S6a†. The best quantification model for 
NO2 had one hidden layer, 100 neurons per layer, and ReLU as the 
activation function. It gave as a result an RMSE of 0.11 ppb and R2 of 
0.89 for test data. Fig. S6b† shows the predicted vs. true values at 200 °C 
for the test data. For the quantification of hydrogen at 200 °C, the best 
model also had one hidden layer, 100 neurons per layer, and ReLU as 
the activation function. Fig. S6c† shows the result for test data, RMSE of 
107.92 ppm and the R2 0.90. Fig. S6d† shows the test results of the best 
model for ethanol quantification. The model comprised three hidden 
layers, 10 neurons per layer, and Sigmoid as the activation function. 
RMSE was 1.27 ppm and R2 was 0.96 for test data. Results at 150 °C are 
displayed in Fig. S7†. Classification accuracy of 97.4% for air, 81.4% for 
ethanol, hydrogen 73.5%, and 96% for NO2 was achieved, see Fig. 
S7a†. The best prediction model for ethanol comprised one hidden 
layer, 100 neurons per layer, and Tanh as the activation function. For 
predicting nitrogen dioxide, the best model comprised three hidden 
layers, 10 neurons per layer, and Tanh as the activation function. For 
hydrogen, the quantification model comprised one hidden layer, 100 
neurons per layer, and ReLU as the activation function. The results of 
test data are presented in Fig. S7 in the ESI†. 

The operating temperature of the sensors impacts the performance 
achieved by the discrimination and the quantification models. If the 
sensor operating temperature decreases, accuracy decreases when 
classifying reducing gases. On the other hand, when classifying an 
oxidizing gas like NO2, the classification accuracy barely changes when 
the working temperature of the sensors is decreased within the 
temperature range studied. This is summarized in Table S6 in the 
ESI†. This behavior could be used to reduce power consumption when 
classifying NO2. Moreover, quantification results show that the best 
performance is reached at higher operating temperatures. Table 
S7† summarizes the best model for quantifying each target gas at 
different working temperatures. 
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The metrics (accuracy, R-squared, and RMSE) of the models built to 
discriminate and quantify the target gases are comparable or even better 
than those of the state of the art 52. Additionally, Table S8† enables the 
comparison of the results achieved with some recent results from the 
literature. 

4. Conclusion 
The AACVD technique has been employed in a two-step process to 
successfully grow tungsten oxide nanowires pure and loaded with two 
amounts of osmium oxide nanoparticles. FESEM and HR-TEM analysis 
has verified that the synthesized materials were crystalline, and the 
loading of osmium impacted the layer morphology. Despite being 
unable to determine the presence of osmium nanoparticles through 
microanalysis (EDX), the ToF-SIMS analysis confirms the presence of 
osmium on loaded samples, yet at trace levels. The gas-sensing 
properties of the obtained nanomaterials have been successfully studied 
under the presence of nitrogen dioxide, hydrogen, and ethanol at ppb 
and ppm levels. It was found that osmium loaded sensors hold promise 
for the detection of H2 and NO2. 

Additionally, the response data from the three sensors was processed 
using two different multivariate techniques such as PCA and MLP. 
These results show that a 3-element sensor array, made of cross-
responsive sensors, is able to discriminate and quantify the target gases 
with good accuracy. Particularly, the processing of the sensor array data 
using artificial neural network models allowed for reaching a high 
discrimination ability (H2: > 86%, EtOH > 90%, and NO2: > 96%) and a 
good quantification ability (R2 ∼ 0.94) on validation data that had not 
been used for training. 

Despite our results show that the multivariate data analysis approach 
enhances the selectivity and quantification ability of the cross-
responsive, pure and osmium loaded tungsten oxide sensors, further 
research is needed. For instance, the optimization of the amount of 
osmium in the loading process of each sensor should help enhancing 
sensor performance. This will require a careful optimization of the 
AACVD process, which has resulted in low loading levels. Also, 
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performing new measurements for a longer period than the 2 months 
measurement period reported here would help understanding how the 
sensors age, and evaluating their long-term stability. 
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Integration of chemoresistor sensors with 
hardware, software, and statistical data analysis  
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The following chapter presents the integration of chemoresistor sensors 
with a hardware and software design, including data analysis. The 
hardware and software bridge the chemical reaction (between the 
sensitive layer of the sensors with the target analyte), to a final visual 
user interface. Also, implementing statistical methods on the software 
improves the accuracy and metrics of the discrimination and 
quantification process for the final system.  

This integration is presented in Section 3.1, through a published paper 
named “IoT Platform Enhanced with Neural Network for Air Pollutant 
Monitoring”. 
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Abstract 

This work presents the design and setup of an IoT platform at level four 
of the technology readiness level (TRL-4) to detect, classify, and 
quantify pollutant gases. This study combines concepts such as wireless 
sensor networks (WSNs), arrays of sensors, and multivariate data 
analysis to interface different nanostructured chemoresistor gas 
sensors. The IoT platform consists of several gas sensor nodes (GSNs) 
with Wi-Fi capability to send data from a sensor array to a server and 
its user interface (UI). Each GSN interfaces one sensor array (up to four 
chemoresistor gas sensors and one temperature and humidity sensor). 
The server channels the data from the GSNs to the UI. The platform was 
set up following a two-stage methodology. First (training stage), sensor 
data were received, stored, and used to train different multilayer 
perceptrons (MLPs) artificial neural networks (ANNs). Second 
(recognition stage), models were implemented in the UI to classify and 
quantify the presence of pollutants. The platform was tested in 
laboratory conditions under exposure to nitrogen dioxide and ammonia 
at a different %RH. As a result, the platform improves the classification 
and quantification times compared with the single-sensor approach. In 
addition, the system was evaluated using a gas mixture of both gases, 
showing a classification accuracy exceeding 99%. Likewise, the training 
and recognition stages can be repeated to add new chemoresistor gas 
sensors in the node, add new nodes to the platform, and deploy the 
nodes in different scenarios. 

Index Terms 

Air pollution monitoring, ammonia, gas sensor, IoT, laboratory-made 
sensors, mixture of gases, multilayer perceptron (MLP), multivariate 
analysis, nitrogen dioxide. 

I. INTRODUCTION 

Gas sensors and their read-out instrumentation systems are essential 
components in various industry applications due to their crucial role in 
ensuring safety, enhancing efficiency, and maintaining environmental 
standards. In different industries such as petrochemical [1] and energy 
[2], measurement systems interfacing with gas sensors provide reliable 
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data that can prevent dangerous situations such as explosions, toxic 
exposures, and asphyxiation risks [3], [4]. Likewise, these measurement 
systems contribute significantly to air quality monitoring by detecting 
pollutants, enabling industries to comply with environmental 
regulations and minimize their ecological impact. Similarly, they play a 
fundamental role in air quality control systems, helping to reduce 
exposure to harmful substances such as carbon monoxide, nitrogen 
dioxide, ammonia, and volatile organic compounds in the environment 
[5]. 

In past decades, many research efforts have focused on developing 
reliable gas sensors for detecting pollutant gases. Nowadays, 
continuous and active research is directed at discovering new materials 
to increase the response and the selectivity of new sensors [6], [7]. 
Different gas sensor fabrication techniques such as those based on field 
effect transistors [8], optical gas sensors [9], and electrochemical sensors 
[10] have high sensitivity, high selectivity, and fast response time. They 
also have some downsides such as long-term stability issues. Moreover, 
their complex designs, fabrication processes, and read-out systems 
increase the deployment and maintenance costs. On the other hand, 
chemoresistor gas sensors have emerged as a promising option, as they 
gather many of the requirements needed in the next generation of low-
cost gas sensors. Chemoresistor gas sensors usually show high 
sensitivity to gases and fast response and recovery times [11], [12]. 
However, some drawbacks are still challenging, such as the lack of 
selectivity to specific target gases, temperature and humidity 
interferences, long-term drift, and high working temperatures [13]. 
Nontarget gases with similar chemical characteristics can interfere with 
the gas sensor, especially when detecting mixtures of gases. In addition, 
sensor drift is a substantial issue, mainly in outdoor settings when 
detecting low-concentration levels of analytes. Likewise, the accuracy of 
chemoresistor gas sensors is directly impacted by environmental 
variables, as sensor adsorption abilities might vary under the variation 
of these conditions [14]. 

A promising area of research to partially solve these issues is the use of 
chemoresistor sensors such as MOX-based sensors doped or decorated 
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with other materials such as graphene [15], [16] or conductive polymers 
[17]. Combining this approach with the use of arrays of sensors and 
multivariate analysis [18], [19] allows the compensation of the 
interferences that a single sensor might have. The multivariate analysis 
uses different statistics techniques and machine learning (ML) 
algorithms [20], [21]. Plenty of methods for the classification and 
quantification of pollutant gases have been reported, comprising 
principal component analysis (PCA), linear discriminant analysis 
(LDA), partial least-squares (PLSs) regression, principal component 
regression (PCR), decision tree (DT), support vector machine (SVM), k-
nearest neighbor (KNN), and artificial neural networks (ANNs) [22], 
[23], [24]. 

ML methods have also been used to detect a mixture of gases. Chu et al. 
[25] identify a mixture of NO2 and CO in a wide range of concentrations 
using a sensor array and PCA, BPNN, and CNN. They also evaluate the 
effect of %RH and compensate for it. Kim et al. [26] used PCA and ANN 
to recognize a mixture of CO and NH3 under the presence of NO2 and 
recognize NO2 in the presence of CO and NH3. Similarly, Zhang et al. 
[27] used LDA, PCA, and BP-ANN methods to classify CO and CH4 and 
their mixture. Also, the authors repeated the experiment by adding 
interfering species such as H2 and formaldehyde. All these works and 
others that can be found in the literature focused on improving feature 
extraction and data analysis to enhance the classification and 
quantification output of sensors. They are the groundwork for 
integrating ML techniques into gas sensing systems. On the other hand, 
gas sensors have also been integrated into wireless sensor networks 
(WSNs), estimating the location of gas sources [28], using cutting-edge 
IoT wireless technologies [29], or being part of distributed devices for 
air quality monitoring [30], for instance. 

We strongly believe that most of these cited features should be 
integrated into future gas-sensing instrumentation systems to solve the 
abovementioned issues. This work combines several of these 
characteristics and applies them to a chemoresistor sensor array 
developed in our research group. It presents a reconfigurable and 
adaptative design of an IoT platform at level 4 of the technology 
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readiness level (TRL-4) to detect, classify, and quantify pollutant gases. 
Details are cited about the fabrication processes of the chemoresistor gas 
sensors, based on previous experience of our research group, using 
techniques such as airbrushing [31], [32], laser-induced graphene [33], 
[34], and aerosol-assisted chemical vapor deposition (AA-CVD) [35], 
[36]. Also, a full explanation is given about the design of the gas sensor 
nodes (GSNs), highlighting their versatility as they can interface with 
all kinds of chemoresistor gas sensors developed in our research group. 

In addition, to properly set up the platform, one of the nodes was 
exposed to different concentrations of ammonia and nitrogen dioxide. 
Likewise, the percentage of relative humidity was varied, and a mixture 
of these two pollutants was also sourced to the node. These two gases 
were chosen due to their crucial role in atmospheric chemistry and the 
formation of secondary pollutants. On one side, ammonia is largely 
emitted from agricultural activities [37], including the use of fertilizers 
[38] and livestock [39]. Nitrogen dioxide, on the other hand, is generally 
produced from combustion processes, such as vehicle emissions [40] 
and industrial activities [41]. However, both can be present in places 
such as agricultural regions near urban or industrial areas. Also, high 
levels of nitrogen dioxide can often be found inside big cities due to 
traffic emissions, and ammonia can also be present in urban 
atmospheres, sourced from waste systems, pets, and some small 
industrial processes [42], [43]. These emissions are dangerous to human 
health; exposure to high levels of nitrogen dioxide can irritate the 
airways in the human respiratory system and aggravate respiratory 
diseases, such as asthma, increasing episodes of gasping and coughing 
[44], [45]. Ammonia, while less toxic than nitrogen dioxide, can also 
irritate the eyes, nose, throat, and respiratory tract upon high exposure 
levels [46]. 

A two-stage methodology was established as part of the platform setup 
process. In stage 1 (training stage), different multilayer perceptron 
(MLP) ANNs were trained using MATLAB Statistics and ML Toolbox 
(academic-available license). Then, in the second stage (recognition 
stage), the obtained MLPs were implemented on the user interface (UI). 
Repeating this methodology guarantees the reusability of the GSNs 
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with new sensors, the addition of new GSNs to the platform, and the 
deployment of the platform in different scenarios. 

A compilation of systems that use an array of laboratory-made 
(noncommercial) sensors and support wireless technology found in the 
literature is summarized in Table I. As shown in Table I, Song et al. [47] 
perform an indoor deployment of the system but do not consider 
environmental variables to feed the models. On the other hand, Nath et 
al. [48] performed an outdoor deployment but did not include ML 
models in the study. Moreover, Seol et al. [49] incorporated 
environmental variables but did not add ML models to their results. It 
is worth noting that this work classifies the type of gas in the 
atmosphere and quantifies its concentration using ML techniques (in 
dynamic operation), under a mixture of the target gases, at different 
percentages of relative humidities; integrating into a platform the 
aforementioned solutions enhances the output of current gas sensors 
developed in our research group. 

TABLE I: 
 COMPARISON BETWEEN AVAILABLE SYSTEMS AND THIS 

WORK 
 

Gas 
Mix of 
gases 

Hum 
& 

Temp 

Wirele
ss tech 

Classif. 
algorith

m 

Quantif.  
algorithm 

 
Ref 

* 2 - BT PCA/ 
SVM 

3 60 

** - - Wi-Fi - - 61 
NH3 4 - Wi-Fi - - 62 
H2S, 
CO 

- - BLE/  
Wi-Fi 

PCA - 63 

EtOH - Yes BLE - - 64 
NO2, 
NH3 

Yes Yes Wi-Fi ANNs ANNs This 
work 

* H2, formaldehyde, toluene, acetone,  
** CH4, H2, N2,  
2 indoor deployment,  
3 fitting power-law function,  
4 outdoor deployment 
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II. MATERIALS AND METHODS 

A. Design and Development of the IoT Platform 

The general overview of the platform is depicted in Fig. 1. The platform 
has three main parts: a server running a Message Queuing Telemetry 
Transport (MQTT) broker, a UI, and the GSNs interfacing with an array 
of sensors. A Raspberry Pi was used as a server. Free Eclipse Mosquitto 
broker was used as the MQTT broker, bridging the raw data from the 
GSNs to the UI. MQTT is a public-subscribe protocol that allows the 
integration of as many GSNs as needed into the platform, facilitating 
the visualization of the data and multiuser combination. Therefore, new 
devices could be added to the platform by being subscribed to specific 
new topics. 

 
Fig. 1. Block diagram of the IoT platform 

The design of the UI was divided into two steps. First, the open-source 
programming tool Node-RED was used to receive, visualize, and store 
the data from one of the GSNs. Then, the entire dataset was used to train 
MLPs (training stage). The second step consisted of creating a new 
version of the program on Node-RED that uses the previously trained 
MLPs (recognition stage). To do so, Node-RED communicates with a 
MATLAB script that preprocesses the sent data from the GSNs and 
executes the MLPs to quantify and classify the target gas. The GSNs 
send the raw data from sensors through the MQTT protocol in JSON 
format (see Fig. S1 in Supplementary Materials). The array of sensors 
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included in the GSNs is formed by a commercially available BME680 
sensor (Bosch Sensortec GmbH, Germany) to acquire the humidity and 
temperature, and four chemoresistor gas sensors (two based on 
tungsten trioxide, fabricated using AA-CVD technique, and two based 
on graphene, fabricated by airbrushing and laser-induced graphene 
techniques). The fabrication process and the characterization of these 
sensors were previously reported by our research group [31], [32], [33], 
[34], [35], [36]. Furthermore, Figs. S2–S4 in the Supplementary Materials 
summarize the fabrication details. 

Finally, the GSNs were fully designed in this work. They are wirelessly 
connected using Wi-Fi technology with the idea of reusing the extensive 
coverage of this wireless technology in urban and industrial places. 
Their main blocks are shown in Fig. 2(a). Key components on the board 
are the microcontroller, the sensors, the analog acquisition channel, the 
temperature control circuit, and the power source. The fabricated 
version of the nodes is shown in Fig. 2(b). It can be noticed that the 
nodes have a modular design, and an Arm1 Cortex 1-M0 32-bit 
SAMD21 microcontroller (Arduino MKR 1000 Wi-Fi) is connected to the 
rest of the electronic (green board) through a pin heather connector. This 
gives the possibility of replacing the MKR 1000 with any pin-compatible 
MKR-family board to change the type of wireless connectivity 
according to the final application (e.g., MKR WAN 1300 for LoRa and 
MKR NB 1500 for narrowband). 

 
Fig. 2. (a) Block diagram of the GSNs. (b) Final design of the GSNs. 
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The software was also designed in different layers, separating the 
functionalities related to wireless communication from the other 
functionalities. Fig. S5 in the Supplementary Materials shows a general 
flow diagram of the software running in the microcontroller. After 
loading the start-up configuration, the software performs different 
control algorithms to guarantee the operation of the sensors connected 
to the node. The first control algorithm supervises a suitable bias for the 
sensors in every measurement task. To do so, the biasing circuit 
continuously checks the value of each sensor and adjusts the bias value 
using a digital potentiometer (AD5241 I2C-Compatible 256-Position). 
This feature compensates for the wide range of baseline resistance 
values (typically of hundreds of kΩ) that a chemoresistor gas sensor 
might have and covers up to 1 MΩ. The second control algorithm checks 
the voltage saturation in the input of the analog-to-digital converter, 
modifying the gain (if needed) of the measurement channel by changing 
the feedback resistance of an operational amplifier (using a second 
digital potentiometer). 

Another widely known characteristic of this type of sensor is that most 
of them require high temperatures to operate [13], [14]. Therefore, the 
third control algorithm dynamically sets the desired working 
temperature of the sensor. This is done by repeatedly reading the 
current through the heater of the sensors using an INA219 Zerø-Drift, 
Bidirectional Current/Power Monitor with I2C Interface. This current 
value is the input of the PID control algorithm. Its output is an 
increase/decrease of the duty cycle of a pulse width modulation (PWM) 
signal connected to the gate of a p-type MOSFET transistor (NX2301P). 
The current through the heater can be varied up to 500 mA, covering a 
wide range of working temperatures. It is worth mentioning that the 
GSNs support up to four chemoresistor gas sensors independently 
controlled. 

The last control algorithm manages the data after a failure/recovery 
wireless connection. The data would be stored in a μSD memory card if 
the wireless connection is not established. Once the connection is 
recovered, the collected data will be sent to the server while 
simultaneously continuing the data acquisition process. Furthermore, 
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the μSD memory card stores all the start-up and dynamic 
configurations of the board. Consequently, it is ensured that all the 
configuration parameters will be unaltered even in the event of a power 
outage. Finally, the software executes the mentioned algorithms in 
periodically set tasks such as Read data from sensors and Send data to 
the server. Sensors are read at a 1-Hz rate, and every 10 s, the average 
of these values is sent to the server. 

B. Gas Characterization Room 

The proper working of the platform was tested using one node. The 
array of sensors in the node was formed by one sensor made of 
graphene decorated with zinc oxide (Graphene@ZnO) [31], [32], another 
sensor made of laser-induced graphene decorated with polypyrrole 
(LIG@Ppy) [33], [34], and the other two sensors were based on pristine 
tungsten trioxide at two levels of temperatures [35], [36]. The graphene-
based sensors were kept at room temperature, while tungsten trioxide 
sensors were set at 300 °C and 250 °C. It is known in the literature that 
graphene sensors can work at room temperature, and metal oxide 
sensors perform better at high temperatures [52], [53]. The node was 
exposed to different target gases using the system in the gas 
characterization room illustrated in Fig. 3. The gas measurement system 
consists of gas bottles with calibrated gas concentrations balanced in dry 
air, a carrier gas with zero-grade dry air, and an acrylic chamber with 
an inner volume of 5000 cm3. The gases were delivered into the chamber 
through a computer-controlled mass-flow system to ensure a constant 
low flow of 200 mL/min. The mass flows are controlled by software 
named Flow Plot v3.34, running on a Windows-based computer. The 
node was placed inside the chamber and left under dry synthetic air for 
3 h to have a stable baseline resistance of the sensors. The data from the 
four gas sensors and the temperature and humidity sensor were 
received in Node-RED. 
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Fig. 3. Schematic of the gas characterization room. 

The first set of measurements was established as pulses of nitrogen 
dioxide, which were injected into the chamber with different 
concentrations ranging from 100 to 500 ppb incremented by 100 ppb. 
The second type of measurement targeted ammonia, ranging in 
concentrations from 10 to 50 ppm incremented by 10 ppm. In both cases, 
dry air was supplied between the gas pulses to recover the baseline 
keeping the constant flow. The gas exposure time was 45 min, and the 
recovery dry airtime was 180 min for each pulse. The cycle of pulses was 
repeated three times. The humidity level was set by humidifying the gas 
stream through a controller evaporator mixer from Bronkhorst 
(Bronkhorst High-Tech, Ruurlo, The Netherlands), and all the described 
measurements were performed two times under a high humidity level 
around 65% RH and a low humidity level around 25% RH. 
Measurements under dry air conditions were not performed because 
this work focuses on a practical application. Afterward, both gases were 
injected into the chamber at the same time, exposing the system to a 
mixture of gases. In this case, the pulses of gases were distributed as 
follows: five pulses of 25 ppm of ammonia for 90 min and recovery of 3 
h and then from 45 to 90 min of each pulse of ammonia; a stream of 
pulses of nitrogen dioxide was injected as done before 100, 200, 300, 400, 
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and 500 ppb. This cycle was repeated three times. Subsequently, the 
same procedure was done increasing the ammonia to 50 ppm. 

C. Methodology: Training Stage  

The following methodology (training stage) was employed to 
preprocess, train, and test MLPs to classify and quantify the target 
gases. Fig. S6 in the Supplementary Materials shows the general 
structure of the MLPs. The electrical resistance of the four gas sensors, 
along with the data from the temperature and humidity sensor, serves 
as the input features (input layer) for the training process. First, the 
array of sensor raw data was filtered using an asymmetric windowed 
filter with a left-right length of 12 and 0 samples, respectively. 
Afterward, to transform the values of the features into a common scale 
(0–1), a min/max normalization technique was used. The normalization 
process for temperature and humidity sensors was done from 0 °C to 50 
°C and from 0% RH to 100% RH. In the case of the gas sensors, the 
selected range varied according to the resistance values of each baseline. 
For training, 80% of observations were used, and the remaining 20% 
were reserved for testing the MLPs, selected randomly for these 
purposes. A fivefold cross-validation scheme was used to avoid 
overfitting during the training process. The tuning process compares 
different types of architecture (hidden layers), varying the number of 
layers (1, 2, 3) and neurons per layer (10, 25, 100). The MLP with 
superior performance was selected based on root mean squared error 
(RMSE) and coefficient of determination (R2) for quantification and 
accuracy for classification. Once the architecture of the MLP was fixed, 
the activation function was varied between ReLU, 𝑓𝑓(𝑥𝑥) = max(0,𝑥𝑥), 
Sigmoid: 𝑓𝑓(𝑥𝑥) = 1

1+ 𝑒𝑒−𝑥𝑥
, and Tanh: 𝑓𝑓(𝑥𝑥) = 2

1+ 𝑒𝑒−2𝑥𝑥
− 1 , to decide the best 

option. 

III.  RESULTS 

A. Gas Sensing Results 

The output of the node under nitrogen dioxide exposure is depicted in 
Fig. 4(a)–(f). Similarly, Fig. 4(g)–(l) shows the output under ammonia 
exposure. 
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Fig. 4.  

Temporary response of 
the sensors to nitrogen 
dioxide. 

(a) Tungsten trioxide 
at 300 °C.  
(b) Graphene@ZnO.  
(c) LIG@Ppy. 

 
(d) Tungsten trioxide 
at 250 °C.  
(e) Temperature and 
humidity.  
(f) Nitrogen dioxide 
pulses: 100, 200, 300, 
400, and 500 ppb.  

Temporary response of 
the sensors to 
ammonia.  
(g) Tungsten trioxide 
at 300 °C.  
(h) Graphene@ZnO.  
(i) LIG@Ppy. 

 
(j) Tungsten trioxide at 
250 °C.  
(k) Temperature and 
humidity.  
(l) Ammonia pulses: 
10, 20, 30, 40, and 50 
ppm. 
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As noticed in Fig. 4(a), the tungsten trioxide sensor at 300 °C increases 
its electrical resistance when reacting to nitrogen dioxide. Also, the 
sensor decreases the electrical resistance of the sensing layer when 
reacting to ammonia [see Fig. 4(g)]. As expected, the sensor based on 
Graphene@ZnO decreases its electrical resistance when exposed to 
nitrogen dioxide [see Fig. 4(b)]. However, there is no change in the 
electrical resistance when exposed to ammonia [see Fig. 4(h)] [31], [32]. 

On the other hand, the sensor fabricated using LIG@Ppy presents no 
variation when exposed to nitrogen dioxide [see Fig. 4(c)] and increases 
its electrical resistance when exposed to ammonia [see Fig. 4(i)] [33], 
[34]. Moreover, Fig. 4(d) and (j) depicts the tungsten trioxide sensor at 
250 °C. This sensor shows the same behavior as the tungsten trioxide 
sensor at 300 °C but with lower amplitude variation. It is also noticed 
that a small drift attributed to the sensor is not fully recovered after the 
gas exposure due to the lower working temperature. Fig. 4(e) and (k) 
displays the variation of % RH and temperature in nitrogen dioxide and 
ammonia scenarios, respectively. Finally, Fig. 4(f) and (l) shows a 
simulation of the increasing gas concentration inside the chamber, from 
10 to 50 ppm (ammonia) and 100–500 ppb (nitrogen dioxide). Note S1 
in the Supplementary Materials presents the details of the chosen 
simulated model [54], [55], [56]. 

Fig. 5 shows the node output under the exposure of a mixture of 
ammonia and nitrogen dioxide. The temporary responses of the sensors 
are depicted in Fig. 5(a)–(e). Fig. 5(f) shows the stream of mixed pulses 
directed to the sensors, going into the chamber: first 25 ppm of ammonia 
and then a pulse of increased concentration of nitrogen dioxide. In this 
manner, a mixture of both gases was ensured in the atmosphere. 
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Fig. 5. Temporary response of the sensors under a mixture of ammonia 
and nitrogen dioxide exposure. (a) Tungsten trioxide at 300 °C. (b) 
Graphene@ZnO. (c) LIG@Ppy. (d) Tungsten trioxide at 250 °C. (e) 
Temperature and humidity. (f) Ammonia: 25 ppm mixed with pulses of 
nitrogen dioxide: 100, 200, 300, 400, and 500 ppb. 

A detailed explanation of the waveform variation of the tungsten 
trioxide sensor at 300 °C is shown in Fig. 6(a). It is noticed that the 
electrical resistance decreases when the target gas is ammonia (red label 
number 1). Ammonia is still in the atmosphere when nitrogen dioxide 
goes into the chamber. The electrical resistance starts increasing (red 
label number 2). After the pulse stops, the sensor begins recovering, 
decreasing the electrical resistance (red label number 3). Likewise, Fig. 
6(b) shows the response of the graphene-based sensors when both gases 
go in. First, ammonia goes into the chamber, and LIG@Ppy (plot line in 
orange color) increases the electrical resistance (red label number 1), 
while the Graphene@ZnO (plot line in black color) is still recovering 
from the previous pulse. After the nitrogen oxide goes into the chamber, 
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Graphene@ZnO starts reacting (red label number 2), but the LIG@Ppy 
continues increasing its electrical resistance even under nitrogen 
dioxide. Finally, both gases go out from the chamber (red label number 
3), and both sensors start recovering their baseline. The same 
measurements were performed by incrementing the ammonia pulses to 
50 ppm, and similar results were obtained. 

 
Fig. 6. Temporary response of the sensors under a mixture of ammonia 
and nitrogen dioxide exposure. (a) Zoomed-in view of the waveform of 
the tungsten trioxide sensor. (b) Zoomed-in view of the waveform of the 
graphene-based sensors. 

B. Methodology: Training Stage Results 

The MLP employed for gas classification has the output layer of three 
classification labels: air, ammonia, and nitrogen dioxide. Table S1 in the 
Supplementary Materials shows the performance of the classification 
MLPs. The model exhibiting the highest accuracy consists of a single 
hidden layer with 100 neurons and utilizes Tanh as the activation 
function. The total accuracy obtained during training (using only the 
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samples of the training dataset) is approximately 98.6%, while, during 
the test with the observations reserved for this purpose and not used in 
the training, the total accuracy is 98.7%. Fig. 7(a) and (b) shows the 
corresponding confusion matrixes. It can be highlighted that the MLP 
never makes incorrect classifications between target gases. Most of the 
confusions were observed in the transient response of the sensors 
between target gas and air. The classification accuracy was greater than 
99% when supplying air, 97.9% for nitrogen dioxide, and 91.5% for 
ammonia. The reason why the classification MLP might have lower 
accuracy for ammonia is presumed to be due to tungsten trioxide 
sensors having a higher response to nitrogen dioxide than ammonia. 

To understand the influence of temperature and humidity, a 
classification MLP was trained using only the electrical resistance 
values of the four gas sensors as input features. In this scenario, the total 
accuracy of the MLP decreased to 97.6% (train) and 97.4% (test). 
Notably, in the confusion matrix shown in Fig. S7 in the Supplementary 
Material, the accuracy of the ammonia classification falls below 90%. 
This underscores the significance of integrating ambient temperature 
and humidity as input features into classification MLPs. On the other 
hand, an MLP was obtained by excluding the gas sensors with more 
selectivity to ammonia, LIG@Ppy, and nitrogen dioxide, 
Graphene@ZnO, resulting in a decrease in accuracy to 95.9% (train) and 
96.2% (test). Specifically, ammonia classification dropped considerably 
to 72%, while nitrogen dioxide classification remained consistent at 
around 97% (see Fig. S8 in the Supplementary Material). This behavior 
can be attributed to the good response of tungsten trioxide sensors to 
nitrogen dioxide, indicating that the absence of the Graphene@ZnO has 
less influence on the classification of this gas, but is suitable for double-
checking the presence of nitrogen dioxide in the atmosphere and avoids 
mismatches. 
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Fig. 7. Confusion matrix for the classification MLP: (a) train data and (b) 
test data. Results of the best MLP for nitrogen dioxide quantification: (c) 
train data and (d) test data. Results of the best MLP for ammonia 
quantification: (e) train data and (f) test data. 

Ten quantification MLPs were obtained to quantify the concentration of 
nitrogen dioxide. Their output layer corresponds to parts per billion 
(ppb). Table S2 in the Supplementary Materials shows the results. The 
best MLP was a single hidden layer of 100 neurons, with the ReLU 
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activation function. Fig. 7(c) illustrates the results. In the training 
process, an R2 of 0.93 and an RMSE of 28.13 ppb were achieved. In 
testing, the R2 score improved slightly to 0.94, with an RMSE of 27.43 
ppb [see Fig. 7(d)]. Fig. S9 in the Supplementary Materials demonstrates 
the impact of temperature and humidity on nitrogen dioxide 
quantification. Not incorporating these environmental measurements 
as input features into the quantification model results in R2 values 
falling below 0.81 and RMSE values increasing the error above 50 ppb. 
On the other hand, if LIG@Ppy and Graphene@ZnO are excluded from 
the quantification MLP, as described in Fig. S10 in the Supplementary 
Materials, there is an increase in the dispersion of the predicted 
concentrations compared to the real values. This can be seen in a 
decrease in the R2 values, dropping to 0.85, and increases in RMSE more 
than 45 ppb. 

For the prediction of ammonia concentration, quantification algorithms 
were developed similar to the one used for nitrogen dioxide (see Table 
S3 in the Supplementary Materials). In these MLPs, the output layer 
corresponds to the ammonia concentration in parts per million (ppm). 
Following the mentioned methodology, the best quantification MLP 
consisted of a hidden layer with 100 neurons and a sigmoid activation 
function. The results revealed R2 values of 0.97 (train) and 0.98 (test) [see 
Fig. 7(e) and (f)] with RMSE values of 1.49 (train) and 1.39 ppm (test). 
As shown in Fig. S11 in the Supplementary Materials, the quantification 
MLP trained exclusively with the gas sensors exhibited a minor 
decrease in the R2 of 0.96 and an increase in the RMSE of 1.86 ppm. 
Excluding LIG@Ppy and Graphene@ZnO (see Fig. S12 in the 
Supplementary Materials) leads to the worst performance of the 
MLP. R2 values decrease below 0.90, while RMSE values exceed 3 ppm. 

The same methodology was employed to obtain MLPs to classify and 
quantify the concentrations for a mixture of ammonia and nitrogen 
dioxide. In the classification process, four distinct labels were defined: 
air, ammonia, nitrogen dioxide, and mix (indicating the presence of 
both gases). Table S4 in the Supplementary Materials shows the 
obtained classification MLPs. The result of the top-performing 
classification MLP is depicted in Fig. 8(a) and (b), having an accuracy of 
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around 99% for training and testing in most cases. Except when 
classifying nitrogen dioxide, the MLP was misclassified at 1.9% (train) 
and 3% (test) with air. 

 
Fig. 8. Confusion matrix of the classification MLP under a mixture: (a) 
train data and (b) test data. Results of the best MLP for nitrogen dioxide 
quantification under a mixture: (c) train data and (d) test data. Results 
of the best MLP for ammonia quantification under a mixture: (e) train 
data and (f) test data. 
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The prediction of the concentration of nitrogen dioxide during a mixture 
with ammonia exhibited R2 and RMSE values of 0.96 and 19.97 ppb, 
respectively [see Fig. 8(c)]. Finally, for quantifying ammonia, the chosen 
quantification MLP demonstrates favorable performance. The R2 
coefficients stand at 0.98, while the RMSE remains below 1.74 ppm 
[see Fig. 8(e)]. Tables S5 and S6 in the Supplementary Materials 
summarize the MLPs of both gases. Fig. 8(d) and (f) shows the test 
results for nitrogen dioxide and ammonia, respectively. 

A summary of the best-obtained classification and quantification 
models is displayed in Tables II and III, respectively. As noticed, the 
resultant architectures of the MLPs in both scenarios were the same for 
the classification and quantification (single layer and 100 neurons per 
layer). The variation occurred in the selection of the activation function. 
For classification was selected Tanh (see Table II), for quantifying 
ammonia, sigmoid, and ReLU for quantifying nitrogen dioxide (see 
Table III). These results are interesting since ReLU is the most popular 
activation function for the hidden layers and the first-to-go choice in 
most neural networks [57]. However, it was only the best in nitrogen 
dioxide quantification. 

TABLE II:  
SUMMARY OF CLASSIFICATION MLP 

HL N/L AF Accuracy  
train [%] 

Accuracy  
test [%] 

Scenario 

1 100 Tanh 98.6 98.7 Low and high % RH 
1 100 Tanh 99.3 99.2 Mixture of NH3 and NO2 

TABLE III: 
 SUMMARY OF QUANTIFICATION MLP 

Gas HL N/L AF RMSE  
train  

R2  
train 

RMSE  
test 

R2  
test 

 
Scenario 

NO2 1 100 ReLU 
28.13 
ppb 

0.93 
27.43 
ppb 

0.94 Low and 
high % 

RH NH3 1 100 Sigmoid 
1.49 
ppb 

0.97 
1.39 
ppb 

0.98 

NO2 1 100 ReLU 
19.97 
ppb 

0.96 
19.15 
ppb 

0.96 Mixture 
of NH3 

and NO2 NH3 1 100 Sigmoid 
1.74 
ppb 

0.98 
1.84 
ppb 

0.98 

HL: number of hidden layers 
N/L: number of neurons per layer 
AF: activation function 
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On the other hand, the accuracy, RMSE, and R2 in both scenarios have 
similar results. Conversely, when comparing the RMSE on the 
quantification of nitrogen dioxide, around 1% of the error is 
incremented under the variation of % RH. This could be attributed to 
the Graphene@ZnO sensor being more influenced by the variation of % 
RH than LIG@Ppy. 

C. Methodology: Recognition Stage Results 

The obtained MLPs were implemented on the UI to test the operation of 
the IoT platform. While receiving the data from sensors, a MATLAB 
script is called from Node-RED to classify and quantify the target gases. 
First, the script receives one by one (as parameters), the raw data from 
the sensors in each sample period. Furthermore, a preprocessing phase 
consisted of a FIFO-type buffer, which accumulates 12 values of each 
sensor and implements an asymmetric left windowed filter [12 0]. Then, 
after normalizing the values, the classification algorithm is called. Next, 
it is called the corresponding quantification algorithm using the best 
MLPs described above. Fig. S13 in the Supplementary Materials shows 
a screenshot of the UI. The UI has six upper charts related to the raw 
signal from the four chemoresistor gas sensors and the humidity and 
temperature sensor. The tree charts at the bottom are the classification 
and quantification results. Fig. S13(a) presents a 200-ppb pulse of 
nitrogen dioxide. Likewise, Fig. S13(b) shows a 30-ppm pulse of 
ammonia, recovery time, and, finally, the beginning of a 40-ppm pulse 
of ammonia. 

In these final measurements, the resultant accuracy was 84.59%, and 
RMSE and R2 were 0.97 and 2.33 ppm for ammonia, respectively, and 
0.89 and 31.28 ppb for nitrogen dioxide, respectively. These values are 
in the range of gas-sensing applications found in the literature [58], [59]. 
It is important to highlight that the implemented gas detection platform 
improves the quantification response time versus the response time of 
a single sensor separately. As demonstrated by Llobet et al. [60], [61] 
and Vilanova et al. [62], the transient response of chemoresistor gas 
sensors contains relevant information that ANN models can extract. 
Therefore, the MLPs classify and quantify the gases while acquiring the 
transient response of the sensors. The MLPs do not wait until the 
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sensors reach the steady state to show a correct output. Fig. 9 shows the 
details. 

 
Fig. 9. Comparison of quantification response time between platform 
and sensor approach. (a) Nitrogen dioxide. (b) Ammonia. 

The quantification response time depends on whether the sensors are 
reacting to the gas or recovering from the reaction. Therefore, from a 
single-sensor perspective, it is classified into response time (t_resp sensor) 
and recovery time (t_recov sensor). Similarly, from the platform perspective, 
it is classified into prediction-up time (t_prediciton-up) and prediction-down 
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time (t_prediciton-down). The response time and prediction-up time are 
defined as the time taken to reach 90% of the full response after the 
exposure of the target gas. The recovery time and prediction-down time 
are defined as the time taken to reach 90% back of the variation between 
the steady-state value in the response and the baseline. Fig. 9(a) shows 
a qualitative comparison between the platform and single-sensor 
approaches. For nitrogen dioxide, t_resp sensor is bigger than t_prediciton-up. 
Also, t_recov sensor is bigger than t_prediciton-down. A similar result is found when 
analyzing Fig. 9(b), this time under ammonia exposure. In both cases, 
the comparison was performed using the selective sensor of each gas, 
and it was noticed that using the platform reduces the quantification 
and classification time by around 40% in both cases. 

IV. CONCLUSION 

The methodology presented in this work can be used to integrate new 
chemoresistor gas sensors into the GSNs, add new GSNs to the 
platform, and deploy the platform in different scenarios. Replacing the 
sensors for different ones is quickly achievable by repeating the training 
and recognition stages described during this work. The possibility of 
reusing low-cost laboratory-made chemoresistor gas sensors in 
application scenarios raises the versatility of this platform. Using 
selective sensors increases the probability of discriminating pollutants 
under a mixture. Furthermore, the platform reduces the classification 
and quantification time by around 40% (compared with the single-
sensor approach). The inclusion of environmental sensors in the GSNs 
considerably improves the output of the classification and 
quantification models. As demonstrated in this work, ammonia and 
nitrogen dioxide were completely classified and quantified under a 
mixture and at different relative humidity percentages. 

The platform has been successfully tested in laboratory conditions and 
is ready to be deployed in real-application scenarios to update and 
recalibrate the classification and quantification models (if required). 
Software and hardware were designed in layers; therefore, it is quite 
easy to replace the wireless physical layer to tune the platform 
according to the requirements of the final application. Since 
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communication protocol is based on the MQTT, adding new nodes is as 
easy as configuring (by software) new topics on the new GSNs to be 
added. Therefore, deploying this IoT platform in a real-application 
scenario will be a suitable next step to continue this study. 
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The following chapter presents the design of a wearable device on low-
cost flexible support for gas sensing applications. It presents the 
fabrication of graphene-based sensors incorporating IDEs in the same 
flexible printed circuit board as the electronics. In this chapter, a 
cumulative near-field communication (NFC) wearable for NO2 sensing 
applications is fabricated. The obtained wearable device can be easily 
attached to a working vest allowing simple integration in any working 
environment. 

This design is presented in Section 4.1, through a published paper 
named “ZnO Decorated Graphene-Based NFC Tag for Personal NO2 
Exposure Monitoring during a Workday”. 
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Abstract 

This paper presents the integration of a sensing layer over interdigitated 
electrodes and an electronic circuit on the same flexible printed circuit 
board. This integration provides an effective technique to use this 
design as a wearable gas measuring system in a target application, 
exhibiting high performance, low power consumption, and being 
lightweight for on-site monitoring. The wearable system proves the 
concept of using an NFC tag combined with a chemoresistive gas sensor 
as a cumulative gas sensor, having the possibility of holding the data 
for a working day, and completely capturing the exposure of a person 
to NO2 concentrations. Three different types of sensors were tested, 
depositing the sensing layers on gold electrodes over Kapton substrate: 
bare graphene, graphene decorated with 5 wt.% zinc oxide nanoflowers, 
or nanopillars. The deposited layers were characterized using FESEM, 
EDX, XRD, and Raman spectroscopy to determine their crystalline 
structure, morphological and chemical compositions. The gas sensing 
performance of the sensors was analyzed against NO2 (dry and humid 
conditions) and other interfering species (dry conditions) to check their 
sensitivity and selectivity. The resultant-built wearable NFC tag system 
accumulates the data in a non-volatile memory every minute and has 
an average low power consumption of 24.9 µW in dynamic operation. 
Also, it can be easily attached to a work vest. 

Keywords 

wearable NFC tag system; NO2 gas sensor; working-day; metal oxide; 
graphene. 
 

1. Introduction 

Nitrogen dioxide (NO2) is a highly toxic gas that is found in outdoor air 
pollution but can also be found in indoor scenarios such as renovation 
or construction activities when using certain paints, adhesives or 
solvents, smoking areas, parking garages, and industrial facilities, 
among others [1]. NO2 is known to harm the human respiratory system. 
This pollutant gas can irritate airways and provoke respiratory diseases 
such as asthma, pharyngitis, and bronchitis [2,3]. Particularly, a lot of 
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work positions around the world have a risk of exposing workers to this 
toxic gas, and studies have been conducted on this topic. U. Carbone et 
al. [4] concluded that occupational exposure to NO2 emissions in power 
plants is significantly associated with lung function abnormalities. N. 
Plato et al. [5] conducted a study to detect particles and NO2 exposure 
in workers inside the underground train system in Stockholm and 
classified the workers according to the level of exposure. Salonen H. et 
al. [6] determined that workers in places like schools and indoor offices 
have a risk of exposure to NO2, mostly in the winter season. Dahmann 
D. et al., and Kurnia J.C. et al., agreed that workers from underground 
mining and tunneling need to give special attention to the level of 
pollutants in the atmosphere, especially NO2 [7,8]. According to the 
European Chemical Agency (ECHA), the Occupational Exposure Limits 
(OELs) in a Long-Term Period Limit (LTEL) are equal to 0.5 ppm, and 
the OELs in a Short-Term Period Limit (STEL) are equal to 1 ppm [9]. 
Additionally, this contaminant gas is also dangerous to the global 
ecosystem and the environment, since it has adverse effects on water, 
soil, and the atmosphere [10]. Therefore, monitoring NO2 is a crucial 
issue for environmental and human well-being, and numerous types of 
sensors have emerged in recent years [11,12]. 

Chemoresistive sensors have become an attractive gas monitoring 
option due to their easy fabrication, miniaturization, and low 
production cost [13,14]. They consist of a sensitive layer placed between 
two electrodes, which enables measuring the variation in electrical 
conductivity when reacting to specific gases [15]. Some of the most 
widely known and used nanomaterials for the growth of the active layer 
are metal oxides (MOXs) [16]. MOXs have some advantages, like their 
small size, low manufacturing cost, simple read-out-chain design, and 
short response time when reacting to a chemical analyte [17,18]. But 
also, despite being useful and effective for a long period, they have 
several disadvantages, such as poor selectivity, baseline drift, high 
sensitivity to humidity, and high power consumption since they usually 
work at high temperatures [19,20]. In recent years, graphene-based 
materials have risen due to their excellent sensing properties [21,22]. 
The combination of graphene with different MOXs has also been 
studied to increase the selectivity, improve the baseline recovery, 
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shorten the recovery time, and decrease the power consumption as they 
could work at room temperature [23,24]. Table S1 in the 
Supplementary Materials, presents a comparison of graphene-based 
gas sensors for NO2 detection at room temperature. To prove the 
feasibility of the wearable NFC tag system developed during this work, 
graphene decorated with 5 wt.% zinc oxide (ZnO) was used due to the 
previous experience of our research group working with a combination 
of these materials [25]. The authors compared different wt.% ZnO 
loading on a graphene-based sensor and concluded that the 5 wt.% 
loading performs better than higher and lower loadings according to 
sensing capabilities toward NO2 concentrations. 

Since wearable devices must have specific features such as lightweight, 
wireless connectivity, and low power consumption, building a gas 
sensor as a wearable device is a substantial challenge [26,27,28]. 
Nonetheless, plenty of wearable gas sensors and healthcare wearable 
systems have been recently developed [29]. Chen et al., demonstrated a 
Bluetooth wearable NO2 sensor based on zinc sulfide 
nanoparticles/nitrogen-doped reduced graphene oxide [30]. Also, a 
flexible gas early warning module was proposed and designed by 
Zhang et al., based on flexible electronic technology [31]. Likewise, a 
highly flexible epidermal design and clinical implementation of a novel 
ECG and heart-rate logging wearable sensor were presented by Lee et 
al. [32]. Moreover, Lin et al. [33] reported the integration of NFC 
functionality into textiles and demonstrated continuous physiological 
monitoring of the spinal posture. All these wearable devices use several 
wireless communication technologies to send the data from sensors to 
the final user interface or a database for further processing. These 
wireless technologies employ Bluetooth, Ultra-High Frequency Radio 
Frequency Identification (UHF RFID), and Near Field Communication 
(NFC). They have several advantages and disadvantages, regardless of 
power consumption, communication range, and price [34,35]. In recent 
years, the integration of NFC technology with low-cost electronics and 
sensors has facilitated a variety of new sensing applications [35]. A 
study of a wearable carbon dioxide sensor was reported by Escobedo et 
al. [36], describing the performance of a wearable NFC tag to be used 
for non-invasive gas determination. Zhang et al. [37] reported a flexible 
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NFC system based on an ammonia sensor using reduced graphene 
oxide decorated with silver nanoparticles, which sense low 
concentrations (5 ppm) at room temperature. Likewise, Escobedo et al. 
[38] presented a full-passive flexible multi-gas sensing tag for 
determining oxygen, carbon dioxide, ammonia, and relative humidity 
readable by a smartphone through NFC technology. Moreover, 
wireless, passive, flexible, and low-cost NFC tag sensors based on 
commercial NFC tags for biochemical sensing were demonstrated by Xu 
et al. [39]. Additionally, Salehnia F. et al. [40] discuss the development 
of a battery-free NFC sub-ppm gas sensor for distributed gas 
monitoring applications, using a laser-induced graphene (LIG) sensor 
for NO2 detection. The use of NFC technology in the aforementioned 
studies has advantages, such as the fact that the systems can be used 
without batteries, harvesting energy from the NFC field. Nevertheless, 
this is also a disadvantage since the systems cannot acquire historical 
data from the sensor for a long period of time. They only obtain the 
specific value of the sensor data when the NFC tag is near the NFC 
reader or when they have sufficient energy in the harvest-storage 
element. Table S2 in the Supplementary Materials, presents a 
comparison of the wearable NFC gas sensors on a flexible substrate. 

To overcome this challenge, we demonstrate for the first time in this 
paper the fabrication of a wearable cumulative battery-operated gas 
sensor based on bare graphene (BG) decorated with 5 wt.% ZnO 
nanoflowers (NF) and nanopillars (NP) for on-site NO2 monitoring. The 
communication stage between the wearable system and the reader is 
conducted through NFC technology, and the cumulated data can be 
monitored on a smartphone (an NFC reader) using a custom-made test 
application. This wearable NFC tag system was built to prove the 
concept of being used in a target application in which human resources 
could be exposed to NO2 concentrations during working hours. This 
small wearable system is easy to integrate into a working vest. Using it, 
a worker could easily read the data from sensors with a smartphone and 
obtain the gas exposure for a whole working-day period. It is worth 
mentioning that the scalability of this system could be as high as the 
software solution running on the smartphone. Moreover, since this 
procedure could also be used with different sensing materials, we 
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believe these results will provide a new perspective on wearables for 
the on-site monitoring, recording, and analysis of threatening gases. 

2. Experimental 

2.1. Wearable NFC Tag System Preparation 

Figure 1a presents a description of the fabrication process of the 
wearable NFC tag system. First, the synthesis of the nanoparticles was 
performed. A hydrothermal method was used to synthesize ZnO 
nanoparticles. A total of 70 mg of zinc acetate dihydrate 
(Zn(CH3COO)2·2H2O) (Sigma Aldrich, St. Louis, MO, USA, CAS: 5970-
45-6) and 40 mg of citric acid (C6H8O7) (Sigma Aldrich, CAS: 77-92-9) 
were dissolved in a mixture of deionized water (67 mL) and ethanol (13 
mL) under vigorous stirring. A total of 10 M sodium hydroxide (NaOH) 
(Sigma Aldrich, CAS: 1310-73-2) was dropped into the stirring solution 
until the pH reached 11. The solution turns hazy white after the addition 
of NaOH. After 4 h of continuous stirring, the solution turns milky. The 
solution was then transferred to a 100 mL capacity autoclave with a 
Teflon liner. The autoclave was heated at 150 °C with a ramp-up 
temperature of 10 °C per minute for 20 h for NF synthesis and 17 h for 
NP synthesis. The autoclave was allowed to cool naturally to room 
temperature. The solution was centrifuged to obtain the white 
precipitate, thoroughly washed with deionized water and ethanol 
several times, and dried at 80 °C overnight. The nanomaterials were 
annealed at 500 °C for 2 h under a synthetic air environment in a muffle 
furnace (Carbolite CWF 1200, Carbolite Gero Ltd., Neuhausen, 
Germany) before mixing with graphene. 

The next step was the preparation of the ZnO-graphene 
hybrid/composite using commercial graphene nanoplates (Strem 
Chemicals, Newburyport, MA, USA). The nanoplates were mixed with 
the previously prepared ZnO nanoparticles to make two different 
powders, one with 5 wt.% of NF and the second with 5 wt.% of NP. The 
mixing process was simple and low-cost, where the previously obtained 
powders were dissolved in ethanol (Scharlab, Sentmenat, Spain, CAS: 
64-17-5) and put under magnetic stirring for 30 min. Later, the two 
different solutions were filtered using filter paper. Afterward, the mixed 
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powders were treated under a microwave at a power of 1000 W for 
about 5 min. Solutions of 10 mL of Ethanol mixed with 1 mg of graphene 
powder (decorated or pristine) under magnetic stirring for half an hour 
were prepared to be airbrushed onto the gold electrodes.  

Simultaneously, a third step was focused on the electronic design using 
a free license for non-commercial use and evaluation purposes of 
Autodesk Eagle version 9.6.2. Then, the final flexible printed circuit 
board (FPCB) was fabricated (JLCPCB, Shenzhen, China). Afterward, 
components were populated on the board, and the programming and 
debugging of the firmware were performed using the MCUXpresso 
Integrated Development Environment v11.7.1_9221 from NXP 
Semiconductor. Finally, the solutions were airbrushed on top of the 
interdigitated electrodes (IDEs) using a DISMOER airbrush tool. Figure 
1b shows the obtained wearable NFC tag system. 

 

 

(a) (b) 

Figure 1. (a) Schematic description of the synthesis of zinc oxide 
nanoflowers and nanopillars, preparation of graphene ZnO composite, 
electronics design/assembling process, and air-brush process. (b) 
Picture of the wearable NFC tag system. 

2.2. Electronic and Firmware Design 

The FPCB was designed in an area equal to 45 × 45 mm2. It was divided 
into four main parts: First, an NFC-dedicated System on Chip (SoC) 
with an ARM Cortex-M0+ microcontroller controls the electronic board. 
Features such as an ultra-low-power Real Time Clock (RTC) and a 4 kB 
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EEPROM memory were suitable to swap the system between power 
modes and to store samples from a 12-bit successive-approximation 
charge-redistribution analog to digital converter (ADC).  

Second, the rest of the electronics is integrated by a DC-DC converter, 
which aims for the proper stabilization of 3 V across the board, 
suppressing the voltage variation of the battery when current 
consumption changes. Additionally, the DC-DC converter has a 
shutdown feature permitting the possibility of hard-shutdowning the 
whole board. Also, the electronic is integrated into the analog front end 
with an operational amplifier and a resistor to bias the sensor.  

The third main part is a pair of IDEs to be coated with gas-sensitive 
layers. The IDEs have 5 pairs of fingers; the width and gap distance 
between them are equal to 300 μm, and the length is equal to 1.90 mm. 
Fourth, the NFC antenna was designed following the recommendations 
of a series of application notes and using the online NFC Antenna 
Design Tool from NXP Semiconductors [41]. As a result, the antenna 
dimensions: length and width were set to 43 mm, and the number of 
turns was set to 7. The copper antenna conductor has a width of 1 mm, 
a spacing of 0.5 mm, and a thickness of 0.1 µm. The substrate thickness 
is 0.11 µm, and the relative electrical permittivity of Kapton is equal to 
3.2. The resultant antenna has an inductance value of 2.62 µH at 13.56 
MHz. 

Figure 2a presents the schematic design of the board. The SoC NHS3152 
from NXP Semiconductor runs custom-made software that controls the 
rest of the electronics. Once the board is powered on, the NHS makes 
sure that the DC-DC converter, NCP705, is turned off and goes to the 
Deep Power Down Mode (DPDM). This action ensures that all the 
hardware is off, except for the Power Management Unit (PMU) and the 
RTC. Also, all digital functional pins are tri-stated except for the reset 
pin. Before entering this mode, the wake-up sources of the SoC need to 
be correctly configured.  

In this design, there are two possible ways; Figure 2b shows the details. 
The first one is related to acquiring the data from the sensor. Using the 
RTC, a scheduled wake-up task is performed every 60 s. The SoC is 
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woken up, initializes the necessary peripherals, and enables the DC-DC 
converter to power the analog channel. The channel is based on an 
operational amplifier, TSZ122, in a voltage follower configuration to 
avoid the current leak of the sensor when biased. In this manner, placing 
the rightful value of the bias resistance ensured a voltage variation that 
covered the full range of the ADC (0 V–1.6 V). Afterward, an analog-to-
digital conversion is conducted, a conditioning of the signal is 
performed using a windowed filter, and the data is stored inside a non-
volatile memory, EEPROM. Then, after de-initializing all the 
peripherals and disabling the DC-DC converter, the system goes to 
DPDM again. This procedure takes less than 80 ms, and the peak power 
consumption during the acquisition is about 1.5 mW, as shown in 
Figure 2c. It is important to notice that this fast reading-sensor 
procedure can be achieved because the sensor does not need a warm-
up time to be read.  

The second way to wake up the board is related to NFC field detection. 
This event occurs every time an NFC reader reads the data. 
Subsequently, right after the initialization of the peripherals, the data is 
read from the EEPROM memory and retained in the NFC shared 
memory to be sent to the NFC reader. This time, the rest of the 
electronics are kept in off mode, so the average power consumption is 
lower (1.25 mW) than the wake-up process explained before but takes 
around 2 s.  

Finally, when the reader is not nearby, the board goes to DPDM again, 
and then the power consumption of the whole hardware is the lowest, 
around 3 µW. The power consumption test was performed using the 
Keysight B2902A Precision Source/Measure Unit (Figure S1 in the 
Supplementary Materials shows the details). The wearable NFC tag 
system shows an average power consumption of 24.9 µW, which is 
suitable to be used with low-capacity coin cell batteries and, therefore, 
low weight. (Ex: using a battery CR2032 (Capacity: 210 mAh), the 
system would theoretically work for more than one year and weigh less 
than 5 g). 
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(a) (b) 

 
(c) 

Figure 2. (a) Schematic design of the wearable NFC tag system. (b) 
Software interaction diagram. (c) Power consumption of the wearable 
NFC tag system during DPDM, wake-up process every 60 s to acquire 
the data from the sensor, and one NFC read interaction. 

2.3. Active Layer Characterization 

The X-ray diffraction (XRD) measurement was performed using a D8-
Discovery LYNXEYE-XE-T diffractometer, configured in conventional 
analytical conditions. The angular 2θ diffraction ranged from 15 to 80 
degrees. The collection of the data was performed with an angular step 
of 0.05 degrees at 0.5 s per step and sample rotation. CuKα radiation 
was obtained from a copper X-ray tube operated at 40 kV and 40 mA. 
Divergence slit 0.5 mm, anti-scatter slit 5.13, primary and secondary 
Soller 2.5 degrees, detector opening 2.94 degrees, air-scatter in 
automatic configuration, and default program settings. Also, a Field 
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Emission Scanning Electron Microscope (FESEM) Scios 2 DualBeam 
was used to study surface morphology and check the NP and NF 
distributions on the graphene layer. Sample characterization was 
performed at a high vacuum, and the electron acceleration voltage was 
established between 2 and 5 kV. The energy-dispersive X-ray (EDX) 
incorporated in the FESEM Scios was used to check the chemical 
composition of the active layer.  

A Raman spectrometer (Renishaw, plc., Wotton-under-Edge, UK) 
utilizing a coupled confocal microscope (Leica DM2500 Microsystems, 
Leica Microsystems GmbH, Wetzlar, Germany) with a laser wavelength 
of 785 nm was used to check the structural fingerprint by vibrational 
modes of the molecules. To determine the surface area of the 
nanomaterials, the Brunauer–Emmett–Teller (BET) nitrogen 
adsorption–desorption isotherms of the ZnO nanostructures were 
measured from the Quantachrome Instrument: QuadraSorb Station 3 
(Quantachrome Instrument, Boynton Beach, FL, USA). Samples were 
outgassed at 100 °C for 5 h, and the bath temperature was 77.3 K. 

2.4. Gas Measurement System 

The gas-sensing characteristics of the materials were determined using 
the system illustrated in Figure 3. The gas measurement system consists 
of different gas bottles with calibrated gas concentrations balanced in 
dry air, a carrier gas with zero-grade dry air, and an airtight Teflon® 
chamber with an inner volume of 25.85 cm3. The gases were delivered 
into the chamber through a computer-controlled mass-flow system to 
ensure the reproducibility of the concentrations and a constant low flow 
of 100 mL/min. The mass-flows are controlled by software named Flow 
Plot v3.34, running on a Windows-based computer. To fix the sensors 
inside the chamber, the electrodes were separated from the rest of the 
electronics using a cutter.  

Afterwards, the three different materials were air-brushed as explained 
in Section 2.1 and carefully soldered using an SMD4300AX10 solder 
paste to a support that fits into the chamber connector. In that manner, 
the three gas sensors (one of each material: NP, NF, and BG) were put 
inside the chamber and left under dry synthetic air for a long period to 
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have a stable baseline resistance. Pulses of NO2 gas were injected into 
the chamber with different concentrations ranging from 50 ppb to 1 
ppm, as follows: 50 ppb, 250 ppb, 500 ppb, 750 ppb, and 1 ppm; dry air 
was supplied in between the gas pulses to recover the baseline and keep 
the constant flow.  

All the measurements were performed at room temperature, and the 
gas exposure time was 35 min and the recovery dry airtime was 70 min 
for each pulse. This cycle of pulses was repeated 4 times, with 2 h of 
recovery time between cycles. The sensor resistance was measured and 
stored employing an Agilent 34972A multimeter (Keysight, Santa Rosa, 
CA, USA) and software from Agilent Technologies Bench Link 
Datalogger 3 running on the same computer mentioned before. 

 

Figure 3. Schematic of the gas measurement system. 

The humidity effect on the sensing performance was evaluated by 
humidifying (at room temperature) the gas stream through a controller 
evaporator mixer from Bronkhorst (Bronkhorst High-Tech, Ruurlo, The 
Netherlands). The percentage of humidity and the temperature during 
the measurements were checked using a digital sensor SENSIRION 
SHT85 (SENSIRION, Stäfa, Switzerland) placed inside the chamber. The 
accuracy of the SHT sensor is ±1.5% RH and 0.1 °C. An Arduino-based 
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board was used to bridge the SHT sensor and the computer, interfacing 
the I2C bus and USB.  

Similarly, to check the selectivity, the sensors were exposed to benzene, 
toluene, carbon monoxide, ethanol, ammonia, and hydrogen. The 
exposures were performed using several pulses of the same level of 
concentration according to the STEL [4] of each gas or the maximum 
capacity of the available bottle in the storage room. For benzene was 1 
ppm (STEL: 1 ppm), toluene was used the maximum capacity of the 
bottle 10 ppm (STEL: 50 ppm), carbon monoxide: 20 ppm (STEL: 20 
ppm), ethanol was the maximum capacity of the bottle 20 ppm (STEL: 
1000 ppm), ammonia was 50 ppm (STEL: 50 ppm) and hydrogen was 
the maximum capacity of the bottle 1000 ppm. In all cases, the sensing 
responses were calculated using Equation (1): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 [%] =  
(𝑅𝑅𝐶𝐶 − 𝑅𝑅𝑏𝑏)

𝑅𝑅𝑏𝑏
 𝑥𝑥 100 % (1) 

Where Rc is the value of the resistance of the sensor before being 
exposed to a cycle of pulse train of the target gas and Rb corresponds to 
the value of the resistance after the target gas exposure in each pulse. 

3. Results and Discussion 

3.1. Active Layer Characterization 

Figure 4a,b present the obtained FESEM images of NP and NF, 
respectively. A secondary electron detector was used to obtain images 
on a grayscale, with the nanoparticles as bright materials and a dark 
background representing the graphene layer. The images were taken on 
a 3 µm scale. Figure 4a shows the nanopillar structure of the ZnO with 
some porous formation (small dots) on the surface of the nanopillars, 
which increases the sensing performance of the active layer. These 
defects are incorporated into the material by microwave treatment. 
Figure 4b shows the morphology of the ZnO in a nanoflower shape, in 
the middle of the graphene layers. The FESEM image of BG is presented 
in Figure S2 in the Supplementary Materials. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. FESEM images using Back-scattered electron detector of (a) 
NP, (b) NF; XRD diffractograms of (c) NP, (d) NF; Raman spectra of (e) 
NP, (f) NF. 

The BET surface areas of the ZnO nanoparticles used for decorating the 
NP and NF sensors were measured by the nitrogen adsorption–
desorption process. The surface area of the NF (2.499 m2g−1) was found 
to be smaller, yet close to the surface area of the NP (2.990 m2g−1). 

A quantitative elemental analysis using EDX can be found in the 
Supplementary Materials, Figure S3 for the NF. The spectrum shows 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



different peaks such as oxygen, carbon, and zinc present on the surface. 
The strongest peak of zinc in the EDX spectrum is explained by the 
image being taken right on top of one of the nanoflowers on the surface. 
An equivalent spectrum can be found when analyzing the NP, 
Supplementary Materials Figures S4 and S5 for BG. Figure 4c,d show 
the XRD diffractograms for NP and NF materials, respectively. In this 
case, the samples were tested in powder form; therefore, a clear 
spectrum of the materials was obtained. It is noticed that the reflection 
peaks confirm the presence of carbon shown in the indices (111), (100), 
and (1–10) for the NP diffractogram. Also, for the NF diffractogram, it 
is noticed that there is an additional indicator of carbon with quite a low 
intensity (222). Figure 4e,f show the Raman spectra of the NP and NF 
samples, respectively. D-band is located at 1310 and 1311 cm−1 in each 
case, which indicates the presence of defects in the graphene lattice. The 
G-band located at 1580 and 1579 cm−1 reveals the stretching of C-C 
bonds in both sensors. Moreover, the 2D-band is located at 2622 and 
2605 cm−1, and its intensity could be an indicator of the number of 
graphene layers and is lower than the previous bands. Also, it is 
observed in both sensors a small peak at 435 and 417 cm−1, which can be 
attributed to the presence of ZnO in the active layer, normally at 430 
cm−1. The Raman spectrum of BG is shown in Figure S6 in the 
Supplementary Materials. 

3.2. Gas Sensing Results 

Figure 5a shows the dynamic performance of the sensors under NO2 
exposure. The three materials have high baseline stability and good 
repeatability over the whole range of the measurements. It can be 
noticed that the electrical conductivity of the sensing layer increases due 
to the normal behavior of a p-type material such as graphene reacting 
to an oxidant gas such as NO2. The signal-to-noise ratio is high since the 
sensors have a stable waveform variation of the resistance value during 
the sharp and fast waveform changes, right after the gas gets inside the 
chamber. Furthermore, it is noticed that the response of the sensor 
increases while the target gas concentration increases. Figure 5b shows 
the comparison between the calibration curves of the responses of the 
three sensors. Doped sensors have a bigger response than BG, and NF 
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shows itself as the best sensor. For higher levels of nitrogen dioxide 
concentrations (1 ppm), the average ratio between the NF and BG 
responses is 1.45. For the lowest level of concentration (50 ppb), the 
average ratio increases to 3.58, which means that the response of NF is 
around 3.5 times higher than for BG. The same trend can be found when 
analyzing the ratio between NP and BG. In that manner, sensors doped 
with NP and NF were chosen to continue this study. 

  

(a) (b) 
Figure 5. (a) Repeatability of the measurement in dry air conditions, 
four cycles of pulses of 50, 250, 500, 750 ppb, and 1 ppm of NO2 
concentration (green color) and resistance variation of graphene-based 
sensors decorated to NF (red color), NP (black color) and BG (blue 
color). (b) Comparison between the calibration curves of NF, NP, and 
BG in dry air conditions. 

An extended comparison was performed between NP and NF. Figure 
6a,b show the fitted calibration curves in log scale using a power-law 
model for both sensors, which have an R2 of 0.95 and 0.96 for NP and 
NF, respectively. As a result, the sensitivities of the two sensors at 1 ppm 
are equal to 3% ppm−1. Likewise, the theoretical Limit of Detection (LoD) 
was calculated using Equation (2). 

LoD =
3.3𝜎𝜎
𝑆𝑆

 (2) 

where σ is the standard deviation of the baseline resistance during a 
long period of measurement and S is the Sensitivity of the sensors. In 
each case, the NP sample has a theoretical LoD of 18.7 ppb and the NF 
sample of 13.3 ppb. 
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(c) (d) 

  
(e) (f) 

Figure 6. Fitted calibration curves for (a) NP, (b) NF; Response under 
different levels of humidity: 0%, 15%, 30%, 45%, and 60% RH for (c) NP, 
(d) NF; (e) Comparison of response and recovery time between NP and 
NF; (f) Comparison between responses of the sensors when exposed to 
different gases/vapors. 
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Since it is extensively reported that humidity affects the response of 
graphene-based sensors [42,43,44,45], similar measurements and 
analyses were performed under different relative humidity levels. 
Figure 6c,d present a comparison of the calibration curves for NP and 
NF in dry air conditions: 15% RH, 30% RH, 45% RH, and 60% RH. It was 
noticed that the baseline of the sensors increased after each increase in 
% RH. Also, the response of the sensors increases while the % RH 
increases. The Sensor doped with NF almost doubled its response in the 
total range of humidity variation. Likewise, this response increase has a 
clear advantage for the final application of this work due to real 
measurements being under humidity conditions, but it also has a 
disadvantage, which is the dependability of the sensor response to the 
variation of % RH. This issue is easy to address by including a humidity 
sensor in the electronic design and performing a multivariate analysis 
in the software solution. These two final ideas are out of the scope of 
this paper. 

Furthermore, the response and recovery times of the sensors were 
evaluated in dry air conditions. Under 1 ppm of NO2 exposure, the 
sensors have a response/recovery time of around 10/47 and 10/49 min 
for NF and NP, respectively. Figure 6e shows the details of the 
comparison, and the response time is defined as the time taken to reach 
90% of the full response after the introduction of the target gas. The 
recovery time is defined as the time taken to return to 90% of the 
baseline resistance after the flow of the target gas is stopped. They were 
calculated following Equations (3) and (4). 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅_𝑇𝑇 [𝑠𝑠𝑠𝑠𝑠𝑠] = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅_90%_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  (3) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑦𝑦𝑇𝑇[𝑠𝑠𝑠𝑠𝑠𝑠] = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅90%𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (4) 

Where 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅90%_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the time when the resistance value reaches 
90% of the response after reacting to the target gas. 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the 
time before the sensor is exposed to the target gas. 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅_𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the 
time before the sensor is exposed to dry air for a given recovery time 
and 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑅𝑅_90%_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 is the time when the resistance value reaches the 
90% of the previous baseline. 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



Finally, the sensors were exposed to different analytes to perform a 
selectivity comparison. To demonstrate that the wearable NFC tag 
system can be used in environments or industrial processes in which a 
combination of these analytes could be present in the atmosphere, the 
test was performed using VOC such as benzene, toluene, and ethanol 
[4,46,47,48], carbon monoxide [7,8,49], ammonia [8,50], and hydrogen 
[49]. Figure 6f presents a bar chart showing that the response of NP and 
NF to all these gases is less than 1% in dry air conditions. Therefore, the 
use of these two materials is suitable for sensing NO2 concentrations, 
even in the presence of other compounds. 

3.2. Sensing Mechanisms to NO2 

The behavior of the sensors described in previous sections, regardless 
of their good selectivity towards NO2 concentrations and the increase in 
their responses as % RH increases, is consistent with the sensing 
mechanism of graphene-based sensors [45]. Graphene is a mild p-type 
nanomaterial that has a large surface area. This large area facilitates the 
adsorption of gas molecules, leading to rapid changes in the local carrier 
concentration and its conductivity. In the presence of oxidant gases, its 
conductivity is increased. Conversely, when detecting reducing gases, 
the conductivity decreases. Therefore, in the sensors used in this work, 
when reacting to NO2, the resistance value decreases, and while reacting 
to other gases such as benzene or hydrogen, the resistance value of the 
sensor increases. Considering p-type graphene loaded with n-type ZnO 
nanoparticles, the probable outcome is the formation of a p-n junction 
on the contact surface. This formation creates a depletion layer at the 
interface, with electrons flowing from the ZnO conduction band to the 
graphene. As a result, NP and NF sensors exhibit a higher resistance 
baseline compared to the BG sensor due to the injection of electrons 
from the n-type ZnO to the graphene, reducing the concentration of 
majority carriers in the p-type graphene and lowering the conductivity 
of the sensing film. When NP and NF are exposed to dry air, they 
interact with oxygen molecules, capturing electrons from the valence 
band and causing them to be adsorbed into the sensor surface (Equation 
(5)). When NO2 interacts with the sensor surface, two reactions may 
occur. First, NO2 can be adsorbed onto the hybrid nanocomposite 
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(Equation (6)). Second, NO2 may interact with adsorbed oxygen species, 
leading to changes in the resistivity of the active layer (Equation (7)). In 
both cases, NO2 adsorption captures free electrons from the sensitive 
film, increasing the conductivity. 

𝑂𝑂2(𝑔𝑔)  + 2𝑒𝑒− → 2𝑂𝑂2(𝑎𝑎𝑎𝑎𝑎𝑎.)− (5) 

𝑁𝑁𝑁𝑁2(𝑔𝑔)  + 𝑒𝑒− → 𝑁𝑁𝑁𝑁2(𝑎𝑎𝑎𝑎𝑎𝑎.)− (6) 

2𝑁𝑁𝑁𝑁2(𝑎𝑎𝑎𝑎𝑎𝑎.)  + 𝑂𝑂2− + 𝑒𝑒− →  2𝑁𝑁𝑁𝑁3− (7) 

The p–n junction enhances the sensor sensitivity by expanding the 
depletion region when the film interacts with NO2 molecules. NP and 
NF exhibit higher sensing performance than BG. Likewise, NF has a 
better response to NO2 than NP, possibly because its contact area with 
the target gas is larger than that of NP. Finally, the presence of humidity 
enhances the sensitivity of graphene-based sensors. At room 
temperature, water molecules act as a mediated adsorption site for NO2, 
and additional electrons are released in the conduction band of the 
metal oxide material, leading to an increased response to the target gas 
[45]. 

3.4. Gas Measurement Using NFC Tag System 

Using the built-in wearable NFC tag system, a gas measurement test 
was performed. The system, with airbrushed graphene decorated with 
NF material, was placed inside a chamber. In this manner, the volume 
of the environment in which the system was placed increased. A new 
acrylic chamber was used with a volume of 5000 cm3, and the system 
was powered using a coin cell battery, CR2032. Afterward, the system 
was left in synthetic dry air for one hour; in between, a stream of NO2 
concentration of 1 ppm was supplied to the chamber for 15 min 
(constant flow of 100 mL/min). Figure S7a in the Supplementary 
Materials shows a picture taken of the test bench for this test. 

To recreate different possible scenarios of exposure to nitrogen dioxide, 
two additional tests were performed as follows. First, NO2 at 1 ppm was 
supplied to the chamber for 10 min, followed by 10 min of dry air, and 
finally 500 ppb of NO2 for another 10 min. After recovering the sensor 
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in dry air, a second test comprised supplying the chamber with 500 ppb 
of NO2 for 10 min, followed by a 10 min recovery in dry air, and ending 
with a 10 min exposure to 1 ppm of NO2. Figure S7b,c in the 
Supplementary Materials shows a screenshot of a smartphone of the 
acquired data in each test, respectively. It is seen in both cases that the 
NFC tag system can successfully obtain the variation in the resistance 
value under different levels of concentration; hence, a data analysis to 
quantify the NO2 concentrations in the software solution could be 
proposed using this system. It is also noticed in Figure S7b,c that the 
visualization time window in the App is one hour; therefore, even when 
the system can store more than 8 h, the data are visualized in 1 h 
segments for better visualization. This App is a custom-made Android 
application developed on the Android Studio platform, and it was 
developed for implementing these tests. The communication between 
the Android App and the system was conducted using a standard 
library that handles the Type 2 tag, MIFARE Ultralight protocol and 
initialization anticollision protocol activation, ISO 14443 A-3-2-1/ISO 
18092, and NFC A tags [51]. 

4. Conclusion 

This study demonstrates an effective technique to build a cumulative 
gas sensor using NFC technology. The integration of a sensing layer, the 
interdigitated electrodes, and the electronics on the same flexible 
printed circuit board gives a compact design, makes it easy to integrate 
with a working vest, and smooths the path to read out the sensor 
regardless of time and location. The synthesis of the zinc oxide 
nanoflowers and nanopillars mixed with graphene offered the 
possibility of obtaining sensors that work at room temperature. Also, it 
enabled obtaining sensors highly selective towards NO2 concentrations, 
having a sensitivity of 3% ppm−1 in 1 ppm level for both sensors 
(nanopillars and nanoflowers), and a theoretical LoD of 18.7 ppb 
(nanopillars) and 13.3 ppb (nanoflowers), a response of 20.24% ± 0.38% 
(nanoflowers) and 19.59% ± 0.24% (nanopillars) under 1 ppm exposure 
at 60% RH. The use of the airbrush technique facilitates the assembly 
process of the system without interfering with the electronic design. 
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The wearable NFC tag system proofreads the concept of being used in 
a target application, in which human resources could be exposed to NO2 
concentrations during working hours. Nonetheless, a few 
improvements could be made to the final application. For instance, the 
inclusion of a visual or sonorous indicator when the target gas exposure 
increases would be suitable to alert the workers before reading the tag 
at the end of the working hours. Likewise, the inclusion of a humidity 
sensor would be suitable to address the effect of humidity on the sensor 
response with a multivariate analysis. Also, this system could be 
combined with standard alarm systems placed in the working area. 
Additionally, replacing the battery with a harvesting energy element 
would be an interesting approach to increasing the lifetime of this 
wearable NFC tag sensor. 

It is important to notice that, to prove this concept, the selectivity toward 
NO2 of these sensors has been tested toward interfering species such as 
benzene, toluene, carbon monoxide, ethanol, ammonia, and hydrogen. 
Anyhow, the analysis of other possible interfering gases, such as ozone, 
would be suitable for the subsequent version of this study. Furthermore, 
we strongly believe that this work could be used with different sensing 
materials, and these results will provide a new perspective for on-site 
monitoring, recording, and analysis of threatening gases in working 
environments. Therefore, the use of new materials that guarantee faster 
response and recovery time at room temperature would be a suitable 
research topic to continue this work and be integrated with an improved 
version of this wearable NFC tag system. 
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4.1 General Conclusions 

This thesis involved different areas of knowledge essential to combining 
electronic devices with low-dimensional materials for gas sensing 
applications. These areas include subjects related to gas sensors 
(fabrication techniques, material characterization, and gas sensing 
properties knowledge), the design of the related instrumentation to 
extract the data from the sensors (hardware and software design), and 
data analysis for discrimination and quantification of the target analyte 
(ANNs). 

Gas sensors: Two different fabrication techniques were used during the 
development of this thesis. First, AACVD was used to grow tungsten 
oxide nanowires. Second, the airbrush deposition technique was used 
to fabricate graphene-based sensors to be included in a wearable device. 
A sensitive layer based on graphene was selected because it can operate 
at room temperature, a suitable feature for integrating them into 
battery-powered devices. Also, it was found that airbrushing is a 
suitable deposition technique when sensors are integrated into the same 
board as their read-out instrumentation. 

Materials characterization and gas sensing properties: The sensitive 
layers of the fabricated sensors (WO3-based and graphene-based) were 
fully characterized. It served to understand chemoresistor gas sensors' 
features: their working principle, advantages, and disadvantages. It was 
understood how to read data from the chemoresistor sensors and the 
main characteristics of the read-out chain instrumentation to interface 
them. The structural properties, morphological characteristics, and 
chemical compositions were checked using techniques such as Field 
Emission Scanning Electron Microscopy (FESEM), Energy-Dispersive 
X-ray (EDX), X-ray Diffraction (XRD), Raman spectroscopy, High-
Resolution Transmission Electron Microscopy (HR-TEM), and Time-of-
Flight Secondary Ion Mass Spectrometry (ToF-SIMS). These techniques 
confirmed that all materials were successfully deposited on top of the 
IDEs and helped to understand the formation of sensitive layers and 
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how they interact with target analytes. The sensors' responses were 
evaluated to oxidizing and reducing species such as nitrogen dioxide, 
hydrogen, ammonia, and others at ppb and ppm levels. The sensors 
used to build the wearable device, obtained a high selectivity towards 
NO2 concentrations, having a sensitivity of 3% ppm−1 in 1 ppm level. 
Graphene sensors were loaded with nanopillars and nanoflowers of 
zinc oxide to enhance their response to NO2. This resulted in responses 
of 20.24% ± 0.38% for nanoflowers and 19.59% ± 0.24% for nanopillars 
under 1 ppm exposure at 60% RH. 

Hardware and software design: Two electronics were designed with 
embedded software and a test user interface. The first one (nodes on IoT 
platform) interfaces up to four chemoresistor WO3-based sensors. 
Includes some control algorithms to manage the operation temperature 
of sensors, the correct bias of each sensor, the dynamic configuration of 
the analog channel, and failure/recovery data due to wireless 
connection. The design includes Wi-Fi technology and is part of an IoT 
platform based on the MQTT protocol. During the development of this 
platform, a reconfiguration methodology was established, being able to 
add new sensors or include more nodes to the platform and be deployed 
in several scenarios. It is worth mentioning that the platform has an 
environmental commercial sensor to be used in the data analysis stage 
for humidity and temperature compensation. The second hardware 
design (wearable) integrates interdigitated electrodes and the 
electronics on the same flexible printed circuit board. It was built on 
flexible support enhancing wearable requirements. The device has a 
compact design, making easy its placement on clothes like a working 
vest. The small electronic design smooths the path to a wireless read-
out of the sensor since it is based on NFC technology. The obtained 
wearable is powered by a coin cell battery and has an average power 
consumption of 24.9 µW. It is also extremely lightweight, 5 grams, and 
has a theoretical working life of more than one year. 

Data analysis: It was confirmed that using statistical analysis in gas 
sensing applications enhances the system's output. Cross-responsive 
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WO3-based sensors were used as an array and their data was processed 
using two different multivariate techniques: PCA and MLP. It was 
obtained a high discrimination ability (H2: > 86%, EtOH > 90%, and NO2: 
> 96%) and a good quantification ability (R2 ∼ 0.94) on validation data 
that had not been used for training. On the other hand, the 
implementation of ANNs in the user interface of the IoT platform gave 
the possibility of discriminating and quantifying pollutants on-site. A 
discrimination accuracy was obtained under a mixture of gases and the 
variation of % RH, 99.2% and 98.7%, respectively. Similarly, the 
quantification of gas concentration was computed using ANNs. More 
than 0.93 R2 was obtained in all cases. The inclusion of environmental 
sensors in the analysis considerably improves the output of the 
classification and quantification models. 

4.2 Further steps 

The next step for continuing this study should be testing new materials 
with an electronic design on the same flexible support. In parallel, 
reduce the electronics design size to be adapted to any type of 
application, the size of antennas for wireless communication, and the 
number of commercial components. Further, test other wireless 
technologies such as BLE when designing a wearable device, integrating 
other types of antennas that work at higher frequencies in flexible 
substrates. 

Another step could be, to incorporate IoT protocols on the wearable 
device, increasing the interconnectivity and interoperability of the 
devices. Also, implementing Machine Learning algorithms inside low-
cost and low-power microcontrollers could be an interesting approach. 
A power consumption comparison could be done between the scenarios 
in which data is continuously transmitted or ML algorithms are running 
inside the microcontroller without the need to transmit the data 
continuously for external processing.  

Also, replacing the battery with an energy harvester element from 
temperature or movement could be an interesting path to continue this 
study. Therefore, finding materials that generate power from these 
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sources is definitely a to-go choice. Likewise, the data of wearable 
devices could be combined with fixed devices such as the one created 
in Chapter 3. It would be interesting to deploy both systems to monitor 
pollutants at a target area of study. 

Finally, it is worth mentioning that low dimensional materials that 
operate at room temperature, smart electronics with IoT and ANN 
capabilities, integrated in flexible support create a powerful team for 
next-generation air pollution monitoring wearable devices. Therefore, 
continuing this research should be a must for enriching these fields of 
knowledge. 
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Figure S1 shows (upper panel) an EDX analysis conducted on a sensor 
sample. The osmium loaded tungsten oxide film coats an alumina 
substrate. Peaks corresponding to the tungsten oxide film and the 
alumina substrate clearly appear. However, osmium is not detected. 
(lower panel) quantitative results of the microanalysis.  
 
The experiment conditions were:  

• Live Time: 40.0 sec  
• Filter Fit Chi Squared:13.977 Errors: +/- 1 Sigma  
• Correction Method: Proza (Phi-Rho-Z) Acc.Voltage: 20.0 kV  
• Take Off Angle: 34.9 deg.  

 
 

 
Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C     2.53 ± 0.04     2.53   11.32       C 
   O   19.17 ± 0.15   19.17   64.37       O 
  Al     0.84 ± 0.04     0.84     1.68      Al 
   W   77.45 ± 0.79   77.45   22.63       W 
Total  100.00   100.00 100.00  

Figure S1: EDX performed to a WO3 decorated with osmium. 
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Figure S2 shows the results of a different EDX analysis conducted on an 
osmium loaded tungsten oxide sample deposited on a TEM grid (lacey 
carbon film supported on nickel). Similarly to the previous EDX 
analysis performed on a sensor sample, this analysis is inconclusive for 
the presence of osmium in osmium-loaded samples.  

 
Figure S2: EDX analysis performed to an WO3 decorated with osmium 

deposited on a TEM grid. 
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On the use of ToF-SIMS to confirm the presence of osmium oxide in 
the samples 

An XPS analysis of the different samples was performed. However, the 
amount of Os that loaded the tungsten oxide was found to be under the 
sensitivity of the XPS technique and this for the two types of samples 
produced. The calculated detection limit of Osmium by XPS is 1.5 ppm.  
Therefore, to evaluate the presence of Osmium, the ToF-SIMS technique 
was employed, which is more sensitive technique than XPS, as it enables 
detecting the presence of chemical species at trace levels, down to ppb 
concentrations. However, unlike XPS, the ToF-SIMS is a qualitative 
technique, which has enabled confirming the presence of Os in the 
loaded tungsten oxide samples, but that does not allow for a proper 
quantitative analysis of this loading. Additionally, the TOF-SIMS 
analyses were performed in spectrometry mode (not in imaging mode), 
with a lateral resolution of roughly 1-2 µm. Therefore, it is not possible 
to determine the characteristic size and morphology of the Osmium 
clusters. 
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Figure S3: Measurements at 150 °C of (up) EtOH, (middle) NO2, and 

(down) H2. 
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Figure S4: Measurements at 200 °C of (up) EtOH, (middle) NO2, and 

(down) H2. 
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Figure S5: Calibration curves at 250 °C of (a) H2, (b) EtOH, and (down) 

NO2. 

 

Table S1: Summary of the statistics of sensor measurements. 
Sensor Gas Temp. 

[°C] 
Concentration 

[ppm] 
Resp. 
Mean  

[%] 

Resp. 
Error 
[%] 

Abs. 
Error 
[ppm] 

Rel. 
Error 
[%] 

pure NO2 250 0.25 -4749.6 1843.1 -0.24 -95.03 

pure NO2 250 0.5 -6364.0 1336.0 -0.26 -52.24 

pure NO2 250 0.75 -7970.8 825.4 -0.21 -27.45 

pure NO2 250 1 -8160.0 710.0 -0.21 -21.05 

pure H2 250 250 46.0 0.18 6.35 2.54 

pure H2 250 500 52.0 0.06 3.65 0.73 

pure H2 250 750 54.6 0.29 26.45 3.53 

pure H2 250 1000 56.8 0.40 47.00 4.70 

pure EtOH 250 5 67.8 3.1 2.47 49.35 

pure EtOH 250 10 73.2 2.0 2.99 29.88 

pure EtOH 250 15 75.9 1.6 3.45 23.00 

pure EtOH 250 20 77.1 1.2 3.43 17.13 

WO3OsLC NO2 250 0.25 -667.4 239.8 -0.05 -19.16 

WO3OsLC NO2 250 0.5 -2227.7 964.5 -0.13 -26.37 

WO3OsLC NO2 250 0.75 -4728.7 1030.8 -0.11 -15.05 

WO3OsLC NO2 250 1 -6779.3 592.4 -0.06 -5.54 

WO3OsLC H2 250 250 62.2 0.76 27.71 11.09 

WO3OsLC H2 250 500 66.9 0.71 47.60 9.52 

WO3OsLC H2 250 750 69.8 0.71 68.86 9.18 

WO3OsLC H2 250 1000 72.7 0.66 82.51 8.25 

WO3OsLC EtOH 250 5 62.8 7.2 3.41 68.12 

WO3OsLC EtOH 250 10 73.4 4.2 3.50 35.04 

WO3OsLC EtOH 250 15 77.8 2.8 3.34 22.29 

WO3OsLC EtOH 250 20 78.9 2.1 3.16 15.81 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



WO3OsHC NO2 250 0.25 -536.8 222.5 -0.03 -12.07 

WO3OsHC NO2 250 0.5 -3298.1 2481.5 -0.19 -37.38 

WO3OsHC NO2 250 0.75 -8228.1 4423.3 -0.24 -31.50 

WO3OsHC NO2 250 1 -12681.6 3635.6 -0.15 -15.21 

WO3OsHC H2 250 250 48.3 0.40 13.40 5.36 

WO3OsHC H2 250 500 53.0 0.38 23.26 4.65 

WO3OsHC H2 250 750 56.4 0.37 31.58 4.21 

WO3OsHC H2 250 1000 60.0 0.37 40.86 4.09 

WO3OsHC EtOH 250 5 55.5 5.6 2.52 50.37 

WO3OsHC EtOH 250 10 65.3 3.9 3.07 30.68 

WO3OsHC EtOH 250 15 70.7 3.0 3.25 21.68 

WO3OsHC EtOH 250 20 72.9 2.1 2.85 14.27 

 
Table S2: Summary of the performance of the classification algorithms. 

Number 
hidden 
layers 

Number of 
neurons per 

layer 

Activation 
function 

Accuracy 
training [%] 

Accuracy 
test [%] 

Working 
Temperature 

(°C) 
3 10 Tanh 93.58 93.82 150 
3 10 Sigmoid 92.91 92.09 150 
3 10 ReLU 91.02 86.56 150 
1 10 ReLU 90.16 86.70 150 
1 100 ReLU 90.06 86.78 150 
1 25 ReLU 89.66 88.11 150 
2 10 ReLU 89.61 91.59 150 
3 10 None 81.89 81.71 150 
1 100 Tanh 91.56 91.60 200 
1 100 Sigmoid 91.28 91.47 200 
3 10 ReLU 88.99 85.91 200 
1 100 ReLU 88.99 88.61 200 
1 25 ReLU 88.81 88.58 200 
2 10 ReLU 88.63 88.26 200 
1 10 ReLU 87.98 87.58 200 
1 100 None 86.82 85.55 200 
1 10 Tanh 91.61 93.18 250 
1 10 ReLU 91.38 92.26 250 
1 100 ReLU 91.76 92.20 250 
1 25 ReLU 91.46 91.97 250 
3 10 ReLU 90.23 91.45 250 
1 10 Sigmoid 91.93 90.91 250 
2 10 ReLU 90.29 90.82 250 
1 10 None 89.69 89.45 250 
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Table S3: Summary of the performance of the quantification models for 
nitrogen dioxide. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

RMSE 
training 

[ppb] 

R-
squared 
training 

RMSE 
test 

[ppb] 

R-
squared 

test 

Working 
Temperature 

(°C) 

3 10 Tanh 0.09 0.90 0.07 0.94 150 
1 100 ReLU 0.10 0.88 0.09 0.90 150 
3 10 ReLU 0.10 0.89 0.09 0.89 150 
1 25 ReLU 0.11 0.86 0.11 0.86 150 
2 10 ReLU 0.10 0.87 0.11 0.86 150 
3 10 Sigmoid 0.11 0.86 0.11 0.85 150 
1 10 ReLU 0.12 0.84 0.12 0.85 150 
3 10 None 0.20 0.55 0.20 0.57 150 
1 100 ReLU 0.12 0.87 0.11 0.89 200 
3 10 ReLU 0.12 0.86 0.11 0.88 200 
2 10 ReLU 0.12 0.86 0.12 0.87 200 
1 25 ReLU 0.14 0.83 0.12 0.85 200 
1 10 ReLU 0.15 0.81 0.13 0.84 200 
1 100 Tanh 0.14 0.81 0.14 0.82 200 
1 100 Sigmoid 0.16 0.78 0.15 0.80 200 
1 100 None 0.20 0.66 0.19 0.67 200 
3 10 ReLU 0.07 0.94 0.08 0.94 250 
3 10 Tanh 0.08 0.94 0.08 0.94 250 
1 100 ReLU 0.08 0.93 0.08 0.94 250 
2 10 ReLU 0.08 0.93 0.08 0.94 250 
1 25 ReLU 0.08 0.93 0.08 0.94 250 
3 10 Sigmoid 0.09 0.92 0.08 0.93 250 
1 10 ReLU 0.09 0.92 0.09 0.92 250 
3 10 None 0.14 0.81 0.13 0.84 250 

 
Table S4: Summary of the performance of the quantification models for 
ethanol. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

RMSE 
training 
[ppm] 

R-
squared 
training 

RMSE 
test 

[ppm] 

R-
square
d test 

Working 
Temperatur

e (°C) 

1 100 Tanh 1.65 0.94 1.33 0.96 150 
1 100 Sigmoid 1.67 0.94 1.58 0.94 150 
1 100 ReLU 1.89 0.92 1.71 0.93 150 
3 10 ReLU 1.97 0.91 1.80 0.92 150 
1 25 ReLU 2.46 0.87 2.26 0.88 150 
2 10 ReLU 2.03 0.91 2.28 0.88 150 
1 10 ReLU 2.92 0.82 3.02 0.80 150 
1 100 None 5.53 0.36 5.44 0.35 150 
3 10 Sigmoid 2.01 0.92 1.27 0.96 200 
3 10 ReLU 1.86 0.93 1.58 0.94 200 
3 10 Tanh 2.03 0.91 1.71 0.94 200 
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1 100 ReLU 2.00 0.92 1.80 0.93 200 
3 10 ReLU 2.00 0.92 1.85 0.93 200 
1 25 ReLU 2.21 0.90 2.04 0.91 200 
1 10 ReLU 2.42 0.88 2.11 0.91 200 
3 10 None 5.24 0.46 5.04 0.49 200 
3 10 Tanh 2.32 0.89 1.64 0.94 250 
3 10 ReLU 2.48 0.88 2.04 0.91 250 
1 100 ReLU 2.38 0.89 2.15 0.90 250 
1 25 ReLU 2.51 0.88 2.27 0.89 250 
2 10 ReLU 2.55 0.87 2.39 0.88 250 
3 10 Sigmoid 2.51 0.88 2.59 0.87 250 
1 10 ReLU 2.73 0.86 2.62 0.86 250 
3 10 None 4.99 0.53 4.99 0.51 250 

 
Table S5: Summary of the performance of the quantification models for 
hydrogen. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

RMSE 
training 
[ppm] 

R-
squared 
training 

RMSE 
test 

[ppm] 

R-
squared 

test 

Working 
Temperature 

(°C) 

1 100 ReLU 104.33 0.90 95.81 0.91 150 
2 10 ReLU 98.40 0.91 100.97 0.90 150 
3 10 ReLU 97.64 0.91 105.70 0.89 150 
1 25 ReLU 105.83 0.89 113.01 0.88 150 
1 100 Tanh 123.15 0.86 128.10 0.84 150 
1 100 Sigmoid 134.10 0.83 134.77 0.83 150 
1 10 ReLU 138.01 0.82 140.21 0.81 150 
1 100 None 253.72 0.41 250.01 0.42 150 
1 100 ReLU 96.48 0.92 107.92 0.90 200 
1 25 ReLU 108.21 0.90 112.29 0.89 200 
2 10 ReLU 107.88 0.90 120.72 0.87 200 
1 100 Sigmoid 104.76 0.90 120.72 0.87 200 
3 10 ReLU 99.87 0.91 122.56 0.87 200 
1 10 ReLU 115.44 0.88 130.57 0.85 200 
1 100 Tanh 152.04 0.80 154.29 0.80 200 
1 100 None 250.28 0.47 249.59 0.47 200 
1 100 ReLU 76.19 0.94 85.57 0.93 250 
1 100 Sigmoid 72.78 0.95 87.76 0.93 250 
2 10 ReLU 74.55 0.95 91.84 0.92 250 
1 25 ReLU 77.93 0.94 92.14 0.92 250 
3 10 ReLU 74.79 0.95 94.41 0.92 250 
1 100 Tanh 95.87 0.91 94.74 0.92 250 
1 10 ReLU 79.49 0.94 95.32 0.92 250 
1 100 None 255.43 0.42 259.19 0.42 250 
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Figure S6: Results of classification and quantification models when 
using test dataset at 200 °C. (a) Classification. (b) NO2 quantification. (c) 
H2 quantification. (d) EtOH quantification. 
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Figure S7: Results of classification and quantification models when 
using test dataset at 150 °C. (a) Classification. (b) NO2 quantification. (c) 
H2 quantification. (d) EtOH quantification. 

 

Table S6: Relationship between classification accuracy and working 
temperature of the sensors. 

Working 
Temperature (°C) 

Classifying 
NO2 (%) 

Classifying 
EtOH (%) 

Classifying 
H2 (%) 

150 96.0 81.4 73.5 
200 96.1 89.4 82.2 
250 95.2 90.1 86.9 
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Table S7: Summary of the best quantification models for EtOH, NO2, 
and H2 at three temperatures. 

Gas Temperature 
[°C] 

RMSE 
train 

[ppm] 

R-squared 
train 

RMSE test 
[ppm] 

R-squared 
test 

 
EtOH 

150 1.65 0.94 1.33 0.96 
200 2.01 0.92 1.27 0.96 
250 2.32 0.89 1.64 0.94 

 
NO2 

150 0.09 × 10-3 0.90 0.07 × 10-3 0.94 
200 0.12 × 10-3 0.87 0.11 × 10-3 0.89 
250 0.07 × 10-3 0.94 0.08 × 10-3 0.94 

 
H2 

150 104.33 0.90 95.81 0.91 
200 96.48 0.92 107.92 0.90 
250 76.19 0.94 85.57 0.93 

 

Table S8: Comparative between gas-sensing application metrics found 
in the literature and metrics of this work 1. 

Algorithm Application Metrics Ref. 
SVM  Drift compensation, 

Classification  
Accuracy: 89.98 % – 96.62 %  2,3 

ANN  Classification  Accuracy: 91.26%  2 

XGBoost  Classification  Accuracy: 96.62 %  
Sensitivity: 95.60 % 

2,4 

KNN  Drift compensation  Accuracy: 80.74 % – 97.5 %  2,5,6 

KNN-ANN  Drift suppressed 
classification  

Accuracy: 96.51 %  7 

PLS  Gas concentration 
prediction  

RMSE: 7.34  8,9 

ACNN Drift compensation  Accuracy increased over 30% 
worst case  

10 

MLPNN  Gas concentration 
estimation  

Error decreased 7 % – 19 % 
worst case  

11 

Deep CNN  Real-time classification  Accuracy: 98.1 %  12 

CNN ensemble  Classification  Accuracy: 99.72 %  13 

PCA and ANN Discrimination and 
Quantification 

Accuracy: 96.1 % * 
R-squared: 0.96 * 
RMSE: 0.07 ppb * 

This 
work 

*Best case 
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Fig. S1: JSON format for the communication protocol between gas sensor 

nodes, the server, and the user interface. 
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Fig. S2: Schematic of the fabrication process of chemoresistor gas sensors 

based on tungsten trioxide using aerosol-assisted chemical vapor deposition 
(AACVD). 

 
Sensors of tungsten trioxide were fabricated using an aerosol-assisted 
chemical vapor deposition system (AA-CVD). The nanomaterial was 
grown on top of commercial alumina substrates. The substrate held 
interdigitated electrodes (300 μm gap) on the top side and an 8 Ω 
heating element on the bottom. The electrodes and the heater are made 
of platinum and screen-printed to an alumina substrate (CeramTec 
GmBH, Plochingen, Germany). The synthesis of pristine tungsten 
trioxide was done employing 40 mg of tungsten hexacarbonyl as a 
precursor. Such precursor was solubilized in a mixture of methanol and 
acetone with a 1:3 vol ratio (5 mL and 15 mL respectively). The solution 
was sonicated until all the precursor material was fully solved (around 
15 minutes) and then, placed in an aerosol generator, which used a bath 
and ultrasonic waves to convert the solution into a micro-droplet spray 
that contained the precursor. This spray is given via a connecting pipe 
system using nitrogen as an inert carrier gas at a constant flow of 1 Lmin-

1 towards a preheated CVD hot-wall reactor at 375 °C. The resulting 
tungsten trioxide layers fully coat the electrodes. Typically, some 
amorphous carbon residues are left by the organic precursor and 
solvents. To remove such impurities and enhance oxidation, an 
annealing process is performed right after the deposition, which is 
conducted in a muffle furnace (Carbolite CWF 1200, Carbolite Gero Ltd., 
Neuhausen, Germany) at 500 °C for 2 hours, with a temperature ramp 
of 5 °Cmin-1, under pure dry air. Figure S2 describes the schematic of 
the process. A similar fabrication procedure was previously reported by 
our research group [1,2]. 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



 
Fig. S3: Schematic of the fabrication process of chemoresistor gas sensors 

based on graphene decorated with zinc oxide using airbrush. 
 

Graphene decorated with zinc oxide (Graphene@ZnO) sensors were 
fabricated using the airbrush technique. Figure S3 presents a general 
description of the fabrication process: graphene nanoplatelets and 5 
wt.% zinc oxide nanoparticles were mixed under magnetic stirring for 
30 min, using ethanol (Scharlab, Sentmenat, Spain, CAS: 64-17-5) as a 
solvent.  Later, the solution was filtered using filter paper and treated 
under a microwave at a power of 1000 W for about 5 min. Extensive 
details of the synthesis of this hybrid/composite are given in our 
previous work [3]. The deposition was performed on the same alumina 
substrate used for the tungsten trioxide sensors mentioned above. 
Finally, a solution of 10 mL of ethanol mixed with 1 mg of powder under 
magnetic stirring for half an hour was prepared to be airbrushed onto 
the interdigitated electrodes (IDEs) using a DISMOER airbrush tool. 

 
Fig. S4: Schematic of the fabrication process of chemoresistor gas sensors 

based on laser-induced graphene decorated with polypyrrole. 
 

The second type of graphene-based sensors was fabricated using laser-
induced graphene (LIG). The fabrication process of LIG decorated with 
polypyrrole (LIG@Ppy) sensors involves two main steps. First, the 
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fabrication of the LIG electrode employing a commercially available 
polyimide film (50 µm thick) as a substrate, Figure S4 LIG was 
synthesized using a CO2 laser system (SYNRARD 48–2) with a 
wavelength of 10.6 µm, a max power of 25 W, and a lens with a focal 
length of 74 mm. The laser beam scanned over the polyimide surface at 
a speed of 200 mm/s, frequency of 12 kHz, and 12 % laser power. The 
sensor has been designed with a sensing area of 18 mm2. Silver ink was 
drop-casted on the electrodes to improve the connection of the sensor 
with the measurement system. In the second step, the electrochemical 
growth of Ppy on the LIG was carried out using a potentiostat 
(pocketSTAT2, IVIUM Technologies). A 3-electrode system involving of 
LIG electrode as a working electrode, a platinum wire auxiliary 
electrode, and an Ag/AgCl reference electrode with a salt bridge 
containing aqueous 3 M NaCl was used for experiments. The 
concentration of pyrrole in polymerization solutions was 0.25 mM, and 
the electrolyte for synthesis consisted of 0.5 mM tetrabutylammonium 
perchlorate in acetonitrile. The Ppy synthesis was prepared by 
chronoamperometry method using a constant potential of 1.2 V for 10 
min. Details of the synthesis of this material are given in our previous 
work [4,5]. 

 

 

Figure S5: Flow diagram of the software. 
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Note S1: Model to simulate how the target gas goes into the chamber. 

The mass balance equation was used to simulate how the concentration 
of the target gas increases inside the chamber.  

First assumptions: at steady state, the gas inside the chamber is perfectly 
mixed; the gas outflow rate is constant and equal to the inflow rate; the 
concentration of the incoming gas is constant. 

Mass balance equation [6]:   𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

+ 𝐹𝐹𝐹𝐹
𝑉𝑉
𝐶𝐶(𝑡𝑡) = 𝐹𝐹𝐹𝐹

𝑉𝑉
𝐶𝐶𝑖𝑖𝑖𝑖 

where: 𝑉𝑉 is the measured volume of the chamber. F is the inflow to the 
chamber. Cin is the ammonia concentration in the incoming gas. 𝐶𝐶(𝑡𝑡) is 
the ammonia concentration in the chamber at time t. k is a constant that 
depends on restrictions such as the valve coefficient, pipe friction factor, etc. 

Laplace transform:    𝐿𝐿 �𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

� = 𝐿𝐿 �𝐹𝐹𝐹𝐹
𝑉𝑉

(𝐶𝐶𝑖𝑖𝑖𝑖 − 𝐶𝐶(𝑡𝑡))� 

     𝑠𝑠𝑠𝑠(𝑠𝑠) − 𝐶𝐶(0) = 𝐹𝐹𝐹𝐹
𝑉𝑉
�𝐶𝐶𝑖𝑖𝑖𝑖

1
𝑠𝑠
− 𝐶𝐶(𝑠𝑠)� 

Distribute, collect terms, and factor out on left hand-side: 
     𝐶𝐶(𝑠𝑠) = 𝐹𝐹𝐹𝐹𝐶𝐶𝑖𝑖𝑖𝑖

𝑉𝑉𝑉𝑉(𝑠𝑠+𝐹𝐹𝐹𝐹𝑉𝑉 )
+ 𝐶𝐶(0)

𝑠𝑠+𝐹𝐹𝐹𝐹𝑉𝑉
 

where: C(0) is the initial concentration of the target gas inside the 
chamber. 

Second assumptions: C(0) = 0 and the response of the system can be 
dominated by the slowest pole which is: 𝑠𝑠 + 𝐹𝐹𝐹𝐹

𝑉𝑉
 [7]: 

𝐶𝐶(𝑠𝑠) = 1
𝑇𝑇𝑇𝑇+1

𝐶𝐶𝑖𝑖𝑖𝑖 

 where:  𝑇𝑇 = 𝑉𝑉
𝐹𝐹𝐹𝐹

 

The output of this transfer function was used to simulate the gas 
concentration inside the chamber. Also, it was used as a Response signal 
(Y) for training the quantification models. 
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Fig. S6: Structure of the model using ANNs. (upper) Classification. 

(lower) Regression. 
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Table S1: Performance of the classification MLPs. 
Number 
hidden 
layers 

Number of 
neurons per 

layer 

Activation 
function 

Removed 
features 

Accuracy 
train [%] 

Accuracy 
test [%] 

1 10 ReLU - 94.1 94.3 
1 25 ReLU - 96.5 96.7 
1 100 ReLU - 98.0 98.0 
2 10 ReLU - 95.3 93.1 
3 10 ReLU - 95.1 95.6 
1 100 Sigmoid - 98.5 98.7 
1 100 Tanh - 98.6 98.7 

1 100 Tanh 
Temperature, 

Humidity 
97.6 97.4 

1 100 Tanh 
LIG@Ppy, 

Graphene@ZnO  
95.9 96.2 

 

 

 

 

 
Fig. S7: Confusion matrix removing features related to humidity and 

temperature. (left) train data. (right) test data. 
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Fig. S8: Confusion matrix removing features related to graphene-based 

sensors. (left) train data. (right) test data. 

 
 
 
Table S2: Performance of the quantification MLPs for nitrogen dioxide. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

Removed 
features 

RMSE train 
[ppb] 

R2 
train 

RMSE 
test 

[ppb] 

R2 
test 

1 10 ReLU - 70.80 0.61 60.79 0.72 
1 25 ReLU - 49.18 0.81 44.54 0.85 
1 100 ReLU - 28.13 0.93 27.43 0.94 
2 10 ReLU - 39.76 0.87 37.21 0.89 
3 10 ReLU - 37.70 0.89 36.59 0.90 
1 100 Sigmoid - 39.25 0.88 38.38 0.89 
1 100 Tanh - 47.99 0.82 56.01 0.76 

1 100 ReLU 
Temperature, 

Humidity 
51.56 0.79 50.47 0.81 

1 100 ReLU 
LIG@Ppy, 

Graphene@ZnO 
43.62 0.85 45.06 0.85 
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Fig. S9: Prediction chart of nitrogen dioxide removing features related to 
humidity and temperature. (left) train data: RMSE = 43.62 ppb, R2 = 0.85. 

(right) test data: RMSE = 50.47 ppb, R2 = 0.81. 

 

 

 
Fig. S10: Prediction chart of nitrogen dioxide removing features related to 

graphene-based sensors. (left) train data: RMSE = 51.76 ppb, R2 = 0.79. (right) 
test data: RMSE = 45.06 ppb, R2 = 0.85. 
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Table S3: Performance of the quantification MLPs for ammonia. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

Removed 
features 

RMSE train 
[ppm] 

R2 
train 

RMSE 
test 

[ppm] 

R2 
test 

1 10 ReLU - 2.49 0.93 2.35 0.94 
1 25 ReLU - 2.01 0.95 1.99 0.96 
1 100 ReLU - 1.78 0.96 1.59 0.97 
2 10 ReLU - 1.81 0.96 1.61 0.97 
3 10 ReLU - 1.69 0.96 1.69 0.97 
1 100 Sigmoid - 1.49 0.97 1.39 0.98 
1 100 Tanh - 1.65 0.97 1.39 0.98 

1 100 Sigmoid 
Temperature, 

Humidity 
1.86 0.96 1.88 0.96 

1 100 Sigmoid 
LIG@Ppy, 

Graphene@ZnO 3.14 0.89 3.29 0.89 

 

 

 

 

 
Fig. S11: Prediction chart of ammonia removing features related to humidity 

and temperature. (left) train data: RMSE = 1.86 ppm, R2 = 0.96. (right) test data: 
RMSE = 1.88 ppm, R2 = 0.96. 
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Fig. S12: Prediction chart of ammonia removing features related to graphene-
based sensors. (left) train data: RMSE = 3.14 ppm, R2 = 0.89. (right) test data: 

RMSE = 3.29 ppm, R2 = 0.89. 

 

 

 

Table S4: Performance of the classification MLPs under a mixture of gases. 
Number 
hidden 
layers 

Number of 
neurons per 

layer 

Activation 
function 

Removed 
features 

Accuracy 
train [%] 

Accuracy 
test [%] 

1 10 ReLU - 91.3 88.9 
1 25 ReLU - 97.6 97.5 
1 100 ReLU - 99.0 98.9 
2 10 ReLU - 95.9 94.6 
3 10 ReLU - 96.7 98.0 
1 100 Sigmoid - 99.3 99.3 
1 100 Tanh - 99.3 99.2 

1 100 Tanh 
Temperature, 

Humidity 
98.3 98.0 

1 100 Tanh 
LIG@Ppy, 

Graphene@ZnO 
97.9 98.1 
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Table S5: Performance of the quantification MLPs for nitrogen dioxide under 
a mixture. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

Removed 
features 

RMSE train 
[ppb] 

R2 
train 

RMSE 
test 

[ppb] 

R2 
test 

1 10 ReLU - 48.56 0.80 47.75 0.79 
1 25 ReLU - 36.48 0.88 37.36 0.877 
1 100 ReLU - 19.97 0.96 19.15 0.96 
2 10 ReLU - 36.54 0.88 29.66 0.92 
3 10 ReLU - 28.58 0.93 22.35 0.95 
1 100 Sigmoid - 27.83 0.93 25.94 0.94 
1 100 Tanh - 42.82 0.84 34.45 0.89 

1 100 ReLU 
Temperature, 

Humidity 
49.94 0.79 46.62 0.80 

1 100 ReLU 
LIG@Ppy, 

Graphene@ZnO 
63.60 0.66 57.33 0.71 

 
 
 
 
Table S6: Performance of the quantification MLPs for ammonia under a 
mixture. 

Number 
hidden 
layers 

Number 
of 

neurons 
per 

layer 

Activation 
function 

Removed 
features 

RMSE train 
[ppm] 

R2 
train 

RMSE 
test 

[ppm] 

R2 
test 

1 10 ReLU - 6.95 0.82 7.23 0.80 
1 25 ReLU - 4.90 0.91 4.86 0.91 
1 100 ReLU - 2.47 0.97 2.54 0.97 
2 10 ReLU - 4.89 0.91 5.44 0.89 
3 10 ReLU - 3.77 0.94 3.40 0.95 
1 100 Sigmoid - 1.74 0.98 1.84 0.98 
1 100 Tanh - 2.33 0.98 1.99 0.98 

1 100 Sigmoid 
Temperature, 

Humidity 
5.25 0.89 4.84 0.91 

1 100 Sigmoid 
LIG@Ppy, 

Graphene@ZnO 
5.17 0.90 5.04 0.90 
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Fig. S13: Screenshot of the user interface. (a) 200 ppb pulse of nitrogen 

dioxide. (b) 40 ppm pulse of ammonia. 
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Table S1: Comparison of graphene-based gas sensors for NO2 detection 
at room temperature. 

Material Concentration 
(ppm) 

Response 
% 

Response 
Time 

(seconds) 

Recovery 
Time 

 (seconds) 

Ref. 

Co3O4-rGO 5 26.8 90 2400 [1] 
rGO/ZnO-CT 
and ET 

15 44 140 630 [2] 

All graphene 5 12 328 1941 [3] 
rGO/Ag 
nanowires 

50 20 162 1200 [4] 

Ag-S-RGO 50 75 12 20 [5] 
RGO/Cu2O 2 60 N/A N/A [6] 
ZnS NPs/N-
rGO 

10 2.2 N/A 724 [7] 

Graphene:ZnO 0.5 5.1 N/A N/A [8] 
ZnO/SnO2-
rGO 

5 141.0 32 92 [9] 

ZnO/graphene 
aerogel 

50 3.6 132 164 [10] 

rGO/ZnO 
flowers and 
nanoparticles 

1.5 1.4 394 807 [11] 

rGO/ZnO laser 
modified 

5 6.2 100 200 [12] 

rGO/ZnO 
nanorods 

100 17.4 780 1980 [13] 

Graphene:ZnO 
NF 

1 20.24 600 2820 This 
work 

Graphene:ZnO 
NP 

1 19.59 600 2940 This 
work 
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Table S2: Comparison of wearable NFC gas sensors on a flexible 
substrate. 

Target 
gas 

Active 
material 

Sensing 
range 

Sensitivity Average 
Power 

consumption 

Chip  Battery  Substrat
e 

Weight Ref 

NH3 Ag - rGO 5–100 ppm 1.25 % N/A no no PET N/A [14] 
DCP BMIMCl/

HFIPN/ 
SWCNT 

0.028–2.4 
ppm 

N/A N/A no no PET N/A [15] 

NH3 Cellulose 
fiber 

0.2–1000 
ppm 

N/A N/A yes no Cellulos
e paper 

N/A [16] 

NH3 PTS–PANi 5–200 ppm 45 % ppm−1 N/A no no PET N/A [17] 
Cadav
erine 

PTS–PANi 5 – 40 ppm 4.25 % ppm-1 N/A no no PET N/A [17] 

Putres
cine 

PTS–PANi 5 – 40 ppm 9.2 % ppm-1 N/A no no PET N/A [17] 

O2 P4VP–
SWCNTs–

FeII 

2 – 21 % N/A N/A no no PET N/A [18] 

CO2 La2O2S:Eu/
N/TMAO

H/ 

up to 
50,000  
ppm 

N/A 4.45 mW yes no PET N/A [19] 

Ethyle
ne 

SnO2 100 – 500 
ppm 

N/A N/A yes no PET N/A [20] 

O2, 
CO2; 
NH3 

* 0.05 – 2 %, 
< 60 %, 
tens of 
ppm 

N/A 8.5 mW yes no PEN N/A [21] 

NO2 Graphene:
ZnO 

Up to 1 
ppm 

3 % 
ppm-1 

24.9 µW yes yes PI 0.706 
grams ** 

This 
work 

* See reference for details 
** The weight of the battery should be added to this quantity. 
(Ex: using a CR2032 battery, the total weight is around 4.5 
grams) 
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Figure S1: Test bench of the power consumption measurement. 

 

 

The power consumption of the wearable NFC tag system was measured 
using Keysight B2902A Precision Source/ Measure Unit. The wearable 
was sourced with 3 V (according to the power source specification in 
the electronic design) and the level of voltage, current, and power were 
acquired using the Software Quick IV Measurement version 
4.1.1821.368 from Keysight Technologies. Ten-minute tests were 
conducted several times observing the system commuting between 
power modes (Deep Power Down Mode and RTC Wake Up). Similarly, 
the tests were repeated but reading a few times the data from the 
wearable with a smartphone running the test Android application. The 
resultant data was exported to MATLAB R2022b, plotted, and analyzed. 
As a result, the average power consumption in each section was: around 
1.5 mW when reading the sensors every 60 seconds, around 1.25 mW 
when the device interacts with the NFC field to send the data from the 
sensor to the NFC reader, and around 3 µW when the device is in 
DPDM. This ultra-low power consumption value is consistent with the 
values reported by the manufacturer of the SoC NHS3152 and the DC-
DC NCP705 in off mode. 
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Figure S2: FESEM image using Back-scattered electron detector of bare 

graphene. 

 

 

 
Figure S3: EDX of the nanoflowers sample 

Live Time: 40.0 sec. 

 

Wed Nov 29 14:35:01 2023 

Filter Fit   Chi Squared:22.666    

Errors: +/- 1 Sigma 

Correction Method: Proza (Phi-Rho-Z) 

Acc.Voltage: 20.0 kV  Take Off Angle: 35.0 deg.   

Quantitative Results for: NF(4) 
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Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C   38.29 ± 0.22   38.29   58.55       C 
   O   27.82 ± 0.29   27.82   31.94       O 
  Zn   33.89 ± 0.46   33.89     9.52      Zn 
Total  100.00   100.00 100.00  

A higher amount of Zn can be seen because the EDX was performed on top of the 
nanoflower. Details are indicated in its corresponding FESEM image (Figure 4 (b) 
of the principal document). 

 

 

 
Figure S4: EDX of the nanopillars sample  

 

 

Live Time: 40.0 sec. 

 

Wed Nov 29 14:49:51 2023 

Filter Fit   Chi Squared:43.982    

Errors: +/- 1 Sigma 

Correction Method: Proza (Phi-Rho-Z) 

Acc.Voltage: 20.0 kV  Take Off Angle: 34.4 deg.   

Quantitative Results for: NP(2) 
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Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C   34.66 ± 0.18   34.66   55.17       C 
   O   28.50 ± 0.22   28.50   34.05       O 
  Zn   36.84 ± 0.33   36.84   10.77      Zn 
Total  100.00   100.00 100.00  

A higher amount of Zn can be seen because the EDX was performed on top of the 
nanopillars. Details are indicated in its corresponding FESEM image (Figure 4 (a) 
of the principal document). 

 

 

 

 
Figure S5: EDX of the bare graphene. 

 

Live Time: 40.0 sec. 

 

Wed Nov 29 14:59:29 2023 

Filter Fit   Chi Squared:330.665    

Errors: +/- 1 Sigma 

Correction Method: Proza (Phi-Rho-Z) 

Acc.Voltage: 20.0 kV  Take Off Angle: 35.8 deg.   

Quantitative Results for: BG(1) 
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Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C   80.84 ± 0.39   80.84   84.89       C 
   O   19.16 ± 0.54   19.16   15.11       O 
Total  100.00   100.00 100.00  

 

 

 

 

 
Figure S6: Raman spectroscopy of bare graphene. 
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(a) 

  
(b) (c) 

Figure S7: (a) Picture of the testbench for the test of the wearable system 
developed in this work; Screenshots of the Android App (b) capturing the 

exposure of 1 ppm NO2 (10 minutes), synthetic dry air (10 minutes), and 500 
ppb (10 minutes); and (c) capturing the exposure of 500 ppb NO2 (10 

minutes), synthetic dry air (10 minutes), and 1 ppb (10 minutes). 
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Abstract: Manganese dioxide (MnO2) has drawn attention as a 
sensitizer to be incorporated in graphene-based chemoresistive sensors 
thanks to its promising properties. In this regard, a rGO@MnO2 sensing 
material was prepared and deposited on two different substrates 
(Silicon and Kapton). These sensors were exposed to different dilutions 
of NO2 under dry and humid conditions at room temperature. Other 
gases or vapours such as NH3, CO, ethanol and H2 were also tested. 
FESEM, HRTEM, RAMAN and XRD were used to characterize the 
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prepared sensors. The experimental results showed that the 
incorporation of MnO2 in the rGO material enhanced its response 
towards NO2. Moreover, this material showed also very good responses 
toward NH3 both under dry and humid conditions and showed no 
cross-responsiveness towards other toxic gases.  

Keywords: reduced graphene oxide; manganese dioxide (MnO2); 
gas sensor; NO2 detection; NH3 detection. 
 

1. Introduction 

Technological and economic advances increasingly threaten the 
environment and air quality, necessitating urgent solutions. The 
demand for low-cost and effective gas sensors, crucial for detecting 
toxic agents such as nitrogen dioxide NO2 [1], ammonia NH3 [2], and 
carbon monoxide CO [3] in various fields, has never been more 
pressing. While traditional methods like infrared spectrophotometry 
(IRSP) [4], non-dispersive infrared analysis (NDIR) [5], and gas 
chromatography-mass spectrometry (GC-MS) [6] have been widely 
used for detecting toxic gases, they are not without significant 
drawbacks. Their high cost and complexity have underscored the need 
for a new, more efficient approach. This realization has led to the 
development of chemoresistive devices, known for their ease of 
operation, low production cost, fast response time, and ease of 
miniaturization [7].  

Since their first use in the 1960s, metal oxides (MOX) such as ZnO [8], 
SnO2 [9], WO3 [10], and many more [11] have been studied as sensitive 
films to be used in the fabrication of chemoresistive devices for gas 
sensing and especially for detecting NO2. Even though MOX are 
effective and sensitive, the need for a pervasive, widespread monitoring 
of air pollutants, has oriented research to the discovery of new, less 
power-hungry, gas sensitive materials. This has, for example, led to the 
emergence of graphene-based chemoresistive sensors. The unique and 
exceptional properties of graphene that made it a solid gas sensing 
material candidate are thermal stability, mechanical robustness, high 
conductivity, high carrier mobility at low to room temperatures, a large 
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surface area of up to 2630 m2/g for single-layer graphene, low electrical 
noise [12] and, most importantly, the fact that its electronic properties 
are easily affected by the adsorption of gas molecules [13].  

One of the graphene derivatives is reduced graphene oxide (rGO). It 
was reported in the literature to be the best and most used graphene-
based sensing material for detecting NO2 [14] and NH3 [15] due to its 
numerous defect sites and functional groups, which facilitate gas 
adsorption. rGO has been reported able to detect chemical warfare 
agents and explosives at trace levels (ppb) [16]. Moreover, the synthesis 
of rGO can be achieved via straightforward and inexpensive processes 
that reduce GO via chemical and thermal routes or even using UV light 
[17]. Studies have shown that pristine rGO gas sensors exhibit slow 
response and recovery dynamics. Hence, the hybridization of rGO with 
MOx has been a solution often explored to enhance its sensing 
properties (e.g. ameliorating response dynamics and extending the 
number of gases that can be detected), D.Tripathi et al, explored this 
process and an enhancement of the sensitivity and selectivity of the rGO 
material towards ammonia by incorporating WO3 nanomaterial in the 
sensing layer was achieved [18]. Another reported work of D. Milad et 
al, where they showed that the synthesis of a TiO2/rGO composite 
exhibited an improved gas sensing properties towards methanol and 
ethanol [19]. This is achieved via the MOX nanoparticles supported on 
rGO behaving as catalysts or as electronic sensitizers, favouring the 
occurrence of heterojunctions at the MOX/rGO interface. 

Some of the reported MOx nanoparticles used for the loading of the rGO 
layers for gas sensing are ZnO [20], SnO2 [21], and WO3 [22]. Still, in 
recent years, MnO2 has gained popularity due to its low toxicity, low 
cost, high stability, and ease of fabrication. It was also used in a wide 
range of applications and fields such as energy storage [23], biomedical 
field [24], and in developing gas sensors [25]. However, in the gas 
sensing field, there is a limited amount of reported work discussing the 
incorporation of the MnO2 nanomaterial into rGO to achieve a sensitive 
layer towards different toxic gases. One of the few works reported is of 
Hui Zhang et al., where they successfully synthesized an rGO-coated Ni 
foam-supported MnO2 for the enhanced detection of NO2 at a 
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concentration of 50 ppm while the sensor was operated at room 
temperature [26]. Meanwhile, Alexander et al. modified rGO with 
doping of MnO2 nanoparticles and tested the rGO/MnO2 composite as 
gas sensor for different gases such as 25 ppm of NO2, 500 ppm of H2 and 
1000 ppm of CH4 under dry conditions with heating at 85 ◦C [27]. 
Another reported work was of Ghosal et al. where they prepared 
different hybrids for alcohol vapor detection, being one of the hybrids 
rGO/MnO2 nanoflowers binary composite and it showed good 
responses towards ethanol and methanol vapours in the range of 5-100 
ppm while heating at 150 ◦C [28]. Lastly, Ahmad et al. made a ternary 
nanocomposite of PANI@rGO@MnO2 using a multi-step process for 
NH3 detection. The tests were made at 100 °C under dry conditions [29]. 
The fact that very few works have been reported on rGO@MnO2 gas 
sensors so far, makes exploring further its gas sensing properties 
interesting and worthwhile. 

In this paper, rGO@MnO2 sensitive layers were successfully synthesized 
and deposited on different transducing substrates (Kapton and silicon 
with gold electrodes). The gas sensing performance of the rGO@MnO2 
sensors was studied for different reducing and oxidizing species. The 
effect of ambient moisture on sensor response was evaluated as well. 
Results are presented and thoroughly discussed. A sensing mechanism 
for the detection of ammonia and nitrogen dioxide is presented. 

2. Materials and Methods 

In this section a detailed explanation of the preparation of the doped 
reduced graphene oxide with MnO2 nanomaterial with 95/5 wt.% 
alongside the process of depositing it on the Kapton and silicon 
substrates via the spray coating technique is presented. The section also 
describes the techniques employed in the study of the morphology and 
composition of the hybrid material and in the test of its gas sensing 
properties. 

2.1. Preparation of reduced graphene oxide doped with MnO2 

rGO doped with MnO2 nanomaterial (rGO/MnO2 95/5 wt.%) was 
synthesized using a process based on patented procedures (Patent 
number ES2678419A1). Briefly, reduced graphene oxide was dispersed 
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in oxalic acid, in which the starting Mn3O4 had been previously 
dissolved at 50 °C. After homogenization, MnO2 nanomaterials were 
slowly precipitated on reduced graphene oxide by adding a basic 
solution (NaOH 5 M) under vigorous agitation. The solid was filtered 
and dried at 90 °C overnight. Synthesis parameters such as temperature, 
stirring speed, addition rate, or MnO2/rGO proportion, were controlled 
to obtain the desired crystallinity that provides the material the optimal 
properties. Manganese oxide phase was checked via XRD, Figure S1 (in 
Supplementary Materials) shows the XRD diffractogram. 

 

2.2 Substrates preparation and material deposition: 

10 mg of the rGO@MnO2 nanomaterial were weighted and suspended 
in a 10 ml ethanol solution via a 30-min sonication. Subsequently, 
suspended nanomaterials were deposited by spray coating onto two 
different substrates (i.e., silicon, and Kapton). During the coating 
process, substrates were heated at 50 °C to promote the evaporation of 
the solvent and the formation of a homogeneous film. The interdigitated 
gold electrodes were deposited on the substrates using different 
processes. For Kapton substrates, 9 nm of gold were sputtered using a 
shadow mask to form the electrodes. In contrast, for the silicon 
substrates, a two-step approach took place. At first, a laser lithography 
technique (DWL 66fs, Heildelberg Instruments) was used to pattern a 
photoresist that coated an oxidized silicon wafer in the shape of the 
electrodes. In the second step, a titanium adhesion layer was sputtered 
with a thickness of 10 nm, and then a gold layer was sputtered on top 
with a thickness of 100 nm. A final lift off process was conducted to 
obtain the electrodes. The silicon wafer was then diced. Figure 1 shows 
two sensors on the two types of substrates used. 
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Figure 1. Pictures of the prepared sensors on the (a) Silicon substrate, 
(b) kapton substrate 

 

2.3 Material characterization and gas sensing measurements 

The obtained sensors were characterized using different techniques, 
such as Raman via a Raman spectrometer (Renishaw, plc., Wotton-
under-Edge, UK), with a laser wavelength of 514 nm to check the 
crystallinity of the materials. A Field Emission Scanning Electron 
Microscope (FESEM) using a Carl Zeiss AG-Ultra 55 (ZEISS, Jena, 
Germany) to study the surface morphology and to check the 
distribution of the nanomaterial on the graphene layer. A JOEL F200 
TEM ColdFEG operated at 200 kV was used for the high-resolution 
transmission electron microscopy (HRTEM) characterization. TEM 
images and electron diffraction patterns were acquired with a Gatan 
OneView camera, a CMOS-based and optical fibre-coupled detector of 
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4096 by 4096 pixels. Gatan Digital Micrograph program was used to 
process the (S)TEM images. STEM images (1024 x 1024 pixels) were 
recorded from the JEOL bright-field (BF) and high-angle annular dark-
field (HAADF) detectors with a camera length of 200 mm. Samples were 
inserted in a JEOL beryllium double-tilt holder for energy-dispersive X-
ray spectroscopy (EDS). STEM-EDS mapping was recorded from an 
EDS Centurio detector (silicon drift) with an effective area of 
100 mm2 and 133 eV of energy resolution. STEM-EDS maps (512 x 512 
pixels) were processed with the JEOL Analysis software to check the 
shape of the MnO2 nanomaterial and its incorporation in the graphene 
layers. Gas sensing measurements were conducted by placing the 
different sensors in an airtight Teflon chamber with a volume of 35 cm3. 

A continuous stream of dry air (Air Premier, 99.995% purity) and 
diluted gases were passed through the testing chamber with a 100 
mL/min flow via a set of Bronkhorst mass-flow controllers. The target 
gases from calibrated bottles (NO2-1 ppm, CO-100 ppm, NH3-100 ppm, 
and ethanol-20 ppm balanced in dry air) were further diluted using the 
mass flow controllers set. The resistance changes were continuously 
acquired using an Agilent HP 34972A multimeter. The humidity effect 
on the sensing performance was assessed by humidifying the gas 
stream through a controller evaporator mixer (CEM) to obtain low 
humidity levels of maximum 50% RH at 25ºC. For higher values of 
relative humidity, the flow of the dry air with the corresponding 
concentration of gas was humidified passing through a bubbling water 
system at room temperature. The sensing responses were calculated 
using the formula R (%) = ((Rg − Ra)/Ra) × 100, where Rg and Ra 
correspond to the resistance level after and before gas exposure, 
respectively. 

3. Results 

This section, presents and discusses at first the results of the 
characterization tests made for the prepared sensitive layers (rGO and 
rGO@MnO2), which are based on the RAMAN, FESEM and HRTEM 
techniques. Secondly, the gas testing results for these sensors towards 
NO2 and NH3 at room temperature under dry conditions are presented, 
which is followed by the results gathered at different humidity levels. 
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Additionally, selectivity tests are reported. The results of the gas sensing 
tests are compared to those found in the literature. Finally, a sensing 
mechanism for the detection of NO2 and NH3 is introduced. 

 

3.1 Sensitive layer characterization 

3.1.1. Raman 

The study of the molecular structure of carbon products and the 
assessment of disorders and defects in the material can be done using 
Raman spectroscopy analysis. Two specific peaks always appear when 
analysing graphene: the G-band and the D-band. The first one, placed 
at around 1500 cm-1, corresponds to the first-order scattering of the E2g 
phonons at the Brillouin zone centre and originates from the in-plane 
vibrations of the sp2 carbon atoms [30]. Meanwhile, the D-band is 
observed around 1300 cm-1 and represents the formation of j-point 
photons of A1g symmetry; it is also associated with double bonds C=C, 
meaning the more intense the band is, the higher the presence of sp2 
domains is. Furthermore, D-band peak intensity depends highly on the 
presence of disorders and defects like vacancies and edges in the carbon 
lattice and grain boundaries [31]. To determine the degree of oxidation 
of the graphene, a simple calculation of the intensity ratio of both the D 
and G band peaks is enough, i.e., ID/IG; the higher this ratio is, the lower 
the oxidation level is [32].  

Finally, the second-order bands are observed from 2500 cm-1 to 3200 cm-

1, containing one always visible peak at around 2700 cm-1, known as the 
2D band. They are used generally to determine the layers of the 
graphene since graphene is susceptible to stacking [33]. The chosen 
name of this band comes from the fact that it is the overtone of the D 
band, and two of the same phonons responsible for the D band are 
involved in the 2D band. Two other bands are sometimes reported when 
studying graphene Raman spectra, which are the D+G band, that can be 
seen around 2900 cm-1, and the combined overtone of the D and G bands, 
the 2G band around 3200 cm-1, which is attributed to the overtone of the 
G band [34]. In our case, we are working with rGO, which means that 
the stacking of the layers is random, and since the width of the peaks is 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



relative to the disorder, that can lead to an overlapping of the 2D band 
peak with the D+G and 2G, resulting in a bump like peak observed in 
the range of 2600 cm-1 to 3100 cm-1 [35]. 

Figures 2a and 2b show the Raman spectra of bare rGO and rGO doped 
with MnO2 nanomaterial, respectively. For both cases, D bands are 
located at 1355 cm-1 and G bands around 1590 cm-1. For the second-order 
bands, three visible peaks corresponding to the 2D, D+G, and 2G bands 
at respectively 2697 cm-1, 2940 cm-1, and 3188 cm-1 are present in the 
Raman spectra of the reduced graphene oxide; meanwhile, in the 
Raman spectra of the MnO2 doped reduced graphene oxide we observe 
a bump-like peak around 2926 cm-1, which is in agreement with the 
explanation made previously. Moreover, the ID/IG intensity ratio is 0.89 
for rGO@MnO2 and 0.85 for rGO, showing a slightly lower oxidation 
level in the doped rGO and the presence of higher number of defects, 
that can be caused by the doping process. Finally, it was noticed that the 
Raman signal in the rGO@MnO2 sample shows a higher intensity than 
the pristine rGO sample, which can be correlated to the presence of the 
MnO2 nanomaterial, since the presence of MOX usually leads to this 
increase in the intensity [36]. 

 

  

Figure 2. (a) Raman spectra of rGO and (b) Raman spectra of rGO@MnO2. 

 

3.1.2 FESEM 

Figure 3.a. shows the obtained FESEM images of the layers present on 
the surface of the graphene loaded with MnO2 on the silicon substrate 

(a) (b) 
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using a back-scattered electron detector (BSE). A very homogenous 
layers is observed covering the totality of the surface inspected. MnO2 
cannot be clearly seen, even when using a BSE detector, because of the 
low concentration of the nanomaterial and the small size but, when 
performing an EDS analysis of the surface, its presence was detected 
(see Figure s2 in the supplementary materials). Figure 3.b shows the 
FESEM image of the graphene doped with MnO2 deposited on Kapton. 
Again, a very good coverage of the substrate surface is seen. However, 
in this case the surface of the substrate is getting rapidly charged 
because of the effect of the magnetic field coming from the BSE detector, 
leading to the formation of very bright areas. Similarly to the samples 
on silicon, an EDS analysis (see Figure s3 in the supplementary 
materials), the presence of MnO2 was detected on the samples deposited 
over Kapton. Still, the MnO2 crystals are too small to be seen in the 
FESEM images, just as for the sensing layer deposited on silicon. 

 

  

Figure 3. FESEM images of (a) the surface of the graphene doped with 
MnO2 deposited on the Silicon substrate and (b) the surface of the 
graphene doped with MnO2 deposited on the Kapton substrate. 

 

3.1.3 HRTEM 

An HR-TEM analysis was conducted to examine better the morphology 
of the MnO2 nanomaterial and its incorporation in the graphene layer. 
Figure 4 shows an HR-TEM image of layers of graphene in addition to 
an interesting structure on the top right side; zooming in on this 
structure (Figure 4.b), a sponge-like shaped nanomaterial was observed, 
which was attributed to the MnO2 after performing an EDS analysis. 

(a) (b) 
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Moreover, when chemically mapping the chosen area's surface, a high 
concentration of Mn is located in the same position as the sponge-like 
structure, proving the presence and the likely shape of the MnO2 
nanomaterial. Figure 4.d shows an EDS map spectrum of the same area, 
showing the elements present in the mapping appearing Mn with the 
highest concentration; the other elements, except for C and O, come 
from the grid of the HRTEM. 

 

  

 

  

Figure 4. (a) HRTEM image of layered graphene doped with MnO2 
nanomaterial (b) a zoomed HRTEM image of a scale of 50 nm of the 
same material (c) EDS mapping showing Mn concentration on the area 
of analysis (d) EDS map spectrum of the studied area. 

(a) (b) 

(c) (d) 

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



 

3.2 Gas sensing results 

A selection of different toxic gases and vapours was used to study the 
sensing properties of the pristine rGO and rGO@MnO2 sensors. First, 
NO2 was thoroughly studied with different dilutions ranging from 200 
ppb up to 1000 ppb under dry air as well as under ambient moisture 
conditions (close to real conditions). Sensors were always operated at 
room temperature. Then, NH3 was also tested as an interferent gas with 
a concentration of 50 ppm under the same conditions used for NO2. 
Figure 5.a shows the response of the different sensors towards different 
concentrations of NO2. It was noticed that the type of substrate used 
does not affect the response of the sensitive layer towards the analyte. 
rGO on silicon and Kapton have almost the same response through the 
studied range, with an average difference of 0.8%. The same behaviour 
was also seen for the rGO@MnO2 sensors, where the average difference 
between the responses was 0.4%. Moreover, the most important aspect 
to notice is that the sensors based on rGO incorporating MnO2 show a 
superior response than the pristine ones (2-fold increase in response). 
The loading of rGO with MnO2 is effective at increasing sensitivity 
towards NO2. In fact, rGO@MnO2 on Kapton exhibits a higher sensitivity 
of 3 % ppm-1 compared to the 1 % ppm-1 for the pristine rGO, meanwhile 
for the materials deposited on silicon the sensitivity of the doped 
material is slightly better than its pristine counterpart with 1.8 % ppm-1 
for rGO@MnO2 on silicon and 1.5 % ppm-1 for on rGO silicon. The 
sensitivity values were evaluated from the slope of the line obtained 
from the linear regression of the responses of the sensor towards 
different concentrations of the gas. Figure 5.b shows the resistance 
changes of the rGO@MnO2 on silicon substrate for 600 ppb of NO2 and 
figure 5.c shows the resistance changes of the rGO@MnO2 on Kapton 
substrate for 600 ppb of NO2 at 25% RH. 
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Figure 5. Calibration curve of the responses of the fabricated sensors 
towards different concentrations of NO2 at room temperature and under 
dry conditions (b) resistance changes of the rGO@MnO2 on silicon 
substrate for 600 ppb of NO2 at 25% RH (c) resistance changes of the 
rGO@MnO2 on Kapton substrate for 600 ppb of NO2 at 25% RH. 

 

Further studies were conducted where ambient moisture was 
introduced via two different methods to check its effect on the sensing 
properties of the sensors. The first method consisted of using a 
controller evaporator mixer (CEM) to obtain 25% RH and the second 
methods consisted of using a bubbling water glass bottle that was 
installed between the mass flow and the chamber to humidify the air 
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and the gas to reach a maximum RH of 70%. Ambient temperature was 
kept constant at 25ºC throughout the measurement period. Figures 6.a 
and 6.b show the calibration curves for the studied sensors at 25 and 70 
% of relative humidity, respectively. Comparing the results shown in 
Figure 6.a (dry conditions) and 6a (25 % RH), one can notice that the 
response of the MnO2-doped rGO sensors under humid conditions 
increases by a factor of 2.5 than when under dry conditions. For 
example, the rGO@MnO2 on Kapton sensor response for NO2 1000 ppb 
at 25% humidity is 17.6%, while it is 6.4% under dry conditions. 
Interestingly, the responses of the pristine rGO sensors at 25% RH were 
enhanced by factors of 3.5 and 4, reaching similar response intensities 
than those recorded for MnO2-doped rGO sensors. For example, rGO on 
silicon and rGO on Kapton responses to NO2 1000 ppb were 13.8 % and 
12.7 % respectively, whereas under dry atmosphere their responses 
were 4.1 % and 3.2 %, respectively. Sensitivity values were calculated 
following the slope of the linear regression of the responses values 
towards different dilutions of NO2 and compiled in Table 1. 

 

Table 1. Sensitivity values of the different sensors under 25% and 70% 
relative humidity at room temperature 

 

Meanwhile, figure 6.b reveals the calibration curves of the sensors under 
70% ambient moisture. It is noticed that when increasing the 
concentration of water vapor, the response of the pristine rGO sensors 
is much more enhanced than the corresponding doped ones but the 
increase in the sensitivity is not so significant. When measuring 1000 
ppb of NO2, increasing the RH levels from 25 to 70 %, the response the 
pristine rGO sensors are doubled, while the sensitivity just increased in 
a factor of around 1.3. In the case of the rGO@MnO2 sensors the increase 

   Sensitivity (% ppm-

1) 
RH (%) 

rGO-MnO2 
Silicon 

rGO-MnO2 
Kapton 

rGO 
Silicon 

rGO 
Kapton 

25 9.8 12.4 10.9 10.2 

70 27.2  16.6  13.5  14.5  

UNIVERSITAT ROVIRA I VIRGILI 
Development of wearable electronic devices, on low-cost flexible support for gas sensing 
Applications 
Alejandro Santos Betancourt



in the response is only in the order of a factor of 1.2, but the increase in 
the sensitivity is higher than in the previous case especially for the 
sensor on silicon substrate, as can be seen in table 1. 

This behaviour of the pristine rGO layers is expected, since the same 
material was already reported in the literature as a humidity detector, 
such as in the work of Muhammed et al. where they fabricated a rGO 
and rGO/Fe2O3 components for humidity detection and the pristine 
material showed a high sensitivity towards RH and it increased more 
with the incorporation of Fe2O3[37]. Zhou et al. managed also to make 
humidity sensors with the sensitive layer of rGO/SnO2, initially they 
tested the pristine SnO2 sensitivity and response towards 75% RH and 
they saw these results improve by adding rGO and making rGO/SnO2 

porous film indicating the fact that rGO is a very sensitive material 
towards humidity [38]. Although in this work pristine rGO response 
towards RH increases with the increase of the humidity level, the 
doping of rGO with MnO2 made the response less affected by the RH 
levels but the sensitivity is increased when the level of humidity 
increases. 

 

Figure 6. (a) calibration curves of the different sensors under 25% 
relative humidity at room temperature and (b) calibration curves under 
70% relative humidity at room temperature. 

 

Table 2 compares the results reported here with those of the literature. 
The sensors we report are more sensitive to NO2 than those found in the 
literature. In addition, the concentrations tested in the literature are 

(a) (b) 
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generally higher than the ones reported here, which indicates that our 
material is more sensitive in the low ppm concentration range. While 
most works totally overlook the effect of ambient humidity in the 
sensing properties, our material is shown to be able to detect NO2 in a 
wide range of ambient moisture levels. 

 

Table 2. Comparison of the sensing performance to NO2 of different 
materials and rGO-based compounds. 

Material NO2 
concentr
ation 
(ppm) 

Respons
e (%) 

Conditio
n 

Sensitivit
y (%ppm-

1) 

T 
(°C
) 

ref 

Nano-
MnO2/xanthan 

7 1.21 Dry 0.17 RT [39] 

δ-MnO2-Epitaxial 
Graphene-Silicon 
Carbide 
Heterostructures 

5 0.27 55% RH 0.14 RT [40] 

Porous MnO2 
/rGO  

50 5.9 Dry 0.118 RT [26] 

ZnO/rGO 10 5.1 Dry 0.51 RT [41] 
rGO pomegranate 
peels 

1 3.04 Dry 2.94 100 [42] 

Phosphate doped 
rGO 

1 4.5 Dry 4.5 RT [43] 

VO2/rGO 5 1.63 Dry 0.326 RT [44] 
MnO2 doped rGO 1 6.2 Dry 9.8 RT This 

work 
MnO2 doped rGO 1 21 70% RH 27.2 RT This 

work 
 

The selectivity of the different sensors we tested was studied under the 
same experimental conditions used for NO2 detection. Different species, 
namely, CO (50 ppm), NH3 (50 ppm), H2 (500 ppm) and Ethanol (20 
ppm) under dry conditions for sensors operating at room temperature 
were measured. Figure 7 shows the responses to these different gases or 
vapours. As can be seen, none of the sensors showed any response to 
H2. Noticeably, the inclusion of the MnO2 reduced the response towards 
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CO and Ethanol, making it utterly unresponsive to these interfering 
gases. Therefore, the incorporation of MnO2 improved the sensors 
selectivity. Nevertheless, all the sensors showed very significant 
responses towards 50 ppm of NH3.  

 

 

Figure 7. Comparison of the responses of the different sensors towards 
different gases at dry conditions to study the selectivity of the sensitive 
layer. 

 

Taking into account the good responses observed for NH3, the effect of 
moisture in the sensor responses to this gas was analysed. The sensors 
were exposed to 50 ppm of NH3 under different humidity conditions 
(dry, 25 % RH and 50 % RH), always at room temperature. Figure 8.a 
shows the responses of the sensors to 50 ppm of ammonia for the three 
different humidity conditions studied and figure 8.b shows resistance 
changes of the sensor pristine rGO on Kapton when exposed to NH3. As 
seen in the figure, when exposed to ammonia analyte, the sensors 
resistance decreases in contrast to what is expected for a p-type material, 
this behaviour was explained later in the mechanism part. It is noticed 
also that the response of the rGO@MnO2 on silicon sensor is the highest 
throughout all the conditions. The response of this sensor reaches a 
value of 18.5 % at 50 % RH, which is 4 times higher than the response of 
the pristine rGO on silicon. rGO@MnO2 and pristine rGO on Kapton 
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show basically the same behaviour and the doped one shows a slightly 
higher response towards NH3, with values of 6.7 % and 5.8 % for 
rGO@MnO2 and rGO respectively under dry conditions, 7.5 % and 6 % 
for 25 % RH and 8 % and 6.7 % at 50 % RH. Pristine rGO on silicon shows 
the lowest response values towards ammonia with a value of 4.6 % at 
50 % RH. In essence, pristine rGO on Kapton and on Silicon substrates 
shows a linear-like behaviour throughout the different RH levels tested 
with a very little increase in sensitivity with increasing moisture levels. 
To have a better understanding of the behaviour of the sensors towards 
ammonia under humidity, it could be explained as following: Since we 
are working in a humid environment, the sensing layers have already 
adsorbed water molecules on its surface, saturating to an extent the 
adsorption sites especially of the pristine rGO layers. Later on, when 
these layers are exposed to a NH3 gas flow, another phenomenon 
happens in the working atmosphere, and it can be attributed to the 
characteristics of ammonia itself. In fact, both H2O and NH3 have a 
strong tendency to form H bonds. Moreover, the electronegativity of the 
atoms determines the possibility of forming hydrogen bonds, and since 
oxygen is more electronegative than nitrogen, the O atom from H2O 
rapidly creates a hydrogen bond with NH3 [45] as shown in figure 8.c. 
Therefore, when considering the silicon substrate sensors, the response 
of the pristine rGO sensor remains unchanged practically because of the 
phenomenon previously explained preventing ammonia molecules 
from getting adsorbed on the surface. Meanwhile, for the rGO@MnO2 
sensor the significant increase in the response, despite the occurrence of 
the hydrogen bonding of the ammonia and water molecules, can be 
explained by the presence of the MnO2 nanomaterial which plays a 
compensatory role by creating more adsorption sites in the layer, 
meaning more space for the ammonia and water molecules to be 
adsorbed also it has been previously reported as a good NH3 adsorbing 
agent [46] which explains the increase of the response of the MnO2@rGO 
sensor. As for the sensors deposited on Kapton, both pristine rGO and 
rGO@MnO2 showing similar behaviour can be explained by the fact that 
the substrate is made of a very strong hydrophobic material. Therefore, 
water molecules are getting repelled off of the surface resulting in a poor 
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H2O adsorption hence the low dependency of these sensors to the 
ambient moisture.  

  

Figure 8. (a) Calibration curve of the responses of the fabricated sensors 
towards different test conditions (Dry, 25 % RH and 50 % RH) (b) 
resistance changes of the sensor pristine rGO on Kapton when exposed 
to NH3 at 25% RH(c) Hydrogen bonding of water and ammonia 
molecules. 

To check the position of this work in the literature regarding ammonia 
detection, a set of data such as response and sensitivity of other 
materials and sensors analysing NH3 gas were collected and compiled 
in Table 3 and put in comparison with our results. Considering the same 

(a) 

(c) 
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NH3 concentration, NiFe2O4/rGO had a response of 1.17 meanwhile 
Pani@MnO2@rGO had a response of 15.5 while heating up to 100°C. 
Both these materials showed lower responses than our work which is 
18.6 % at 50 % RH. It is true that FeCo2O4/WO3/rGO have a slightly 
higher response of 19.8 % at dry conditions, but in this work NH3 
concentration is 100 ppm and the working temperature is 200°C, 
meanwhile we are working at RT and half of NH3 concentration. 

Table 3. Comparison of the sensing performance to NH3 of different 
materials and rGO-based compounds. 

Material NH3 
concentrati
on (ppm) 

Response 
(%) 

Condition T (°C) ref 

PANI@MnO
2@rGO 

50 15.5 Dry 100 [29] 

NiFe2O4/rG
O 

50 1.17 Dry 0 [47] 

rGO/WO3 40 8.03 55 % RH 35 [48] 
FeCo2O4/W
O3/rGO 

100 19.8 Dry 200 [49] 

CoFe2O4/rG
O 

25 1.06 Dry RT [50] 

rGO@MnO2 50 18.6 50% RH RT This work 
 

3.3 Sensing mechanism 

Graphene and its derivatives, such as rGO, are p-type materials, which 
implies that usually, the interaction between rGO and oxidizing gases 
such as NO2 causes a change in the local carrier concentration and, 
therefore, a decrease in graphene-based sensor resistance meanwhile 
when exposed to reducing gas such as NH3 an increase in the resistance 
takes place [51]. Meanwhile, MnO2 is an n-type nanomaterial, and when 
exposed to an ambient environment, a chemisorption of the oxygen 
molecules takes place, capturing electrons from it and releasing 
different oxygen species such as O2, O2- and O- [52]. Moreover, the 
incorporation of the MOx nanomaterial (in our case, MnO2) in the rGO 
results in the formation of a p-n heterojunction, causing the flow of the 
electrons from the MnO2 to rGO, implying the formation of a depletion 
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layer on the area of contact of both materials, also increasing the electron 
concentration in the rGO and the hole concentration in MnO2 [53]. The 
exposure of the rGO@MnO2 to air leads to the adsorption of oxygen on 
the surface of the p-n heterojunction material and the transfer of 
electrons from its conduction band to the oxygen, resulting in the 
formation of O2− ions following these equations [54]: 

O2 gas → O2 (ads) 

  O2 (ads)+e− → O2− (ads) 

  

When exposed to NO2, it gets adsorbed on the rGO@MnO2 surface and 
reacts with the oxygen ions and electrons from the layer following this 
equation, causing the decrease of the resistance of the sensor: 

NO2(ads) + O2− (ads) + 2e− → NO2− + 2O− (ads).  

As expected, our material showed the exact same behaviour explained 
previously, where the baseline resistance of the sensors decreased when 
put in contact with NO2 gas and recovered again when the gas flow 
stopped. 

Although NH3 is a strong reducing gas, the baseline resistance should 
increase when in contact with the gas but not in our case where the 
resistance of our sensors decreased. This kind of behaviour have been 
reported previously in the literature by A. Umar et al. and it was 
explained as following: 

when exposed to NH3, the interaction between the analyte and the 
sensitive layer results in the release of electrons back to the conduction 
band of the MnO2 nanomaterial, which is believed to be the cause of the 
decrease of the resistance of the sensor [29] This abnormal behaviour 
has been observed also for pristine rGO and was reported in the work 
of X.Xiao et al. [55]. Finally, it is worth noting that ambient moisture 
usually enhances the sensitivity of graphene-based sensors [56]. 
Considering the room temperature detection, the water molecules 
probably act as a mediated adsorption site for the analyte, causing an 
increase in sensitivity towards the target gas [57] which is in accordance 
with the results we obtained where the responses of the sensors 
increased under the ambient moisture conditions. 
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4. Conclusions 

Incorporating MnO2 nanomaterial in rGO flakes to form a MnO2@rGO 
nanomaterial to be integrated in chemoresistive sensors is a novel 
approach, since a very limited number of papers exist in the literature 
reporting the use of this material as a sensitive layer for gas detection. 
Our nanomaterial exhibits better performance and properties than other 
approaches previously reported in the literature, showing a set of very 
promising results and high responses towards low concentrations of 
NO2 and NH3. When deposited either onto rigid (silicon) or flexible 
(polyimide) transducing substrates, the material shows good response 
properties when operated at room temperature and even in the presence 
or ambient humidity. Furthermore, sensors show very small cross-
sensitivity to other species such as hydrogen, ethanol vapours or carbon 
monoxide. All these properties make MnO2@rGO an excellent candidate 
nanomaterial for the inexpensive, chemoresistive detection of nitrogen 
dioxide or ammonia in real life environments. 
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XRD for rGO@MnO2: 

 To identify the crystalline phase of the manganese oxide present 
on the powders synthesized, an XRD analysis was conducted via a 
Bruker D8-DISCOVER (Germany). The diffractogram is shown in 
Figure S1. The diffractogram can be interpreted using the JCPDS card 
no. 00-065-1528 for rGO and JCPDS card no. 00-042-116, confirming that 
manganese oxide is MnO2.  

 

Figure S1. XRD diffractogram of rGO@MnO2 powder showing the 
presence and crystalline phase of manganese oxide. 

 

 

EDS for rGO@MnO2 deposited on silicon substrate: 

A qualitative and semi-quantitative analysis performed on the 
surface of the rGO@MnO2 deposited on silicon substrate via the energy 
dispersive spectroscopy (EDS) technique, the results obtained shown in 
the spectrum of the analysis. Quantitatively, carbon and oxygen have 
the strongest peaks since carbon is coming from the graphene layer, 
oxygen is abundant on the surface of the studied area, and silicon have 
a weak peak coming from the substrate which the layers were deposited 
on top. The Si peak is weak because of the parameters used for the EDS 
analysis. Mn element also has a weak peak since its concentration on the 
surface is too low especially in a small chosen area but still it was proven 
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to be present with an atomic % of 3.28%. The presence of sulfur, Na and 
Cl peaks can be attributed to an analysis error since this method is not 
completely accurate. 

 

 

Figure s2. The extracted spectrum from the EDS analysis. 
 
 
Table S1. Characteristics of the elements present in the studied sensitive 
layer. 

Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C   53.43 ± 0.27   53.43   66.79       C 
   O   28.74 ± 0.36   28.74   26.97       O 
  Na     0.68 ± 0.08     0.68     0.45      Na 
  Si     2.17 ± 0.12     2.17     1.16      Si 
   S     1.90 ± 0.18     1.90     0.89       S 
  Cl     1.10 ± 0.23     1.10     0.46      Cl 
  Mn   11.99 ± 1.39   11.99     3.28      Mn 
Total  100.00   100.00 100.00  

 

 

 

EDS for rGO@MnO2 deposited on Kapton substrate: 

Same EDS analysis was performed on the surface of the 
rGO@MnO2 deposited on Kapton sensor. Since the materials are the 
same, we have again carbon and oxygen with the strongest peaks, Mn 
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with a very weak peak and atom % of 3.66 %. Sulfur element was found 
again and can be an analysis error. 

 

 

Figure s3. The extracted spectrum from the EDS analysis for 
rGO@MnO2 on Kapton 
 
 
 
Table S2. Characteristics of the elements present in the studied sensitive 
layer. 

Element 
  

Weight % 
 

Weight % 
  Error 

 Norm. 
 Wt.% 

Atom % 
 

Formula 
 

   C   52.94 ± 0.29   52.94   65.66       C 
   O   32.32 ± 0.48   32.32   30.09       O 
   S     1.26 ± 0.23     1.26     0.59       S 
  Mn   13.48 ± 1.96   13.48     3.66      Mn 
Total 100.00   100.00 100.00  
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