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Abstract 

Many research works report a sensitive detection of a wide variety of gas species. However, 

their in-lab detection is usually performed by using single gases and, therefore, selectivity often 

remains an unsolved issue. This paper reports a four-sensor array employing different nano-

carbon sensitive layers (bare graphene, SnO2@Graphene, WO3@Graphene, and Au@CNTs). 

The different gas-sensitive films were characterised via several techniques such as FESEM, 

TEM, and Raman. First, an extensive study was performed to detect isolated NO2, CO2, and 

NH3 molecules, unravelling the sensing mechanism at the operating temperatures applied. 

Besides, the effect of the ambient moisture was also evaluated. Afterwards, a model for target 

gas identification and concentration prediction was developed. Indeed, the sensor array was 

used in mixtures of NO2 and CO2 for studying the cross-sensitivity and developing a calibration 

model. As a result, the NO2 detection with different background levels of CO2 was achieved 

with an R2 of 0.987 and an RMSE of about 22 ppb. 
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1. Introduction 
The World Health Organization (WHO) estimates that air pollution causes about 7 million premature deaths every year. 

Therefore, there is an urgent need to develop sensitive and selective gas sensors for accurate and real-time monitoring of 

pollutant levels. Over the past two decades, carbon nanomaterials have seen an explosion of published papers discussing a wide 

spectrum of applications and, particularly, for gas sensing [1]. The most studied carbonaceous structures for the development 

of chemoresistive gas sensors are graphene, carbon nanotubes (CNT), and their derivatives [2–4].  

These gas sensors based on carbon nanomaterials have been assiduously studied by many researchers due to their remarkable 

properties, especially the outstanding physical-chemical properties as low signal-to-noise ratio and high carrier mobility [5,6]. 

However, from the gas sensing point of view, an outstanding characteristic of carbon nanomaterials is probably their high 

surface-to-volume ratio, which makes them optimal for the adsorption and desorption of gas molecules from their environment. 

Besides, carbon nanomaterials can have their surface functionalized and wet chemistry routes, plasma treatments or ion 

irradiation, just to cite a few, which have been used for generating controlled surface defects and for grafting functional groups 

[7,8]. This approach allows even further surface modifications, for instance decorating them with metal or metal oxide 
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nanoparticles. Thereby, it is possible to achieve the modulation of their electronic properties for enhancing their essential 

sensing performance parameters such as sensitivity, selectivity and stability. 

Chemoresistive gas sensors are relatively simple, fast, and suitable for portable devices. This fact makes them the most 

common gas sensing configuration in inexpensive devices. It is worth noting that alternative transducing and detection 

platforms exist, which show higher accuracy, but these are usually more complex, expensive, bulky and require highly skilled 

personnel [9]. Indeed, carbon nanomaterials have shown additional advantages such as high chemical and thermal stability, 

leading to high signal-to-noise ratio, lightweight, and are suitable for being integrated into miniaturized devices [10]. Hence, 

they are promising candidates as sensing elements for developing low-cost and highly effective gas sensors. Currently, graphene 

and CNT have been widely used for sensing pollutants, poisonous and explosive gases [11–13].  

This paper is focused on the detection of three harmful gases, i.e., nitrogen dioxide (NO2), carbon dioxide (CO2), and 

ammonia vapours (NH3), which are related to anthropogenic pollution. Nitrogen dioxide is a volatile gas with a pungent smell 

that is harmful to both humans and the environment [14]. Inhaling low concentrations (<10 ppm) can cause severe health 

problems. Its exposure limit based on WHO (1997) recommendation is 0.5 ppm for an eight-hour time-weighted average 

(TWA) [15,16]. While the European Commission defined 200 µg/m3 as the threshold limit exposition for 1-hour [17]. 

Regarding ammonia exposure, the permissible exposure limit (PEL) is 25 ppm for 8-hour TWA and 35 ppm for 10 minutes, as 

reported by the Occupational Safety and Health Administration (OSHA) [18]. While carbon dioxide is a well-known 

greenhouse gas that can be released into the atmosphere either by natural or anthropogenic processes [19]. CO2 concentration 

in the air is rapidly increasing at an alarming rate and is causing many serious environmental threats, including global warming 

and climate change [20]. In addition, since CO2 is exhaled with aerosols, hundreds of ppm reveal unsatisfactory ventilation in 

indoor spaces and, for instance, increase the infection risk of COVID-19 [21]. 

Given the fact that chemoresistive devices usually show poor selectivity (i.e., fail at discriminating and quantifying a specific 

molecule in a gas mixture), researchers have been prompted for seeking different strategies to overcome this drawback. Many 

research efforts have been conducted to improve some sensing parameters as sensitivity, but the selectivity issue has been 

usually overlooked in carbon nanomaterial research. In consequence, few works report the development of sensor arrays for 

paving the way towards solving this challenge. In addition, the detection of gas mixtures to better evaluate the cross-sensitivity 

experienced with carbon nanomaterial gas sensors is envisaged very seldom. 

 Sensor arrays in combination with mathematical and statistical methods have been used to perform target gas identification 

and concentration quantification [22–25]. For this purpose, many researchers have employed principal component analysis 

(PCA), linear regression methods such as principal component regression (PCR) or partial least squares regression (PLSR), and 

machine learning methods to implement gas exposure discrimination and quantification processes [23,26–28]. These methods 

are carried out using the sensor raw data or response vectors as the input of a PCA or by using the same data as a training set 

for building regression models. 

In consequence, the present work develops a four-gas sensor array (bare graphene, SnO2@Graphene, WO3@Graphene, and 

Au@CNTs) for detecting different gases. Specifically, in the first step single gases were analysed for studying the interactions 

and sensing mechanisms with the sensitive layers. Besides, gas mixtures of NO2 and CO2 were analysed and a calibration model 

was developed using the data of both, single gas detection and mixture detection, for effectively predicting NO2 concentration 

levels at the ppb level. 

2. Experimental details  

2.1 Sensor fabrication  
The sensor array comprised four different sensors. Therefore, 3 different metal or metal oxide decoration steps were 

performed over the carbon nanomaterials. Specifically, the sensitive layers developed comprised bare graphene, 

WO3@graphene, SnO2@graphene, and Au@CNTs. 

The graphene-based gas sensors employed in this paper were fabricated following a protocol already published [29]. 

Thereby, a graphene suspension was prepared by adding 10 mg of graphene nanoplatelets in 10 mL of ethanol. The graphene 

used was purchased from Strem Chemicals Inc. (MA, USA, under reference no. 06-0235). These graphene nanoplatelets present 

a significant oxygen content (about 8%) owing to oxygen vacancies and oxygenated functional groups grafted at the surface. 

Thereby, better dispersibility can be achieved and the surface reactivity towards gas molecules is enhanced. In addition, 

oxygenated species and defects are probably enhancing the immobilization of the nanoparticles in the carbon surface [30]. 

Afterwards, the graphene suspensions were exfoliated for one hour in an ultrasonic bath (Bandelin electronic GmbH, Germany) 

at a high frequency (35 kHz) to prevent the agglomeration of graphene. In parallel, another two suspensions were prepared with 

metal oxide nanoparticles. Specifically, 1 mg of tin oxide (SnO2) and 2 mg of tungsten oxide (WO3) were respectively dispersed 

in 10 mL of ethanol. The SnO2 and WO3 were commercially available nanopowders purchased from Sigma Aldrich (Saint 
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Louis, MO, USA). Subsequently, a final solution was prepared by decorating the graphene samples with a 5%wt of 

nanoparticles under vigorous stirring for 30 minutes. 

Regarding the multi-walled carbon nanotubes (Nanocyl S.A., Belgium), they also were functionalized with oxygen 

functional groups and vacancies via a plasma treatment [31]. As mentioned before, the presence of functional groups on the 

outer wall of CNTs improves their surface reactivity [32,33]. Once the deposition of CNT on the sensor substrate was carried 

out, they were then decorated with gold nanoparticles (Au) by the sputtering technique. The sputtering parameters were 

regulated to 30 W under argon plasma for 20 s at a pressure of 0.1 Torr. 

These four types of sensors that employed carbon nanomaterials were deposited on commercial alumina substrates (Ceram 

Tech GmBH, Germany). The upper side contains interdigitated platinum electrodes with a 300 μm gap, while the bottom side 

presents an 8 Ω heating element for controlling the operating temperature. 

2.2 Materials characterisation  
The carbon nanomaterials obtained were characterised using several techniques. Transmission Electron Microscopy (TEM) 

was used to analyse both the morphology and the structural properties of nanomaterials. This analysis (JOEL JEM 2100F, 

Japan) was performed at 200 keV as operating voltage. A drop of the fourth dispersions was deposited onto a copper grid. 

Moreover, a copper grid of gold nanoparticles was placed during the gold sputtering deposition.  

An alternative technique for morphology investigation such as Field-Effect Scanning Electron Microscope (FESEM) was 

used (Carl Zeiss AG, Oberkochen, Germany). The crystallinity of the as developed nanomaterials was evaluated using Raman 

Spectroscopy (Renishaw, UK), which is a reliable, sensitive, and non-destructive tool [34]. The Raman spectrometer used was 

coupled to a confocal Leica DM2500 microscope (Leica Microsystems GmbH, Germany). This analysis was performed by 

exciting the samples with a 514 nm wavelength laser. 

2.3 Gas sensing setup 
The developed sensors based on graphene, SnO2@graphene, WO3@graphene, and Au@CNT were tested for the detection 

of three different gas species: carbon dioxide (CO2), nitrogen dioxide (NO2), and ammonia vapours (NH3).  

The sensor resistance was monitored under exposure to different concentrations of these gases. Specifically, two gas channels 

were employed, one for synthetic air (purity 99.995%) used as a carrier gas, and the other one connected to calibrated gas 

bottles that contained a given pollutant balanced in dry air. An automated mass flow control system was used to generate 

reproducible concentrations, and it was connected to a sensor chamber (40 mL in volume) able to accommodate up to four 

sensors simultaneously. The overall flow was regulated at 100 mL/min and perpendicular to the sensitive layers. The chamber 

was designed and 3D printed to house the 4-element sensor array. Nylon Strong polyamide 6 (PA6) was used as a printing 

material, and the AutoCAD software from Autodesk was used for designing the chamber. In consequence, the sensors were 

placed close to each other in a compact way and with small dead volume (see Figure S1 in the supporting information). 

Sensors were exposed for 1 hour to dry synthetic air to stabilise their baseline, followed by 30 minutes of exposure to the 

different target gases. The resistance changes were measured via an Agilent HP 34972A multimeter. The sensor response was 

defined as the normalized resistance variation expressed by the following equation: 

ΔR/R0(%) = [(Rg – R0) \ R0] x 100 

Where Rg is the sensor resistance measured in the presence of gas and R0 is the sensor resistance under the carrier gas. 

3. Results and discussion 

3.1 Material Characterisation  
The morphology, crystallinity, and distribution of metal oxide nanoparticles in the carbonaceous nanostructures were 

assessed through several techniques. 

3.1.1 FESEM characterisation 
Figure 1 shows the images obtained by FESEM for the four sensors developed. Figure 1(a) shows an image of bare graphene 

with high porosity that makes them a good candidate for gas sensors by increasing the potential interaction with gas molecules 

owing to a larger surface area. Specifically, the BET (Brunauer-Emmett-Teller) area, and the pore size and volume for graphene 

nanoplatelets were analysed in previous experiments [35]. First, graphene was degassed overnight at 120 ºC and subsequently 

the nitrogen adsorption-desorption analysis was conducted, resulting in a BET area of about 730 m²/g using the BJH (Barret, 

Joyner, and Halenda) method. In addition, an average pore diameter of 1.73 nm and a pore volume of 1.04 cm3/g were obtained. 

These parameters lead to efficient adsorption and desorption of gas molecules. 
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The surface topography of carbon nanotubes and graphene decorated with nanoparticles is observed in Figure 1(b-d). It can 

be observed a suitable uniformity of the sensitive films. However, additional FESEM images were obtained using a Back-

Scattered Electron Detector (BSD) for revealing the nanoparticle distribution (Figure S2). Bright dots indicate the presence of 

metallic nanoparticles attached to the surface of CNTs and graphene, while the dark background represents the graphene 

nanoplatelets.  

Overall, these FESEM images highlight that the distribution of WO3 and SnO2 on the graphene surface and gold 

nanoparticles on CNTs are quite homogeneous. However, Au NPs revealed a better distribution than WO3 and SnO2, owing to 

the deposition method. In this perspective, gold sputtering leads to a more homogeneous distribution than stirring and ultrasonic 

processes. Conversely, sputtering deposition requires more expensive and complex facilities. 

It is worth noting that sometimes the nanoparticles are agglomerated, denoting that further optimizations can be performed. 

Nevertheless, SnO2 and WO3 nanoparticles with relatively uniform size are anchored to a large number of graphene 

nanoplatelets. 

In addition, the graphene used contains a significant amount of oxygen functional groups (7.8% wt.[36]) derived from their 

protocol synthesis followed. These oxygen groups can easily interact with the metal oxide nanoparticles, thus improving the 

decoration of graphene and immobilizing the nanoparticles.  

 

 

 

3.1.2 TEM characterisation  
TEM analysis was also conducted for all the sensors developed. Figure 2(a) shows that graphene sheets consist of a few thin 

and transparent layers. The dark fields observed correspond to the stacked layers on top of each other with fewer folds and 

creases [37]. The diameter of graphene sheets is less than 2 microns, and the thickness is about a few nanometers.  

  
(a) (b) 

  
(c) (d) 

 Figure 1. FESEM images showing the morphology of the different samples studied (a) bare graphene, (b) 
Au@MWCNTs, (c) SnO2@Graphene, (d) WO3@Graphene. 
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Figure 2(b) shows the TEM micrograph of Au@CNTs. The gold nanoparticles are successfully grafted onto the sidewalls 

of the CNTs which are approximately 50 µm in length and their inner and outer diameters are close to 3 and 15 nm, respectively. 

Besides, a copper grid of gold nanoparticles deposited by sputtering technique was also used, revealing an average size of Au 

nanoparticles of about 3.7±1.4 nm (Figure 3). Figures 2(c) and 2(d) show the nanoparticle size for tin oxide and tungsten oxide 

nanoparticles, respectively. These images reveal an average size of about 24.4 ± 8.0 nm and 20.7 ± 2.4 nm for SnO2 and WO3, 

respectively. Figure S3 depicts different histograms summarizing the nanoparticle size distributions. 

 

3.1.3 Raman characterisation   
The crystallinity was evaluated by using Raman spectroscopy (Figure 4). It can be observed the well-known D band at 1310 

cm−1, the G band at 1590 cm−1, and the 2D band at 2620 cm−1. The D and 2D bands represent the defects and disorder surface 

structures (e.g., carbonaceous impurities, amorphous carbon, or broken sp2 bonds) [38,39]. Conversely, the G band is related 

to the in-plane vibrations of sp2 bonded carbon atoms [40]. An estimation of the number of graphene layers can be obtained 

considering the intensity ratio I2D/IG. As expected, Figure 4 shows an I2D/IG ratio lower than 1, revealing a multilayer graphene 

[41].  

Combining the intensities of the D and G bands (ID/IG ratio) the crystallinity of carbon nanomaterials can be also assessed 

owing to evaluate the abundance of defects on the structures [42]. Experimentally, the value of the ID/IG ratio of bare graphene 

is 1.67 and for decorated graphene is 1.59. While the ratio for Au@CNTs is 1.56. These negligible differences indicate that the 

decoration processes followed do not damage the carbon structures. Nevertheless, the relatively high values obtained even for 

bare graphene reveal a low level of crystallinity in origin, but the presence of defects and impurities can be beneficial for the 

interaction with gas molecules. Conversely, desorption of the gas molecules can  

 

be challenging, especially when the gas sensors are operated at room temperature. However, increasing the operating 

temperatures up to 200ºC is usually enough to promote the gas desorption from the sensor surface and recover the original 

resistance values. 

  
(a) (b) 

  
(c) (d) 

 Figure 2. TEM images showing the morphology of the different samples studied (a) bare graphene, (b) 
Au@MWCNTs, (c) SnO2 NPs, (d) WO3 NPs. 
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3.2 Sensing results 
Even though carbon-based sensors can operate at room temperature to detect gases, bare graphene configurations usually 

lead to poor sensing performance. Some alternatives, as the anchoring of organic molecules to the graphene surface, improve 

the sensing performance in ambient conditions [43]. However, some drawbacks as poor reversibility should be overcome. 

Another option is the graphene decoration with metal or metal oxide nanoparticles, which usually enhance several sensing 

parameters like sensitivity and detection limits. The inclusion of metal oxide nanoparticles, which may exhibit catalytic 

properties over room temperature [44], prompted us to investigate the performance of these hybrid nanomaterials at moderate 

temperatures (up to 250°C). Therefore, the different sensors produced were tested for NO2, CO2, and NH3 detection at different 

operating temperatures (room temperature, 150, 200, and 250 °C). It was found that 200°C is the optimal temperature for NO2 

and CO2 detection in terms of highest response and stability, whereas for detecting NH3 the best operating temperature was 

established at 150°C. The results on the performance of sensors as a function of the operating temperature can be found in the 

supplementary information (see Figure S4-6). 

For a matter of clarity, all sections below only present the response and recovery curves for the WO3@Graphene sensor. 

Nevertheless, all responses of the other sensors produced are summarized in the supporting information.  

3.2.3 NO2 detection 
An example of the dynamic sensing responses to NO2 is presented in Figure 5(a). Specifically, low concentrations were 

applied [45] (250, 500, 750, and 1000 ppb). The lowest concentration detected was 250 ppb and their corresponding resistance 

change was about ~9% for graphene-based gas sensors, revealing high sensing responses for detecting NO2 (Figure S7). 

Figure 4. TEM micrograph of gold nanoparticles obtained by 

plasma sputtering. 

Figure 3. Raman spectra for the different samples studied. 

  
(a) (b) 

 Figure 5. (a) Example of dynamic response of Graphene+WO3 sensor for detecting NO2 at 200°C. (b) Calibration curves 

obtained for NO2 of different sensors studied. 
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Conversely, as Figure 5(b) revealed, the responses for the Au@CNT sensor were significantly lower. Indeed, the sensitivity for 

NO2 was determined based on the slope of the calibration curves, which are summarized in Table S1. Overall, the graphene-

based sensors have a sensitivity ~5 times higher to NO2 than the Au@CNT sensor.  

As expected, increasing NO2 concentrations lead to higher resistance changes. Besides, it is well-known that NO2 molecules 

act as electrons acceptors, hence the interaction with sensitive layers that behave as p-type semiconductors [46,47] leads to a 

decrease in their resistance. 

It is worth noting that when operating above room temperature, atmospheric oxygen has a significant role in the sensing 

mechanisms since it can interact with the sensitive layers as follows: 

NO2 molecules can directly interact with the sensor surface, extracting electrons from the conduction band as shown in Eq. 

(1). However, atmospheric oxygen also has a significant role when operating above room temperature. Therefore, additional 

mechanisms as the interaction of NO2 with the chemisorbed oxygen species (O- and O-
2) cannot be ruled out [48].  

𝑵𝑶𝟐(𝒈𝒂𝒔) + ⅇ− → 𝑵𝑶𝟐(𝒂𝒅𝒔)
−                                               (1) 

Roughly, these multiple interactions probably enhance the sensing responses for all the sensors tested, leading to greater 

resistance changes when exposed to NO2. In addition, it is well-known that NO2 molecules present a larger charge transfer than 

other gases as NH3 or H2, to cite some [49]. In consequence, significant and fast sensing responses were obtained. It is worth 

noting that the operating temperature applied enables the sensitization of the surface, enhancing the sensing performance. 

Besides, the different nanomaterials showed a suitable sensor recovery when exposed to pure dry air, denoting that 200ºC are 

enough for an effective desorption of NO2 molecules. As a result, the original resistance baseline level was achieved after the 

gas exposure most of the times.  

3.2.4 CO2 detection 
The process used to detect CO2 was similar to that used for NO2. But in this case, four concentrations were analysed at ppm 

range (25, 50, 75, and 100 ppm Figure 6(a) shows the real-time response curve to CO2 at 200°C when using the WO3@Graphene 

sensor (the other dynamic responses are summarized in the supporting information Figure S8).  The sensor resistance increases 

when exposed to CO2 owing to their behaviour as electron donor molecules. In consequence, the hole concentration decreases 

and, given the fact that holes are the majority carriers in p-type semiconductors, this results in reduced conductivity. 

Figure 6(b) shows the calibration curves obtained for the different sensors employed. When exposed to 100 ppm the highest 

sensor response was around 5%. This fact reveals lower charge transfers than those registered for NO2. Nevertheless, higher 

CO2 concentrations (i.e., sensor saturation) or long exposures may compromise the fully recovering of the resistance baseline, 

requiring additional approaches to correct the baseline drift.  At 200 ºC, the target gas probably interacts with layered oxygen 

ions (O-2), resulting in the formation of carbonate ions as given in Eq. 2 [50]. 

𝑪𝑶𝟐(𝒈𝒂𝒔) + 𝑶(𝒂𝒅𝒔)
−𝟐 → 𝑪𝑶(𝒂𝒅𝒔)

−𝟐                              (2) 

3.2.5 NH3 detection  
Figure 7(a) shows the response and recovery curves of four concentrations (25, 50, 75, and 100 ppm) of ammonia at 150°C 

(the other responses are in Figure S9). It can be observed a slight baseline drift, probably because ammonia interacts with higher 

energy binding than other gas species as NO2 [51]. Thereby, the recovery process under dry airflow is not enough to effectively 

desorb and clean the sensor surface. 

  
(a) (b) 

 Figure 6. (a) Example of dynamic response of Graphene+WO3 sensor for detecting CO2 at 200°C. A linear baseline 
correction was implemented to ameliorate the resistance drift over time caused by the partial desorption of CO2 

molecules. (b) Calibration curves obtained for CO2 of different sensors studied. 
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It is worth noting that until 150 ºC, NH3 was acting as electron donor, while from 200 ºC this gas was acting as electron-

withdrawing. In other words, at temperatures below 150 ºC the resistance increases while well above 200 ºC the sensor 

resistance decreases (Figure S10). This phenomenon can be explained by the predominance of different sensing mechanisms. 

At low temperatures, NH3 molecules were probably reacting with oxygen species according to Eq. 3. Besides, considering the 

measurements in dry air, the continuous oxygen contribution can create a complementary doping effect. In other words, when 

NH3 molecules directly interact with graphene, there is an electron transfer from the gas compound to the carbon nanomaterial. 

Then, the oxygen already adsorbed on the sensor surface coming from the atmosphere and the H2O generated as a subproduct 

of Eq. 3 can improve the electron extraction from graphene. Thereby, oxygen and H2O act as electron acceptors, inducing an 

additional charge transfer. As a result, the graphene Fermi level is further shifted upward [52], releasing a higher number of 

positive carriers that would be available to interact with NH3, enhancing the sensing response. Conversely, at higher 

temperatures the release of a strong oxidizing subproduct as NOx in the presence of oxygen species (Eq. 4) can explain this 

change in the behaviour [53,54]: 

𝟐𝑵𝑯𝟑 + 𝟑𝑶−  → 𝑵𝟐 + 𝟑𝑯𝟐𝑶 + 𝟑ⅇ−                             (3) 

𝟒𝑵𝑯𝟑 + 𝟓𝑶𝟐
−  → 𝟒𝑵𝑶 + 𝟔𝑯𝟐𝑶 + 𝟓ⅇ−                         (4) 

 

3.3 Humidity test  
The effect of humidity on gas sensing performance was also evaluated (Figure S11). Indeed, the same experimental 

conditions as NO2 detection at 200°C and in dry conditions were applied again, but in this case, the atmosphere was humidified 

with a 50% relative humidity [2,55]. Thereby, the sensors were exposed to different concentrations (250, 500, 750, 1000 ppb) 

as shown in Figure 8(a). The dynamic responses to varying NO2 concentrations were similar to those obtained in dry conditions, 

meaning good reproducibility and resistance baseline stability. However, calibration curves represented in Figure 8(b) reveal 

higher resistance changes for the four sensitive layers when are operated in humid conditions. The reason is that H2O molecules 

act as an electron-withdrawing like NO2 gas [56]. In consequence, their simultaneous presence creates an additive effect, 

increasing the sensing responses obtained. Specifically, at 200ºC, the water molecules probably undergo dissociative adsorption 

as given in Eq. 5 [57]: 

  
(a) (b) 

 Figure 7. (a) Example of dynamic response of Graphene+WO3 sensor for NH3 at 150°C. (b) Calibration curves obtained 
for NH3 of different sensors studied. 
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𝑯𝟐𝑶(𝒈𝒂𝒔) → 𝑶𝑯− + 𝑯+                                            (5) 

Interestingly, despite the higher responses obtained in the presence of ambient moisture, the sensor sensitivity, given by the 

slope of the calibration curves, was slightly reduced in comparison to dry conditions. The reason is probably the change in the 

baseline resistance level (~5 times reduced) since H2O was applied during both phases, exposure and recovery. This fact can 

mask, to some extent, the resistance change induced by the exposure to NO2 owing to the additive effect mentioned before.  

3.4 Target gas identification and concentration quantification 
Considering the previous gas sensing results, the limit of detection (LOD) of each sensor was calculated for the different 

gases tested. This value was estimated as LOD = 3Sa/b, where Sa corresponds to the standard deviation of y-intercepts, while 

b is the slope of the calibration curve. Table 1 summarizes the detection limits experimentally obtained. It is worth noting that 

comparable results were obtained for the different compositions of the sensitive films.  

Besides, once the sensor responses towards different concentrations of CO2, NO2, and NH3 were evaluated at different 

temperatures, the obtained values at their respective optimal temperatures were used to build linear regression models. These 

models were employed to predict the target gases 

 concentrations employing the developed sensor array. First, loadings and scores from the PCA (obtained using data from 

the four synthesized sensors) were employed for creating a biplot. This result was used for selecting the sensors to be employed 

in the linear regression models. For sensor exposures to CO2 (Figure S12a) and NO2 (Figure S12b), the different concentrations 

are organized in a separated cluster according to the 1st PC axis. In both cases, the SnO2@Graphene sensor loading presents the 

highest projection on the 1st PC axis, and its orientation is relatively orthogonal to the Au@CNT sensor loading. Thus, 

SnO2@Graphene and Au@CNT sensor responses were used to build the linear regression models. Figure 9 shows the PLSR 

calibration model and cross-validation results obtained for the sensor exposure to (a) NO2 and (b) CO2 concentrations at 200 

ºC when the SnO2@Graphene and Au@CNTs sensor responses were used to build the training matrix. The results obtained 

show R2 values of about 0.93 and RMSE values of about 10 % of the concentration range measured.  

  
(a) (b) 

 Figure 8. (a) Example of dynamic response of Graphene+WO3 sensor for NH3 at 150°C. (b) Calibration curves obtained 
for NH3 of different sensors studied. 

Table 1. Limits of detection obtained for the different gases 

employing the four carbon-based compositions. 

Sensor NO2 (ppb) CO2 (ppm) NH3 (ppm) 

Graphene 136.1 16.3 21.4 

Au@MWCNT 59.8 16.9 9.7 

WO3@Graphene 190.4 11.4 25.5 

SnO2@Graphene 127.3 32.9 14.9 
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Regarding the NH3 responses, the PCA scores do not show a 

clear separation between the different concentrations tested 

(Figure S12c). Experimental observations are relatively oriented 

according to the 2nd PC, although these are overlapped in a 

unique cluster, suggesting that the application of linear 

regression models will not lead to obtaining good concentration 

prediction performance. Indeed, results from the PLSR model 

for predicting ammonia concentrations show an R2 value lower 

than 0.80 and an RMSE higher than 17 % of the measured 

concentration range in the best of cases, using three sensors to 

build the training matrix. Hence, the foreseen poor performance 

of the sensor array for predicting NH3 concentrations was 

confirmed. 

After analysing the performance towards each gas separately, 

a PCA biplot was built using the four sensor responses towards 

each of the three studied gases as a unique matrix to analyse the 

possibility of identifying the different gases using sensor 

responses. Figure 10 shows the PCA loadings and scores biplot 

obtained when the response from the four sensors towards the three studied gases are used to build the training matrix. Scores 

from the PC1 and PC2 are represented in the biplot since these components gather more than 99% of the model variance. In 

this sense, the scores obtained from increasing concentrations of every single gas are aligned in a well-defined direction, 

allowing the identification of the specific gas by separating the observations from each gas in different clusters.  However, at 

high concentrations of NH3, their scores can be close to the scores belonging to the low CO2 concentrations. 

3.5 Cross-sensitivity test 
Since the CO2 and NO2 scores observations followed parallel directions, these two gases were selected to perform a cross-

sensitivity test. For this purpose, the sensors were exposed to consecutive cycles of 200 and 600 ppb of NO2 with different 

background concentrations of CO2 (10 and 60 ppm). The dynamic sensing responses are shown in supporting information 

(Figure S13 and S14). It is worth noting that stable and reproducible responses were obtained in gas mixtures. In addition, 

Figure 11 depicts the PLSR calibration model and cross-validation results for this cross-sensitivity test. Figure 11(a) shows the 

results obtained by considering the gas mixtures only. In other words, validation results are shown for variable NO2 

concentrations under a background concentration of 10, and 60 ppm of CO2, measurements corresponding to single NO2 

exposures are not included. As a result, the PLSR shows an R2 value of 0.9879 and an RMSE value of about 3 % of the measured 

NO2 concentration range. Conversely, Figure 11(b) shows the validation results when the measurements corresponding to single 

exposures to NO2 were also considered, i.e., the background concentrations of CO2 were (0, 10, and 60 ppm of CO2). The 

calibration model shows an R2 value of 0.8834 and an RMSE value of about 12% for the measured NO2 concentration range. 

  
(a) (b) 

 Figure 9. PLSR calibration model and validation for (a) NO2 and (b) CO2 concentrations using the SnO2@Graphene and Au@MWCNTs 
sensors response at 200 ºC to build the training matrix. 

Figure 10. PCA loadings and scores biplot developed using 

the four sensors’ response toward single gas exposition to 

build the matrix. Arrows’ directions depict the direction of 

increasing concentrations. 
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Interestingly, better results were obtained using a mixture of gases, in which NO2 is the target gas and a background level of 

CO2 was included as an interfering species. Thereby, since different compositions show overlapping responses to several gases, 

it is not feasible achieving a significant selectivity enhancement using a single sensor. In consequence, to overcome the existing 

cross-sensitivity, the use of sensor arrays and the combination of the data (cross data) is needed to create a training matrix able 

to discriminate the target gases from interfering compounds. This result can pave the way towards the development and 

optimization of sensor arrays for predicting pollutant levels under operating conditions closer to those needed in real 

applications.  

4. Conclusions 
A gas sensor array comprising four carbon-based nanomaterials decorated with metal or metal oxides was implemented. The 

array was exposed to three different pollutant species and its reponse was studied. 

The application of a principal component ananlysis to the responses of the sensor for the three polluttant species considered 

revealed that SnO2@Graphene and Au@CNTs sensors present a relatively orthogonal behaviour. Thus, these sensors were 

selected for building regression models aimed at predicting pollutant concentrations. Indeed, different NO2 target 

concentrations were detected under several backgrounds levels of CO2 as an interfering species. As a result, R2 values of about 

0.987 and RMSE of 22 ppb were achieved, demonstrating the high potential of the developed approach to estimate the 

concentration of a target pollutant in mixtures. 

Nevertheless, further optimizations should be done by fine-tuning the nanomaterials employed and the amount of gases 

tested. In addition, further cross-sensitivity studies are needed before its implementation in real applications.  
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