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Abstract: This paper investigates the effect of decorating graphene with zinc oxide (ZnO) nanoparti-
cles (NPs) for the detection of NO2. In this regard, two graphene sensors with different ZnO loadings
of 5 wt.% and 20 wt.% were prepared, and their responses towards NO2 at room temperature and
different conditions were compared. The experimental results demonstrate that the graphene loaded
with 5 wt.% ZnO NPs (G95/5) shows better performance at detecting low concentrations of the target
gas than the one loaded with 20 wt.% ZnO NPs (G80/20). Moreover, measurements under dry and
humid conditions of the G95/5 sensor revealed that the material is very sensitive to ambient moisture,
showing an almost eight-fold increase in NO2 sensitivity when the background changes from dry to
70% relative humidity. Regarding sensor selectivity, it presents a significant selectivity towards NO2

compared to other gas compounds.

Keywords: graphene; zinc oxide; gas sensor; NO2 detection

1. Introduction

Air quality, which is strongly correlated with public health and environmental prob-
lems, is a major societal concern. According to the World Health Organization (WHO),
annually, 7 million premature deaths occur worldwide [1] caused by air pollution. In this
sense, the European Environment Agency (EEA) recorded 307,000 deaths in Europe in
2021 [2]. The main atmospheric pollutants, as stated by WHO, are NO2, CO, SO2, and O3
with limits of exposure per day (updated in 2021) of 13 ppb, 4 ppm, 15 ppb, and 51 ppb,
respectively [3]. Due to the rapid increase of the fossil fuel industry, and the number of pow-
erplants and advancements in the automobile industry in recent years, NO2 has become the
most common hazardous pollutant [4]. Moreover, the presence of this red-brownish and
highly reactive gas in the air, even with low concentrations, can result in various dangerous
effects on humans, such as severe throat infections and asthma [5]. Meanwhile, long-time
exposure to NO2 is known to be very serious as it can cause permanent organic lesions
in the lungs or even death [6]. Furthermore, this toxic gas is also dangerous to the global
ecosystems and the environment, since it has adverse negative effects on water, soil and
atmosphere [6]. To limit the danger of these airborne pollutants, in-field monitoring is
mandatory. This is where gas sensors come in handy as a tool to achieve this goal.

Many types of gas sensors emerged intending to continuously monitor trace level con-
centrations of the previously mentioned gases, such as gas chromatographic systems [4], as
well as electrochemical [5], conductometric, potentiometric [6], surface acoustic wave (SAW)
sensors [7–9] and chemoresistive devices [10]. Among these different types, chemoresistive
devices have emerged as an interesting option owing to their straightforward fabrica-
tion, ease of operation, miniaturization, and low production cost [11]. Chemoresistors
consist of a conductive or semi-conductive chemically sensitive film deposited between
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two metal electrodes that shows a change of resistance when exposed to a target chemical
analyte [12]. The most widely known and used nanomaterials in recent years are metal
oxides (MOX) [13]. They present some advantages, such as small size, ease to manufacture
with low costs, simple measuring electronics, and short response time to different gases
such as NO2 [14,15]. However, despite being useful and effective for a long period, several
drawbacks such as poor selectivity, baseline drift after a long period of usage, high sensi-
tivity to humidity, and high-power consumption are still an issue [16]. In this regard, it is
relatively easy to find MOXs that need to be heated to high temperatures up to 400 ◦C [17].
For detecting NO2 at room temperature, other alternatives to MOX sensors have been
investigated, such as chemiresistors. Among these alternatives, it is worth mentioning
graphene [18], MXenes [19], transition metal dichalcogenides [20–22] or a combination of
these [23]. Graphene has attracted great research efforts as an alternative to overcome some
of the limitations experienced with MOX sensors. Indeed, graphene shows some interesting
properties to be implemented in chemoresistive gas sensors, such as a large specific surface
area and high-carrier density and mobility in the near ambient temperature [24]. But not
limited to this, different approaches were reported to further increase its sensing properties.
One of them is the graphene functionalization with materials known for their sensitivity
towards common toxic gases and especially NO2, in order to boost the graphene-based
sensor performance. In particular, it was proven that the addition of MOX to graphene
has resulted in substantial enhancement of its properties and sensing abilities, with ZnO
as the leading MOX for this type of addition. Furthermore, ZnO is a semiconductor with
a band gap of 3.37 eV and exciton binding energy of 60 meV, which makes it very useful
for making stable devices. It is also considered thermally and chemically stable, which
makes it also perfect for the production of devices for a long period of use [25]. But most
importantly, the fact that ZnO has a good response towards different toxic gases, as well
as having a low cost, has made it widely studied in gas sensing applications [26]. Recent
research reporting the mixing of ZnO and graphene can be cited, e.g., Park Jing et al. who
fabricated exfoliated graphene decorated with ZnO quantum dots sensors for enhanced
methanol sensing at room temperature [27]. Additionally, Brigida et al. have studied the
possibility of the improvement of NO2 detection by making graphene decorated by ZnO
nanoparticle gas sensors [28].

In this work, we have synthesized graphene/ZnO nanocomposites using a novel
procedure that uses moderate temperatures and pressures jointly with non-toxic solvents,
allowing the mass production of the nanocomposites. These nanocomposites have been
employed to manufacture chemoresistive gas sensors, which have been characterized.
Their performance is then compared with the one of previously reported sensors making
use of similar materials.

2. Materials Preparation and Methods
2.1. Nanocomposite Synthesis and Deposition

G80/20 and G95/5 nanomaterials, with a weight ratio of 80:20 and 95:5, were synthe-
sized by the insertion of zinc oxide nanoparticles in the pristine graphene nanoplatelets,
using a novel nanotechnological process based on patented procedures (Patent number
ES2678419A1). Briefly, pristine graphene nanoplatelets were dispersed in malonic acid
(molar rario 1:6), in which the starting ZnO had been previously dissolved. After homog-
enization, ZnO nanoparticles were precipitated between graphene nanoplatelets with a
basic solution (NaOH 2.5 M) under controlled parameters, such as vigorous agitation, tem-
perature (50 ◦C) and nanomaterial proportion according to the weight ratio. Bare graphene,
as well as pure ZnO, were also prepared to have reference samples.

The different nanomaterials were deposited on commercial alumina (Al2O3) substrates
via the spray coating method while heating the substrate to 70 ◦C. Figure 1 depicts a de-
tailed representation of this substrate, which consist of two sides with an overall length and
width of 25.4 mm × 4.2 mm, respectively. The top side contains platinum screen-printed
interdigitated electrodes (7 mm × 3.5 mm), where the sensitive layers were deposited,
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whereas the bottom side includes a platinum heater for increasing the operating tempera-
ture. Nevertheless, in this paper, this heating element was not used, since the objective was
to analyze sensor performance at room temperature. After that, these prepared sensors
were tested for the detection of different toxic gases such as NO2, CO, H2, H2S, ethanol
and NH3.
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Figure 1. The planar structure of the top, bottom, and side view of the alumina substrate used for gas
sensing measurements.

2.2. Material Characterization and Gas Sensing Measurements

The surface area of the hybrid nanomaterial was determined from nitrogen adsorption–
desorption isotherms at 77 K with a Quadrasorb SI Model 4.0 (Quantachrome Instruments,
Boynton Beach, FL, USA). Samples were outgassed at 423 K for 12 h under vacuum (6 mTorr)
to eliminate chemisorbed volatiles before the adsorption isotherm was measured. Surface
areas were calculated using the Brunauer-Emmett-Teller theory (BET) method.

Morphological characterization of the nanocomposite was conducted through a Trans-
mission Electron Microscopy (TEM) (JOEL 1011, Akishima, Japan) operated at 100 kV, and
the images were taken on the powder samples without any previous treatment.

The two obtained sensors were characterized using different techniques, such as Ra-
man via a Raman spectrometer (Renishaw, plc., Wotton-under-Edge, UK), with a laser
wavelength of 514 nm to check the crystallinity of the materials, and a Field Emission Scan-
ning 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 NPs on the graphene
layer and Photoluminiscece (PL) measurements to analyze the defects in the sensing layer.
These later measurements were performed at room temperature using a chopped Kimmon
IK Series He-Cd laser (325 nm and 40 mW). Fluorescence was dispersed with an Oriel
Corner Stone 1/8 74,000 monochromator, detected using a Hamamatsu H8259-02 with
a socket assembly E717-500 photomultiplier, and amplified through a Stanford Research
Systems SR830 DSP. A filter in 360 nm was used to stray light. All spectra were corrected
for the response function of the setups. FESEM was also used to determine the deposited
nanocomposite layer thickness using a cross-sectional view.

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 total flow of 100 mL/min via a set of Bronkhorst mass-flow controllers. The target
gases from calibrated bottles (NO2-1 ppm, CO-100 ppm, NH3-100 ppm, H2S-100 ppm,
H2-1000 ppm and ethanol-20 ppm balanced in dry air) were further diluted by means of
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). The
sensing responses were calculated using this formula R (%) = ((Rg − Ra)/Ra) × 100, where
Rg and Ra correspond to the resistance level after and before gas exposure, respectively.
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3. Results
3.1. Material Characterization

Figure 2a shows the Raman spectra of the G95/5 sensor. Only graphene specific
peaks were noticed at shifts of 1347 cm−1 for the D-band, 1576 cm−1 for the G-Band, and
the 2D band at 2696 cm−1. Despite the presence of the ZnO in the graphene, the peak
corresponding to the NPs is absent in the spectrum due to its low concentration of 5%.
The same graphene peaks were observed also in Figure 1b for the G80/20 sensor with the
D-band, G-band, and 2D band shifts at, respectively, 1351 cm−1, 1579 cm−1, and 2704 cm−1,
although in this spectrum a new peak is present at 415 cm−1, which can be attributed to
the ZnO nanoparticles since its specific peak usually appears at around 430 cm−1. These
typical peak positions were widely reported for graphene samples, but peak intensities
vary depending on the crystallinity of the samples [29]. Specifically, D-band is related to
disorders and defects in the graphene lattice and can be also used to determine the shape
of the edge of the graphene flake [30]. Both Figure 2a,b show a slightly intense D-band,
which means the disorder level is a bit high, and the edge of the graphene flake is armchair
shaped. Regarding the G-band, this peak represents the planar configuration sp2 bonded
carbon, and by performing a polarization study of the band under uniaxial strain, it is
possible to determine the orientation of the graphene on the substrate [31]. Additionally,
the G-band position reveals information about the thickness of the layer [32]; specifically,
thicker layers tend to shift the G-band to lower energies. Thereby, Figure 2a,b show the
peak at around 1580 cm−1, revealing that a thin graphene layer was achieved [33]. In
addition, the intensity of the G- and D-band peaks confirms the good crystallinity of both
studied graphene materials. Therefore, in both Figures, an intense 2D band is shown, but
still less intense than the disorder bands; the graphene obtained is multi-layered [32].

Sensors 2023, 23, x FOR PEER REVIEW 4 of 13 
 

 

Premier, 99.995% purity) and diluted gases were passed through the testing chamber with 
a total flow of 100 mL/min via a set of Bronkhorst mass-flow controllers. The target gases 
from calibrated bottles (NO2-1 ppm, CO-100 ppm, NH3-100 ppm, H2S-100 ppm, H2-1000 

ppm and ethanol-20 ppm balanced in dry air) were further diluted by means of 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). The sensing 
responses were calculated using this formula R (%) = ((Rg − Ra)/Ra) × 100, where Rg and Ra 
correspond to the resistance level after and before gas exposure, respectively. 

3. Results 
3.1. Material Characterization 

Figure 2a shows the Raman spectra of the G95/5 sensor. Only graphene specific peaks 
were noticed at shifts of 1347 cm−1 for the D-band, 1576 cm−1 for the G-Band, and the 2D 
band at 2696 cm−1. Despite the presence of the ZnO in the graphene, the peak correspond-
ing to the NPs is absent in the spectrum due to its low concentration of 5%. The same 
graphene peaks were observed also in Figure 1b for the G80/20 sensor with the D-band, 
G-band, and 2D band shifts at, respectively, 1351 cm−1, 1579 cm−1, and 2704 cm−1, although 
in this spectrum a new peak is present at 415 cm−1, which can be attributed to the ZnO 
nanoparticles since its specific peak usually appears at around 430 cm−1. These typical 
peak positions were widely reported for graphene samples, but peak intensities vary de-
pending on the crystallinity of the samples [29]. Specifically, D-band is related to disorders 
and defects in the graphene lattice and can be also used to determine the shape of the edge 
of the graphene flake [30]. Both Figure 2a,b show a slightly intense D-band, which means 
the disorder level is a bit high, and the edge of the graphene flake is armchair shaped. 
Regarding the G-band, this peak represents the planar configuration sp2 bonded carbon, 
and by performing a polarization study of the band under uniaxial strain, it is possible to 
determine the orientation of the graphene on the substrate [31]. Additionally, the G-band 
position reveals information about the thickness of the layer [32]; specifically, thicker lay-
ers tend to shift the G-band to lower energies. Thereby, Figure 2a,b show the peak at 
around 1580 cm−1, revealing that a thin graphene layer was achieved [33]. In addition, the 
intensity of the G- and D-band peaks confirms the good crystallinity of both studied gra-
phene materials. Therefore, in both Figures, an intense 2D band is shown, but still less 
intense than the disorder bands; the graphene obtained is multi-layered [32]. 

 
(a) (b) 

Figure 2. Raman spectra of (a) G95/5 sensor and (b) G80/20 sensor. 

The obtained FESEM images of the layers present on the surface of the G95/5 and 
G80/20 sensors using a back-scattered electron detector (BSE) shows a black layer which 
is the graphene layer, big grey chunks corresponding to the alumina substrate surface, 

Figure 2. Raman spectra of (a) G95/5 sensor and (b) G80/20 sensor.

The obtained FESEM images of the layers present on the surface of the G95/5 and
G80/20 sensors using a back-scattered electron detector (BSE) shows a black layer which is
the graphene layer, big grey chunks corresponding to the alumina substrate surface, and
the zinc oxide nanoparticles can be detected by the bright spots. Some ZnO nanoparticles
can be seen in Figure 3a since the ZnO concentration in the material (G95/5) is only
5 wt.%. Meanwhile, in Figure 3b, the whole surface of the layer of the G80/20 sensor is
homogenously covered with ZnO nanoparticles and graphene.
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Figure 3. FESEM images of (a) G95/5 surface exhibiting few nanoparticles of ZnO (b) G80/20
showing a homogenous distribution of the ZnO nanoparticles on the surface of the layer.

EDX analysis with a quantitative elemental analysis can be found in the Supplementary
Information file. The cross-sectional view of the deposited layers shows that their thickness
is not homogeneous (i.e., it ranges from 1.6 to 3.9 µm) due to surface roughness of the
alumina substrate.

For the G95/5 sample, a surface area of 392.734 m2/g was obtained by means of BET
analysis. In Figure 4, one can observe the TEM images obtained for this nanocomposite. A
spherically shaped dark black nanoparticle on a sheet of graphene can be clearly seen in
Figure 4a, which corresponds to a ZnO nanoparticle at a magnification of 500 K. Figure 4b
also exhibits a typical morphology similar to graphene-based materials with a clear vision
of the numerous ZnO NPs (dark black spherical nanoparticles) decorated on the graphene
sheets at a magnification of 80 K.
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Figure 4. TEM images of (a) a single spherical shaped ZnO nanoparticle on graphene sheets and
(b) multiple ZnO nanoparticles on graphene sheets.

The quantity and type of defects in ZnO can be estimated based on PL measure-
ments [33]. Figure 5 shows the PL results for the ZnO-loaded graphene G95/5 sample. By
pumping at 325 nm, two emission bands were observed at room temperature. A near band
edge (NBE) emission in the UV at around 390 nm is associated with exciton recombination
processes [34], and a broader deep level (DL) defect emission band in the visible range from
480 to 630 nm [35]. The DL broad emission band showed the maximum emission intensity
at around 520 nm. Defects responsible for this peak at around 520 nm are related to oxygen
vacancies [35].
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3.2. Gas Sensing Results

Since the hourly limit of exposure to NO2 gas according to the European Environ-
ment Agency is 106 ppb (200 ug/m3), gas measurement tests of different dilutions of this
target gas were conducted in the range of 50 to 500 ppb at room temperature. The ZnO
sensor operated at room temperature exhibited a high resistance (in the range of 10 MΩ),
leading to very noisy behavior. In this case, no noticeable response was obtained in the
concentration range studied. Figure 6a reflects the responses to nitrogen dioxide at the
considered concentration range for the different sensors working at room temperature. It
can be seen that both bare graphene and the G80/20 sample do not provide a significant
response for concentrations below 500 ppb. For this concentration, bare graphene exhibits
a higher response than that of the G80/20 sample. Therefore, the inclusion of this high
concentration of ZnO did not lead to a better performance. In contrast, sample G95/5
outperforms the other sensors for all the concentration range tested. Then, the inclusion of
a lower amount of ZnO is a good option, allowing to reach a relatively high sensitivity of
2.6% ppm−1 in this concentration range. Figure 6b shows the electrical resistance changes
when the sensor is exposed to three different concentrations of NO2 in dry conditions. As
expected, the figure shows a p-type behavior of the sensor, with the resistance decreasing
when put in contact with NO2, which is an oxidizing gas. As can be seen in Figure 6b,
sensor responses were rather slow, as usual when resistive sensors are operated at room
temperature. Consequently, the sensor does not recover the baseline resistance even after
being exposed to clean air for more than four minutes. Nevertheless, this issue could be
solved using a temperature pulse or a UV light pulse, as proposed in the literature, in order
to accelerate the desorption of NO2 from the gas sensitive surface, thus fully regaining
its baseline.

Since the G95/5 sensor was able to efficiently detect very low concentrations of
NO2, it was the subject of further measurements closer to real conditions (in other words
under humidity), to check the effect of ambient moisture on sensor performance. Two
different relative humidity percentages of 20 and 70% were applied, while doing the gas
tests towards different concentrations of NO2 of 50, 150, 250, 350 and 500 ppb at room
temperature. As can be seen in Figure 7, the calibration curves show a quite linear behavior
in the concentration range considered, allowing us to determine a constant sensitivity as
the slope of the regression lines. The values obtained are summarized in Table 1.
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Table 1. Sensitivity values of the G95/5 sensor under dry and different humid conditions.

Relative Humidity (%) Sensitivity (%·ppm−1)

0 1.6
20 4.7
70 11.7

One can see that increasing the moisture level, the sensitivity of the senor is increased.
The limit of detection (LOD) was calculated for the three cases using the equation:

LOD = 3Sy/b

Here, Sy represents the standard deviation of y-residuals obtained from the calibration
curves, while b corresponds to the slope. The sensor exhibited a LOD of 21.9 ppb for NO2
under dry conditions. However, the LOD increased to 47 ppb when the relative humidity
was increased to 20% and to 36.9 for 70% humidity.

These results imply that in a practical situation this sensor should be operated jointly
with a humidity sensor, in order to enable using the correct calibration curve for determining
NO2 concentration.

To have an idea of the position of this work compared to the literature, the sensing
performance of the G95/5 sensor was compared with previously reported sensors and
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gathered in Table 2. This work with a response towards 0.5 ppm of NO2 of 5.1% seems to be
better than the works presented in the references [36,37] with responses of 3.6% and 1.4%,
respectively, towards higher concentrations of the target gas, 100 times higher in the case of
the work referenced [36]. Meanwhile, the other works referenced [38,39] have presented
higher response than this work, since the concentration of the NO2 tested are way higher:
10 times higher for [38] and 200 times higher for [39].

Table 2. Responses of different graphene decorated ZnO-based sensors cited in the literature com-
pared to the present work.

Composition Temperature (◦C) NO2 Concentration (ppm) Response Ref.

Graphene decorated with 5 wt.% ZnO
(70% RH) (GNANOMAT) RT 0.5 (500 ppb) 5.1% This work

ZnO/graphene aerogel RT 50 3.6% [36]

rGO/ZnO flowers and nanoparticles RT 1.5 1.4% [37]

rGO/ZnO laser modified RT 5 6.2% [38]

rGO/ZnO nanorods RT 100 17.4% [39]

The selectivity of the sensors was evaluated by repeating the same experimental
conditions when detecting NO2 for detecting other target gases. In this regard, 500 ppb
of NO2, 200 ppm of H2, 20 ppm of H2S and ethanol 25 ppm of CO and 50 ppm of NH3
were detected at room temperature. As can be seen in Figure 8, the inclusion of the
ZnO nanoparticles results in an increased response towards nitrogen dioxide gas with a
response of 0.9% and a concentration of 500 ppb. Meanwhile, the response towards carbon
monoxide, hydrogen sulphide, ethanol and ammonia is very low (lower than 0.2) compared
to NO2, although the concentration of those gases is more than 40 times higher. The highest
response is obtained for hydrogen, but is less than half the one obtained for NO2, due to
the concentration being 200 times higher. This proves the high selectivity of this sensor to
nitrogen dioxide gas (NO2).
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Figure 8. Comparison chart of the response of the sensors towards 500 ppb of NO2 (red), 200 ppm of
H2 (pink), 20 ppm of H2S (blue), 20 ppm of ethanol (brown), 25 ppm of CO (black), and 50 ppm of
NH3 (green) at room temperature and dry conditions.

Finally, to check the long-term stability of the sensors, measurements shown in Figure 6
were repeated nine months late. The comparative results are shown in Figure 9. As can be
seen the sensors show a quite suitable long-term stability.
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3.3. Gas Sensing Mechanism

Bare graphene is a mild p-type nanomaterial, and when gas molecules get adsorbed
on its large surface area, the local carrier concentration quickly changes, inducing resistance
changes. In the case of NO2, which is a strong oxidant gas (electron-withdrawing gas),
the interaction between the graphene layer and the gas results in a decrease in the sensor
resistance. Conversely, when detecting reducing gases, such as NH3 (electron donor gas),
the sensor resistance increases [40].

Considering the use of p-type graphene loaded with n-type ZnO nanoparticles, it is
expected that a p-n junction will form on the contact surface. Specifically, electrons from
the ZnO conduction band probably flows to the graphene, resulting in a depletion layer at
the interface of the two materials. As a result, ZnO@Graphene films with a ratio of 20/80
exhibit a higher resistance baseline than their 5/95 counterparts. This is because the ZnO
nanoparticles transfer electrons to the graphene, reducing the concentration of majority
carriers in p-type graphene. Consequently, the conductivity of the sensing film is reduced.

When ZnO@Graphene is exposed to air, oxygen molecules capture electrons from the
valence band and become adsorbed onto the sensor surface (1).

O2 (g) + 2e− → 2O(ads.)
− (1)

When NO2 molecules interact with the sensor surface, two distinct reactions may
occur. Firstly, NO2 can adsorb onto the hybrid nanocomposite (2). Secondly, NO2 may
interact with adsorbed oxygen species, which can lead to changes in the resistivity of the
sensitive film (3). In both cases, NO2 adsorption captures free electrons from the sensitive
film, leading to a significant increase in the conductivity [41].

However, the p-n junction also enhances the sensor’s sensitivity by expanding the
depletion region when the film interacts with NO2 molecules [42]. Figure 10 illustrates the
potential band diagram for the gas sensing mechanism.

NO2 (g) + e− → NO2(ads.)
− (2)

2NO2 (ads.) + O2
− + e− →2NO−3 (3)
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changes due to the decrease of minority carriers in the graphene.

It is interesting to note that G95/5 demonstrates a higher sensing performance than
G80/20. In other words, a higher content of ZnO does not necessarily translate into
better sensitivity, despite the higher flow of electrons from ZnO to graphene. This is
probably because a lower amount of nanoparticles brings graphene sheets closer and
better interconnected. As a result, the charge transfer is more efficient compared to higher
amounts of nanoparticles, which may obstruct the conduction paths along the graphene
sheets [43].

Finally, it is worth noting that ambient moisture usually has an enhancing effect on the
sensitivity of graphene-based sensors [44]. Considering the room temperature detection,
the water molecules probably act as a mediated adsorption site for NO2, causing an increase
in sensitivity towards the target gas [45].

4. Conclusions

This work reports the fabrication of a graphene-based sensor, decorated with ZnO
nanoparticles using a novel and patented nanotechnological method for enhanced NO2
sensing at room temperature. The synthesis method has been already scaled up for the
mass production of gas sensitive nanomaterials (from few g up to kg). ZnO(5%)-loaded
graphene sensors clearly outperform pure graphene or pure ZnO sensors when operated at
room temperature. The loading of the graphene with two different percentages of ZnO has
shown that the lower the loading, the better the sensing capabilities of the sensor, since the
G80/20 was not capable of detecting NO2 at concentrations lower than 250 ppb. Meanwhile,
G95/5 could detect as low as 50 ppb of the target gas. Furthermore, the G95/5 sensor
showed very good responses, stability, and reproducibility in the range of 50-250-500 ppb of
NO2 The sensing performance becomes significantly enhanced under a humid atmosphere
to reach almost five-fold, the response under a dry atmosphere, which makes it a very
promising material for NO2 detection for industrial use in farms or factories.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/s23136055/s1, Figure S1: (a) Image of the chosen area of G95-5
sensitive layer for the mapping taken by FESEM (b) mapping images of the elements present in
the studied area (c) the extracted spectrum from the EDS analysis; Table S1: Characteristics of the
elements present in the studied sensitive layer; Figure S2: (a) Image of the chosen area of G80-20
sensitive layer for the mapping taken by FESEM (b) mapping images of the elements present in
the studied area (c) the extracted spectrum from the EDS analysis; Table S2: Characteristics of the
elements present in the studied sensitive layer.

https://www.mdpi.com/article/10.3390/s23136055/s1
https://www.mdpi.com/article/10.3390/s23136055/s1


Sensors 2023, 23, 6055 11 of 13

Author Contributions: M.A.A.: Investigation, Formal analysis, Data curation, Writing—original
draft; J.C.-C.: Conceptualization, Supervision, Writing—review and editing; F.G.: Investigation &
Writing; E.P.-M.: Resources; S.R.-M.-A.: Resources; S.d.B.-M.: Resources, Review; A.G.-G.: Resources,
Review; X.V.: Conceptualization, Supervision, Writing—review and editing, Funding acquisition;
E.L.: Conceptualization, Supervision, Writing—review and editing, Funding acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded in part by the Marie Skłodowska-Curie Actions (MSCA) Research
and Innovation Staff Exchange (RISE) H2020-MSCA-RISE-2018-823895 ‘SENSOFT’, by MICINN and
FEDER grant no. PDC2022-133967-I00 and AGAUR grant no. 2021 SGR 00147. M.A.A. is supported by
MICINN grant agreement PRE2019-087854; E.L. is supported by the Catalan Institute for Advanced
studies (ICREA) via the 2018 Edition of the ICREA Academia Award.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in this paper is available upon demand.

Acknowledgments: The authors want to acknowledge Eric Pedrol Ripoll for his helpful discussion
on Raman analysis, Mariana Stefanova Trifonova for her assistance in the FESEM images preparation
and Sergi Plana for his help to obtain the TEM images.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. World Health Organization. 7 Million Premature Deaths Annually Linked to Air Pollution. Available online: https://www.who.

int/health-topics/air-pollution#tab=tab_2 (accessed on 25 March 2014).
2. Air Quality in Europe. Available online: www.eea.europa.eu//publications/air-quality-in-europe-2021 (accessed on 7 December 2021).
3. World Health Organization. WHO Global Air Quality Guidelines: Particulate Matter (PM2.5 and PM10), Ozone, Nitrogen Dioxide,

Sulfur Dioxide and Carbon Monoxide; World Health Organization: Geneva, Switzerland, 2021; ISSN 9789240034228.
4. Hao, C.; Shepton, P.B.; Drummond, J.W.; Muthuraman, K.; Geophys Res, F.C.J. Gas Chromatographic Detector for Selective and

Sensitive Detection of Atmospheric Organic Nitrates. Anal. Chem. 1994, 66, 3737–3743. [CrossRef]
5. Khan, M.A.H.; Rao, M.V.; Li, Q. Recent advances in electrochemical sensors for detecting toxic gases: NO2, SO2 and H2S. Sensors

2019, 19, 905. [CrossRef] [PubMed]
6. Park, N.H.; Akamatsu, T.; Itoh, T.; Izu, N.; Shin, W. Calorimetric thermoelectric gas sensor for the detection of hydrogen, methane

and mixed gases. Sensors 2014, 14, 8350–8362. [CrossRef] [PubMed]
7. Pasupuleti, K.S.; Ghosh, S.; Jayababu, N.; Kang, C.-J.; Cho, H.D.; Kim, S.-G.; Kim, M.-D. Boron doped g-C3N4 quantum dots

based highly sensitive surface acoustic wave NO2 sensor with faster gas kinetics under UV light illumination. Sens. Actuators B
Chem. 2023, 378, 133140. [CrossRef]

8. Basivi, P.K.; Pasupuleti, K.S.; Gelija, D.; Kim, M.-D.; Pasupuleti, V.R.; Kim, C.W. UV-light-enhanced room temperature NO2
gas-sensing performances based on sulfur-doped graphitic carbon nitride nanoflakes. New J. Chem. 2022, 46, 19254–19262.
[CrossRef]

9. Pasupuleti, K.S.; Reddeppa, M.; Chougule, S.S.; Bak, N.-H.; Nam, D.-J.; Jung, N.; Cho, H.D.; Kim, S.-G.; Kim, M.-D. High
performance langasite based SAW NO2 gas sensor using 2D g-C3N4@TiO2 hybrid nanocomposite. J. Hazard. Mater. 2022,
427, 128174. [CrossRef]

10. Shaik, M.; Rao, V.K.; Gupta, M.; Murthy, K.S.R.C.; Jain, R. Chemiresistive gas sensor for the sensitive detection of nitrogen dioxide
based on nitrogen doped graphene nanosheets. RSC Adv. 2016, 6, 1527–1534. [CrossRef]

11. Zhang, J.; Liu, X.; Neri, G.; Pinna, N. Nanostructured Materials for Room-Temperature Gas Sensors. Adv. Mater. 2016, 28, 795–831.
[CrossRef]

12. Ibañez, F.J.; Zamborini, F.P. Chemiresistive sensing with chemically modified metal and alloy nanoparticles. Small 2012, 8, 174–202.
[CrossRef] [PubMed]

13. Grilli, M.L. Metal oxides. Metals 2020, 10, 820. [CrossRef]
14. Sun, Y.F.; Liu, S.B.; Meng, F.L.; Liu, J.Y.; Zhen, J.; Kong, L.T.; Liu, J.H. Metal oxide nanostructures and their gas sensing properties:

A review. Sensors 2012, 12, 2610–2631. [CrossRef] [PubMed]
15. Tomchenko, A.A.; Harmer, G.P.; Marquis, B.T.; Allen, J.W. Semiconducting metal oxide sensor array for the selective detection of

combustion gases. Sens. Actuators B Chem. 2003, 93, 126–134. [CrossRef]
16. Meixner, H.; Lampe, U. Metal oxide sensors. Sens. Actuators B Chem. 1996, 33, 198–202. [CrossRef]
17. Zhang, C.; Luo, Y.; Xu, J.; Debliquy, M. Room temperature conductive type metal oxide semiconductor gas sensors for NO2

detection. Sens. Actuators A Phys. 2019, 289, 118–133. [CrossRef]

https://www.who.int/health-topics/air-pollution#tab=tab_2
https://www.who.int/health-topics/air-pollution#tab=tab_2
www.eea.europa.eu//publications/air-quality-in-europe-2021
https://doi.org/10.1021/ac00093a032
https://doi.org/10.3390/s19040905
https://www.ncbi.nlm.nih.gov/pubmed/30795591
https://doi.org/10.3390/s140508350
https://www.ncbi.nlm.nih.gov/pubmed/24818660
https://doi.org/10.1016/j.snb.2022.133140
https://doi.org/10.1039/D2NJ04117K
https://doi.org/10.1016/j.jhazmat.2021.128174
https://doi.org/10.1039/C5RA21184K
https://doi.org/10.1002/adma.201503825
https://doi.org/10.1002/smll.201002232
https://www.ncbi.nlm.nih.gov/pubmed/22052721
https://doi.org/10.3390/met10060820
https://doi.org/10.3390/s120302610
https://www.ncbi.nlm.nih.gov/pubmed/22736968
https://doi.org/10.1016/S0925-4005(03)00240-5
https://doi.org/10.1016/0925-4005(96)80098-0
https://doi.org/10.1016/j.sna.2019.02.027


Sensors 2023, 23, 6055 12 of 13

18. Demon, S.Z.N.; Kamisan, A.I.; Abdullah, N.; Noor, A.; Khim, O.K.; Kasim, N.A.M.; Yahya, M.Z.A.; Abdul-Manaf, N.A.; Azmi, A.;
Abdul Halim, N. Graphene-based Materials in Gas Sensor Applications: A Review. Sens. Mater. 2020, 32, 759. [CrossRef]

19. Quan, W.J.; Shi, J.; Luo, H.Y.; Fan, C.; Lv, W.; Chen, X.W.; Zeng, M.; Yang, J.H.; Hu, N.T.; Su, Y.J.; et al. Fully Flexible MXene-based
Gas Sensor on Paper for Highly Sensitive Room-Temperature Nitrogen Dioxide Detection. ACS Sens. 2023, 8, 103–113. [CrossRef]
[PubMed]

20. Yang, W.L.; Zhao, C.J.; Du, B.S.; Wu, R.; Lai, X.F.; He, Y.; Jian, J.K. SnSe nanosheet arrays film for trace NO2 detection at room
temperature. Sens. Actuators B Chem. 2022, 370, 132407. [CrossRef]

21. Tan, J.F.; Ma, W.J.; Meng, G.X.; Tian, C.K.; Wang, Y.; Wang, Y.; Liu, Z. Bismuth doped SnS2 nanoflower for real-time NO2
monitoring at room-temperature. Mater. Lett. 2023, 337, 133973. [CrossRef]

22. Luo, J.T.; Li, C.; Yang, Q.T.; Yan, L.X.; Zhang, B.H.; Tao, R.; Rauf, S.; Li, H.L.; Fu, C. Facile Fabrication of MoS2 Nanoflowers/SnO2
Colloidal Quantum Dots Nanocomposite for Enhanced NO2 Sensing at Room Temperature. IEEE Sens. J. 2022, 22, 6295–6302.
[CrossRef]

23. Zhao, Q.N.; Zhou, W.Z.; Zhang, M.X.; Wang, Y.; Duan, Z.H.; Tan, C.L.; Liu, B.H.; Ouyang, F.P.; Yuan, Z.; Tai, H.L.; et al.
Edge-Enriched Mo2TiC2Tx/MoS2 Heterostructure with Coupling Interface for Selectively NO2 Monitoring. Adv. Funct. Mater.
2022, 32, 2203528. [CrossRef]

24. Yuan, W.; Shi, G. Graphene-based gas sensors. J. Mater. Chem. A 2013, 1, 10078–10091. [CrossRef]
25. Khan, A. Raman Spectroscopic Study of the ZnO Nanostructures. J. Pak. Mater. Soc. 2010, 4, 5–9.
26. Liu, S.; Yu, B.; Zhang, H.; Fei, T.; Zhang, T. Enhancing NO2 gas sensing performances at room temperature based on reduced

graphene oxide-ZnO nanoparticles hybrids. Sens. Actuators B Chem. 2014, 202, 272–278. [CrossRef]
27. Park, J.Y.; Kwak, Y.; Lim, H.R.; Park, S.W.; Lim, M.S.; Cho, H.B.; Myung, N.V.; Choa, Y.H. Tuning the sensing responses towards

room-temperature hypersensitive methanol gas sensor using exfoliated graphene-enhanced ZnO quantum dot nanostructures.
J. Hazard. Mater. 2022, 438, 129412. [CrossRef]

28. Alfano, B.; Miglietta, M.L.; Polichetti, T.; Massera, E.; Bruno, A.; Di Francia, G.; Veneri, P.D. Improvement of NO2 detection:
Graphene decorated with ZnO nanoparticles. IEEE Sens. J. 2019, 19, 8751–8757. [CrossRef]

29. Heo, G.; Kim, Y.S.; Chun, S.H.; Seong, M.J. Polarized Raman spectroscopy with differing angles of laser incidence on single-layer
graphene. Nanoscale Res. Lett. 2015, 10, 45. [CrossRef] [PubMed]

30. Childres, I.; Jauregui, L.; Park, W.; Caoa, H.; Chena, Y.P. Raman Spectroscopy of Graphene and Related Materials. New Dev.
Photon Mater. Res. 2013, 1, 403–418.

31. Zólyomi, V.; Koltai, J.; Kürti, J. Resonance Raman spectroscopy of graphite and graphene. Phys. Status Solidi B Basic Res. 2011,
248, 2435–2444. [CrossRef]

32. Thermo Fisher Scientific. Characterizing Graphene with Raman Spectroscopy. 2019. Available online: https://assets.thermofisher.
com/TFS-Assets/MSD/Application-Notes/AN53174-characterizing-graphene-raman-spectroscopy.pdf (accessed on 19 April 2023).

33. Güell, F.; Cabot, A.; Claramunt, S.; Moghaddam, A.O.; Martínez-Alanis, P.R. Influence of colloidal Au on the growth of ZnO
nanostructures. Nanomaterials 2021, 11, 870. [CrossRef]

34. Reparaz, J.S.; Güell, F.; Wagner, M.R.; Callsen, G.; Kirste, R.; Claramunt, S.; Morante, J.R.; Hoffmann, A. Recombination dynamics
in ZnO nanowires: Surfaces states versus mode quality factor. Appl. Phys. Lett. 2010, 97, 133116. [CrossRef]

35. Güell, F.; Martínez-Alanis, P.R. Tailoring the Green, Yellow and Red defect emission bands in ZnO nanowires via the growth
parameters. J. Lumin 2019, 210, 128–134. [CrossRef]

36. Liu, X.; Sun, J.; Zhang, X. Novel 3D graphene aerogel–ZnO composites as efficient detection for NO2 at room temperature. Sens.
Actuators B Chem. 2015, 211, 220–226. [CrossRef]

37. Ugale, A.D.; Umarji, G.G.; Jung, S.H.; Deshpande, N.G.; Lee, W.; Cho, H.K.; Yoo, J.B. ZnO decorated flexible and strong graphene
fibers for sensing NO2 and H2S at room temperature. Sens. Actuators B Chem. 2020, 308, 127690. [CrossRef]

38. Lin, C.S.; Hsieh, H.F.; Ding, C.F.; Li, K.M.; Young, H.T.; Hsiao, W.T. Laser surface modification on rGO/ZnO composite materials
for NO2 gas sensing. Mater. Chem. Phys. 2022, 290, 126551. [CrossRef]

39. Li, J.; Liu, X.; Sun, J. One step solvothermal synthesis of urchin-like ZnO nanorods/graphene hollow spheres and their NO2 gas
sensing properties. Ceram. Int. 2015, 42, 2085–2090. [CrossRef]

40. You, Y.; Deng, J.; Tan, X.; Gorjizadeh, N.; Yoshimura, M.; Smith, S.C.; Sahajwalla, V.; Joshi, R.K. On the mechanism of gas
adsorption for pristine, defective and functionalized graphene. Phys. Chem. Chem. Phys. 2017, 19, 6051–6056. [CrossRef]

41. Drewniak, S.; Drewniak, L.; Pustelny, T. Mechanisms of NO2 Detection in Hybrid Structures Containing Reduced Graphene
Oxide: A Review. Sensors 2022, 22, 5316. [CrossRef]

42. Tammanoon, N.; Wisitsoraat, A.; Sriprachuabwong, C.; Phokharatkul, D.; Tuantranont, A.; Phanichphant, S.; Liewhiran, C.
Ultrasensitive NO2 Sensor Based on Ohmic Metal–Semiconductor Interfaces of Electrolytically Exfoliated Graphene/Flame-
Spray-Made SnO2 Nanoparticles Composite Operating at Low Temperatures. ACS Appl. Mater. Interfaces 2015, 7, 24338–24352.
[CrossRef]

43. Li, D.; Lu, J.; Zhang, X.; Jin, D.; Jin, H. Engineering of ZnO/rGO towards NO2 Gas Detection: Ratio Modulated Sensing Type and
Heterojunction Determined Response. Nanomaterials 2023, 13, 917. [CrossRef]

https://doi.org/10.18494/SAM.2020.2492
https://doi.org/10.1021/acssensors.2c01748
https://www.ncbi.nlm.nih.gov/pubmed/36635889
https://doi.org/10.1016/j.snb.2022.132407
https://doi.org/10.1016/j.matlet.2023.133973
https://doi.org/10.1109/JSEN.2022.3151068
https://doi.org/10.1002/adfm.202203528
https://doi.org/10.1039/c3ta11774j
https://doi.org/10.1016/j.snb.2014.05.086
https://doi.org/10.1016/j.jhazmat.2022.129412
https://doi.org/10.1109/JSEN.2019.2922412
https://doi.org/10.1186/s11671-015-0743-4
https://www.ncbi.nlm.nih.gov/pubmed/25852342
https://doi.org/10.1002/pssb.201100295
https://assets.thermofisher.com/TFS-Assets/MSD/Application-Notes/AN53174-characterizing-graphene-raman-spectroscopy.pdf
https://assets.thermofisher.com/TFS-Assets/MSD/Application-Notes/AN53174-characterizing-graphene-raman-spectroscopy.pdf
https://doi.org/10.3390/nano11040870
https://doi.org/10.1063/1.3496444
https://doi.org/10.1016/j.jlumin.2019.02.017
https://doi.org/10.1016/j.snb.2015.01.083
https://doi.org/10.1016/j.snb.2020.127690
https://doi.org/10.1016/j.matchemphys.2022.126551
https://doi.org/10.1016/j.ceramint.2015.09.134
https://doi.org/10.1039/C6CP07654H
https://doi.org/10.3390/s22145316
https://doi.org/10.1021/acsami.5b09067
https://doi.org/10.3390/nano13050917


Sensors 2023, 23, 6055 13 of 13

44. Lv, C.; Hu, C.; Luo, J.; Liu, S.; Qiao, Y.; Zhang, Z.; Song, J.; Shi, Y.; Cai, J.; Watanabe, A. Recent Advances in Graphene-Based
Humidity Sensors. Nanomaterials 2019, 9, 422. [CrossRef]

45. Casanova-Cháfer, J.; Navarrete, E.; Noirfalise, X.; Umek, P.; Bittencourt, C.; Llobet, E. Gas Sensing with Iridium Oxide Nanoparticle
Decorated Carbon Nanotubes. Sensors 2019, 19, 113. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nano9030422
https://doi.org/10.3390/s19010113
https://www.ncbi.nlm.nih.gov/pubmed/30602660

	Introduction 
	Materials Preparation and Methods 
	Nanocomposite Synthesis and Deposition 
	Material Characterization and Gas Sensing Measurements 

	Results 
	Material Characterization 
	Gas Sensing Results 
	Gas Sensing Mechanism 

	Conclusions 
	References

