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Abstract: Nanosized manganese dioxide (MnO2) material has been successfully incorpo-
rated into a graphene oxide (GO) sensitive layer. Since this type of heterojunction has
never been reported in the literature related to gas sensing, these sensors were prepared,
tested, and reported. The morphological properties and composition of the MnO2@GO
material have been thoroughly studied via FESEM, XRD, Raman spectroscopy, HR-TEM,
and ATR-IR. Gas sensitivity and selectivity towards mainly NO2 and other gases (NH3,
CO, ethanol, benzene, and H2) have also been studied. The obtained sensors were exposed
to different concentrations of NO2 ranging from 200 ppb to 1000 ppb at 150 ◦C and under
close to real conditions (25% relative humidity and 70% relative humidity). The MnO2@GO
sensors have shown a high response of 16.3% towards 1 ppm of NO2 under dry conditions
and a higher response of 44% at 70% RH towards the same concentration. Finally, it has
also shown a strong sensitivity for NO2.

Keywords: graphene oxide; manganese dioxide; gas sensor; NO2 detection; humidity

1. Introduction
The detection and monitoring of nitrogen dioxide (NO2, annual exposure limit:

5 ppm) [1] is critical for environmental protection and human health. Prolonged exposure to
this gas, even at low concentrations, can have detrimental effects, ranging from respiratory
problems to fatalities [2,3]. As industries grow, particularly in urban environments, there is
a pressing need for efficient and reliable gas-sensing technologies that can operate in real
time and under varying environmental conditions [4]. For this reason, this field of research
is advancing rapidly with the continuous emergence of materials with high sensitivity
to the target toxic gases, and thus, many studies report high-performance sensors. Some
of the latest works are by Chummei et al. where they studied the performance of iron
oxyhydroxide as a NO2 gas sensor. This sensor showed a response of 36% towards 37 ppb
of NO2 at 160 ◦C [5]. Another newly reported work by Evans et al. is a bismuth-based
metal–organic framework (Bi-MOF)-derived Bi2Se3. For this sensor, the response towards
500 ppb of NO2 at room temperature was 32.1% [6]. Moreover, a 2D Tellurene-based sensor
has been studied as a NO2 gas sensor at room temperature. This novel 2D material has
shown a good response of 35% towards sub-ppm concentrations of NO2 and a fast response
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of 14 s [7]. Finally, a TiO2-based sensor where the titanium dioxide is used as a membrane
to a transparent ordered micro-hollow-bump structure to produce a MEMS was fabricated
and studied as a NO2 gas sensor by Yu-Ming et al., the gas sensing tests were operated at
room temperature under UV-light activation and the reported response towards 4 ppm of
NO2 was 9.5% with average response and recovery times of 7 s and 144 s, respectively [8].

Graphene-based chemoresisitve gas sensors have also gained huge recognition be-
cause of the remarkable properties of graphene, which include large surface area, thermal
stability, high carrier mobility, and tuneable electrical properties by the adsorption of gas
molecules [9].

Graphene oxide (GO) is a derivative of graphene, usually obtained by chemical
oxidation of a multilayer graphite via the most common method (Hummer’s method) [10].
Moreover, the GO surface is rich in oxygen-containing groups, which enhance gas sensing
performance [11]. Many previous works focused on the sensing performance of GO, mainly
towards NO2. For example, Park et al. have explored the sensing properties of GO prepared
via a modified Hummer’s method towards 5 ppm of NO2 at 150 ◦C, the sensor showed a
response of 32% [12]. Moreover, Ali A-J et al. synthesized GO via a modified Hummer’s
method and deposited it on a glass substrate via a spin coating technique, which was later
used for gas detection tests of 100 ppm of NO2 at 200 ◦C and showed a response of 12% [13].
Finally, Vien et al. successfully obtained GO from an upcycled plastic waste via chemical
and thermal treatments, and this obtained graphene oxide was used to detect 1 ppm of
NO2 at room temperature with a response of 11% [14].

Although pristine GO has been an excellent choice for gas sensing detection, it still has
some limitations in selectivity and sensitivity, particularly for detecting low concentrations
of different gases, especially NO2. Hence, GO-MOX heterojunctions have emerged. These
are obtained via the controlled incorporation of metal oxides into the GO layer to enhance
sensitivity towards different target gases. Some of the reported metal oxide candidates
for the enhancement of the GO gas sensing properties are ZnO [15], In2O3 [16], V2O5 [17],
SnO2 [18], and Co3O4 [19].

Similarly, MnO2 has been investigated independently in gas sensors because of its
advantages, which are high catalytic activity, redox potential, low toxicity, and high stability.
Manganese dioxide has been utilized in different fields, such as biomedical [20], energy
storage [21], and gas sensing [22]. Focusing on the sensing utility of MnO2, it was used
separately for NO2 detection as reported by Pritamkumar et al., where they have hydrother-
mally grown α-MnO2 mesoporous cubes of several nanocrystals and had a response of
33% towards 100 ppm of NO2 at 150 ◦C [23]. Moreover, Ahmad et al. have also tested
hydrothermally grown α-MnO2 as ethanol gas sensors; they had a response of 30.6 towards
200 ppm of the target gas at 300 ◦C [24]. Additionally, Kumar R. et al. have explored the
sensing properties of MnO2 nanofibers as ammonia gas sensors and reported a response of
1.5% towards 1 ppm of NH3 [25]. Furthermore, manganese dioxide was also studied as a
response enhancement agent for gas-sensitive materials, it was reported in the literature
that it was incorporated in different materials such as polymers [26,27], nanocomposites
(SnO2/MnO2) [28], NiO nanosheets (NiO@MnO2) [29], ZnO (ZnO/MnO2) [30], and fi-
nally in graphene-based materials such as graphene [31] and reduced graphene oxide
(rGO) [32–35].

Since the incorporation of MnO2 into GO creating a MnO2/GO composite for gas
sensing purposes was not studied before, and since MnO2 has been reported previously to
work successfully as a gas properties enhancer in graphene-based materials, it is believed
that the synergy between GO and MnO2 in heterojunction sensors can lead to an enhance-
ment in both the sensitivity and selectivity of GO towards toxic gases especially NO2, as
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MnO2 can provide active sites for gas adsorption, while GO facilitates charge transfer and
signal amplification.

For this reason, this paper aims to investigate the sensing performance of MnO2@GO
nanocomposite sensors for detecting mainly NO2 and other gases such as NH3, CO, ethanol,
benzene, and H2, focusing on their sensitivity and selectivity. The effects of varying the
sensor operating conditions on performance are also examined to optimize these sensors
for practical environmental monitoring applications.

2. Materials and Methods
2.1. Preparation of MnO2/GO Composite

MnO2/GO composite (MnO2/GO 10/90 wt.%) was synthesized using a process based
on patented procedures [36] (Patent number ES2678419A1). Briefly, GO provided by
Grapheneall was dispersed in oxalic acid, in which the starting Mn3O4 had been previously
dissolved at 50 ◦C. After homogenization, MnO2 nanomaterials were slowly precipitated
on GO by adding NaOH solution under vigorous agitation. The solid was filtered and
dried overnight at room temperature. Finally, the sample was pulverized into a fine powder.
Synthesis parameters, such as temperature, stirring speed, addition rate, or MnO2/GO
proportion, were controlled to obtain the desired crystallinity that provides the material
with optimal properties. It is worth noting that the MnO2 content (10 wt.%) in GO was
determined via thermogravimetric analysis (TGA) using a sample mass of 2.0–2.5 g. The
analysis was conducted from an initial temperature of 40 ◦C to a final temperature of
1050 ◦C, with a heating rate of 10 ◦C/min. Air was used as the carrier gas at a flow rate
of 100 mL/min. The MnO2 percentage in the sample corresponds to the residual mass at
the end of the thermogravimetric analysis, as graphene oxide undergoes complete thermal
decomposition at this temperature, leaving only the metallic oxide as a residue.

2.2. Material Preparation and Deposition

A total amount of 10 mg of MnO2@GO powder was initially suspended in 10 mL
of ethanol and then sonicated for 30 min for a proper homogenization of the obtained
suspension. Later, the MnO2@GO suspension was deposited on top of commercially
available interdigitated electrodes (deposited already on an alumina substrate (Al2O3)
obtained from CeramTec, Plochingen, Germany) via a spray coating technique. During
the deposition process, the temperature was fixed at a degree of 60 ◦C for the attempt to
evaporate the ethanol to obtain a clean and homogenous sensitive layer with good adhesion
onto the substrate. The previously mentioned substrate dimensions and shape are shown
in detail in Figure 1; the substrate contains interdigitated platinum electrodes on the top
side and a platinum heater on the bottom to help reach the desired temperature for the
gas properties tests. The width of the fingers shown in the figure is 0.216 mm, and the gap
between them is 0.3 mm.
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Figure 1. Different sides view the used alumina substrate with the platinum electrodes and heater.

2.3. Material Characterization and Gas Sensing Measurements

To investigate the various morphological and sensing features of the synthesized
materials, a variety of characterization approaches were employed. Using XRD, the crys-
talline phases of the graphene and manganese oxide were identified. The measurements
were taken with a Bruker-AXS D8-Discover (Ettingen, Germany) diffractometer that had a
GADDS (general area diffraction system), a vertical θ−θ goniometer, a parallel incident
beam (Gobel mirror), and an XYZ motorized stage to produce Cukα radiation, the X-ray
diffractometer was run at 40 kV and 40 mA. It was also run at ambient temperature in
increments of 0.05◦ in the 2θ range from 0◦ to 80◦. The ATR-IR investigation of the inter-
action between the molecules of the MnO2@GO material was carried out using a Jasco
FTIR/IR-6700 (Tokyo, Japan) infrared spectrometer equipped with a diamond crystal kit.
The distribution and morphology of nanosized materials were examined using a Carl Zeiss
AG-Ultra 55 (ZEISS, Jena, Germany) Field Emission Scanning Electron Microscope (FESEM).
Using a JEOL F200 TEM ColdFEG (Tokyo, Japan) running at 200 kV, high-resolution trans-
mission electron microscopy (HRTEM) characterization was carried out. Utilizing a Gatan
OneView camera (Plesanton, CA, USA), a CMOS-based and optical fiber-coupled detector
with 4096 by 4096 pixels, electron diffraction patterns were obtained for the HR-TEM im-
ages. The (S)TEM pictures were processed using the Gatan Digital Micrograph application.
With a camera length of 200 mm, STEM pictures (1024 × 1024 pixels) were captured from
the JEOL bright-field (BF) and high-angle annular dark-field (HAADF) detectors. A JEOL
beryllium double-tilt holder for energy-dispersive X-ray spectroscopy (EDS) was used
to hold the samples. An EDS Centurio detector (silicon drift) with an effective size of
100 mm2 and an energy resolution of 133 eV was used to record STEM-EDS mapping. The
JEOL Analysis program was used to process STEM-EDS maps (512 × 512 pixels) in order
to verify the form of the nanosized MnO2 and its integration in the graphene layers. Last, a
Raman spectrometer (Renishaw, plc., Wotton-under-Edge, UK) was utilized to evaluate the
materials’ crystallinity using a green laser with a wavelength of 514 nm. The manufactured
sensors were put inside a Teflon container with a volume of 35 cm3. A continuous flow of
dry air (Air Premier, 99.995% purity) and additional target analytes diluted at varying per-
centages were then passed through the Teflon chamber using a set of Bronkhorst (Ruuurlo,
The Netherlands) mass-flow controllers. Calibrated bottles containing the initial dilutions
of the gases (NO2-1 ppm, CO-100 ppm, NH3-100 ppm, ethanol-20 ppm, benzene-10 ppm,
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and H2-1000 ppm balanced in dry air) were used to achieve the required concentrations
of the gases. An Agilent HP 34972A (Santa Clara, CA, USA) multimeter was used to
record resistance changes in real-time. To assess the impact of ambient moisture on sensor
responses, a controller evaporator mixer (CEM) was used to achieve low humidity levels of
25% relative humidity. When the relative humidity reached 70%, a bubbling water system
was used to humidify the dry airflow with the matching gas concentration. The inability of
the CEM system to sustain a consistent humidity level above 50% RH led to the selection of
the bubbling water system.

The sensing response is defined as the relative change in resistance and was calculated
using this formula for oxidizing gases:

R (%) = ((Rg − Ra)/Ra) × 100

The following formula for reducing gases:

R (%) = ((Ra − Rg)/Ra) × 100

where Rg and Ra correspond, respectively, to the resistance values prior to and following
gas exposure [37].

Exposure and recovery times are generally defined as the time needed for the sensor
to reach saturation after exposure to the target gas and the time taken to recover 90% of its
initial baseline, respectively. These values were calculated and reported in the supporting
information file under Figure S8 and Table S1.

Moreover, the limit of detection (LOD) is the lowest concentration of target gas that
can be distinguished from the common atmosphere, which produces a signal greater than
three times the standard deviation of the noise level. Theoretical LOD was calculated
following this formula:

LOD = 3.3 × (Sy/S)

where Sy is the standard deviation of the response of the curve and (S) is the slope of the
calibration curve at different concentrations. The Sy and S values were obtained from the
plotted curves using Excel; the calculated values were compiled in Table S2.

Additionally, I-V curve measurements were conducted on the MnO2@GO composite
to check whether we have heterojunction or not; the result of the measurement is shown in
Figure S9.

Finally, the system used consists of a set of mass flows that allows the control of the
flow of synthetic air and the percentage of dilution of the target gas. The outlets of the mass
flows are connected to the inlet of the already described chamber in the previous part. The
chamber is connected to an Agilent multimeter, which allows the display of the resistance
changes in real-time using the appropriate software. The schematic representation of the
gas detection process and equipment used is already shown in previous works [32].

3. Results
Initially, this section deliberates on the obtained morphological characterization re-

sults of the MnO2@GO sensitive layer via XRD, Raman, FESEM, HR-TEM, and ATR-IR
techniques. Later, NO2 gas responsiveness of the layer at 150 ◦C under dry conditions was
tested and reported alongside tests at different levels of relative humidity. Additionally,
selectivity tests are conducted and reported. Finally, the gas sensing mechanism of the NO2

gas adsorption is presented and explained.
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3.1. Gas Sensitive Layer Characterization
3.1.1. XRD

To identify and quantify the crystalline phase of the manganese oxide present in the
powder, XRD analysis was conducted. Figure 2a shows the XRD diffractogram of pristine
GO, and Figure 2b shows the diffractogram of the MnO2@GO material. The blue lines in
both figures correspond to the peaks of GO material in positions 2θ = 11◦ and 2θ = 43◦

following the JCPDS card number 00-065-1528. It is noticed in Figure 2a that the peak of GO
at 2θ = 11◦ is intense and sharp since the pristine GO initially has good crystallinity, and in
Figure 2b, the same peak became less intense and less sharp following the incorporation
of the MnO2 nanosized material which modified the crystallinity of the pure GO. Since
Mn2O4 and MnO2 have the same Mn to O ratio and cubic structure, JCPDS card number
01-073-5018 was used to identify the peaks of the nanosized MnO2 and is shown with the
red lines. One major specific peak is shown in the position of 2θ = 19◦ proving the presence
and the crystalline phase of the nanosized material; another peak should appear at 2θ = 45◦

but taking into consideration the angle of contact of the XRD measurement and the low
concentration of the material, this peak is not intense.
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3.1.2. Raman

Raman spectroscopy can be employed to investigate the molecular structure of carbon
materials and assess imperfections and disorders in the substance. Figure 3a,b show the
Raman spectra of bare GO and GO incorporated with MnO2 nanomaterial, respectively.
Two unique peaks consistently appear in the analysis of graphene-based materials: the
D-band and the G-band. The primary characteristic, located around 1600 cm−1, pertains to
the first-order scattering of the E2g phonons at the Brillouin zone center and originates from
the in-plane motion of sp2 carbon atoms [38]. In our case, this peak is located at 1590 cm−1,
regardless of whether the GO contains MnO2. At the same time, the D-band appears
around 1340 cm−1 and indicates the formation of j-point photons with A1g symmetry
associated with double C=C bonds, suggesting that a more intense band corresponds to an
increased number of sp2 domains. In our case, this specific band appears around 1355 cm−1

for both materials. Moreover, the strength of the D-band peak is greatly affected by the
presence of disorders and defects, including vacancies, edges within the carbon lattice,
and grain boundaries [39]. To evaluate the degree of reduction and disorder of the GO,
a straightforward calculation of the intensity ratio of the D and G band peaks (ID/IG) is
adequate [40]. The ID/IG calculation for both materials is 0.94 for pristine GO and 0.90 for
MnO2@GO, and according to Ferrari’s classification, since the ratios are below 3.5, it means
that the materials have a very low degree of disorder [41].
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Ultimately, the second-order bands can be seen between 2500 cm−1 and 3200 cm−1,
featuring a consistently observable peak near 2700 cm−1, referred to as the 2D band.
They are typically employed to identify the number of layers of the graphene because
of graphene’s tendency to stack [42]. As shown in Figure 3a,b, a visible bump-like peak
corresponding to the 2D band is also present between 2600 cm−1 and 3200 cm−1.

The only difference between the two graphs is the presence of a distinct peak at around
600 cm−1, as can be seen in Figure 3b which has been reported in the literature before as
being indicative of the presence of MnO2 [43].

3.1.3. FESEM

Figure 4a,b shows FESEM images of the layers of bare GO and MnO2@GO deposited
on the surface of the alumina substrates, respectively, seen via a back-scattering detector.
The only difference between the two figures is the voltage used when taking the images; for
pristine GO, it was 15 kV (Figure 4a), and for MnO2@GO, it was 5 kV (Figure 4b) due to the
inability to acquire clear images of the MnO2/GO composite layer using the same voltage
because of the inclusion of nanosized MnO2 makes the material more conductive. Figure 4a
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shows pristine GO wrinkled sheets-like morphology. Kasimayan U. et al. showed a similar
morphology of pristine GO via FESEM [44]. Meanwhile, Figure 4b shows a homogeneous
MnO2@GO layer, where the surface of the sensor is rich with bright spots corresponding
to the MnO2 that can be seen as well dispersed all over the layer. We can also notice the
presence of some agglomerations of this metal oxide, insinuating the successful formation
of the MnO2@GO heterojunction. The thickness of the different layers was checked, and
Figures S1–S3 show the layer preparation for the cross-section process.
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Figure 4. FESEM images of (a) pristine GO layer deposited on top of the alumina substrate and
(b) MnO2@GO sensitive layer deposited on the same type of substrate.

3.1.4. HR-TEM

HR-TEM analysis was conducted to examine better the morphology of the MnO2

nanomaterial and its incorporation in the graphene layer. Figure 5a shows the HR-TEM
image of bare GO material showing graphene sheets on top of each other. Figure 5b
shows the MnO2@GO layer showing the presence of a different material in the dark, which
corresponds to the MnO2. The EDS analysis shown in Figure 5c exhibits needle-like shaped
manganese oxide alongside a cluster of small MnO2 dots forming aggregates in bright color.
The mapping of the same area (Figure 5d) shows the distribution of Mn material. EDS
mapping of the same area for the other elements present in the layer, which are carbon and
oxygen, are shown also in Figure 5e,f. Meanwhile, Figure 5g shows an overlapping image
of all the elements present in the same EDS image with MnO2 nanosized material having
a light purple color because of the mixture of blue and red colors of Mn and O elements.
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The obtained result from this analysis proves the successful incorporation of MnO2 into the
GO material.
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of all the maps of the elements C, O and Mn.
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3.1.5. ATR-IR

Figure 6a,b show the ATR-IR spectra of pristine GO and MnO2@GO, respectively.
Figure 6a shows GO characteristic peaks at around wavenumbers 1580 cm−1, 1408 cm−1,
1044 cm−1 and a bump-like peak between 2600 cm−1 and 3600 cm−1, corresponding to
C=C, carbonyl C=O, epoxy C=O, and OH groups, respectively. Meanwhile, in the ATR-IR
spectra of MnO2@GO represented in Figure 6b, it is seen that the same pristine GO peaks
are present with a slight shift (lower wavenumbers), as well as specific Mn=O stretching
vibration band at around 490 cm−1, alongside the stretch of hydrated MnO2, which is
found at around 1120 cm−1 [45].
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3.2. Gas Sensing Results

A selection of different gases was utilized to investigate the sensing properties of the
pristine GO and MnO2@GO sensors. First, NO2 was thoroughly studied with different
dilutions ranging from 200 ppb to 1000 ppb under dry air as well as under ambient moisture
conditions (close to real conditions) at 150 ◦C. The choice of the working temperature was
based on the fact that for room temperature, 50 ◦C, and 100 ◦C, our sensors have shown
a baseline resistance producing (Overload, OVLD) because of the high resistance values
that our acquisition systems cannot measure properly. When working at 150 ◦C, they
showed the baseline resistance values shown in Figure 7b and in Figures S4–S7 in the
supporting information file. This temperature is the lowest one, allowing the resistance to
be measured properly. In addition, in a previous work conducted by Carlo C. et al., they
tested a range of different operating temperatures from 25 ◦C to 200 ◦C using GO as a
NO2 sensor and showcased the highest sensitivity and selectivity at 150 ◦C [46]. Figure 7a
shows the response of the different sensors towards different concentrations of NO2 and at
different levels of humidity. The sensors showed an increase in responses with an increase
in the analyte concentration independently of the atmosphere conditions. In dry conditions,
the MnO2@GO sensor shows a 4-fold better response at 1 ppm of NO2 than the pristine
GO sensor. When introducing moisture to the gas test process, it was observed that the
response of the pristine GO sensor slightly increased going from dry to 25% RH, and
basically, it did not change when increasing RH% to 70%. This behavior was studied
and explained by Maurizio D. et al., who stated that the response of pristine GO towards
NO2 slightly increased when proceeding from dry conditions to low relative humidity
levels and was almost unaffected by higher levels of RH [47]. In fact, graphene oxide
is rich in oxygen functional groups that play the role of active sites for the adsorption
of water molecules. Depending on the morphological and chemical composition of the
synthesized graphene oxide, the GO layer can be easily saturated, even at low levels of
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relative humidity. In addition, the working conditions of 150 ◦C can have a role in the early
saturation of the GO layer since it can cause its reduction, thus reducing the number of
oxygen functional groups on its surface. Moreover, adding MnO2 notably increases the
sensor response for all humidity ranges. For instance, at 25% RH, the responses of the
MnO2@GO sensor increased significantly, reaching 34.5% at 1 ppm of NO2, which is 5-fold
higher than the pristine GO sensor response values, while at 70% RH, the response of the
MnO2@GO sensor kept increasing significantly and rapidly throughout the range of the
NO2 concentrations reaching a maximum of 44% at 1 ppm of NO2 which is almost 7-folds
the response of the pristine GO sensor at the same concentration. Nevertheless, as can be
seen, the response of the MnO2@GO sensor is much more affected by humidity. While the
pristine GO shows an increase in the response in the presence of water vapor, the increase
from 25% to 70% of relative humidity does not result in significant changes in the sensor
response. Moreover, the MnO2@GO sensor response is highly affected by the concentration
of water vapor, which means that to be operated in real conditions, it should be operated
with a humidity sensor to compensate for this dependence on humidity. Figure 7b shows
the resistance changes in the MnO2@GO sensor when exposed to 1 ppm of NO2 at 70%
RH; it is worth noting that a slight drift was noticed in the baseline and was corrected
using specific software. As can be seen, the composite behaves as a p-type sensing layer,
decreasing the layer’s electrical resistance when exposed to the oxidizing NO2. Response to
the other dilutions of NO2 (200–400–600–800 ppb) is shown in Figures S4–S7 in the support
information. Exposure and recovery times calculated for the gas test are presented in
Figure S8 in the supporting information file; the best values are 878 s and 994 s, respectively,
when exposed to 1 ppm of NO2, and the values for all the other dilutions of NO2 are
presented in Table S1. The theoretical values for the limits of detection were also calculated
and compiled in Table S2. The MnO2@GO sensor reached a LOD of 251 ppb under dry
conditions, 385 ppb under 25% RH, and 341 ppb under 70% RH, all at 150 ◦C.
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Figure 7. Calibration curve of the responses of (a) pristine GO and MnO2@GO sensors towards
different concentrations of NO2 at 150 ◦C and under dry and humid conditions (b) resistance changes
in the MnO2@GO for 1000 ppb of NO2 at 70% RH.

To check the selectivity of the sensors, we have measured the response of the sensors
under dry air at 150 ◦C exposed to NH3 (50 ppm), CO (50 ppm), ethanol (20 ppm), benzene
(1 ppm), and H2 (500 ppm). The selection of these gases was based on different criteria; for
example, ammonia is very toxic and present almost everywhere in the environment. Carbon
monoxide and nitrogen dioxide are usually present in some combustion processes, and
both have to be measured in air quality monitoring applications. Since ethanol vapors are
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colorless, volatile, and highly flammable, the detection of ethanol vapors in the atmosphere
is important for avoiding fire/explosion risks as well as risks to human health. Ethanol
has also been reported in the literature as a target species for GO-based gas sensors [48].
Benzene is a very cancerogenic gas and graphene-based materials have been used for
the specific detection of this gas [49]. Finally, H2 is a flammable substance, and the early
detection of hydrogen leaks in facilities such as chemical plants is crucial to save lives; in
the literature, it was reported that GO was doped with Pd to create specific H2 sensors [50].

As shown in Figure 8, both pristine GO and MnO2@GO sensors show no response to
hydrocarbons (benzene and ethanol). Pristine GO showed more sensitivity toward ammo-
nia rather than to NO2, with responses of 5.6% and 4.1%, respectively. When incorporating
nanosized MnO2 into the pristine GO, the MnO2@GO sensitive layer showed a significant
increase in the response towards NO2; meanwhile, the response to ammonia decreased
in comparison to pristine GO with responses of 16.3% for NO2 and 3.2% for ammonia.
Including MnO2 also increased the response to CO and H2, although the increase was
much lower than the achieved for NO2. Summarizing the inclusion of MnO2 in the GO
leads to a more sensitive sensor towards NO2.
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Figure 8. Comparison of the responses of the different sensors towards different gases under dry
conditions to study the selectivity of the sensitive layer.

Table 1 contains data obtained from previous works using individually pristine GO,
GO-based composites with different MOX species, and pristine MnO2 alongside some
hybrids of MnO2 with different materials (graphene-based, polymers) to make NO2 gas
sensors. In this work, the reported NO2 responses were generally higher than the ones
reported in the literature. Most of the previous works used relatively high concentrations
of the target gas; meanwhile, in this work, the NO2 concentrations reached low ppb levels.
While most works did not explore the response variation in their materials under different
ambient humidity levels, our material has been reported to detect NO2 in different relative
humidity levels and has showcased very high responses.
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Table 1. Comparison of the responses of MnO2@GO sensors with previously reported works in
the literature.

Material NO2 Concentration
(ppm) Response (%) Condition Sensitivity

(%ppm−1) T (◦C) Ref

Upcycled GO Nanosheets 1.03 11 Dry NA * RT [14]

Hydrogel-Based
Colorimetric Sensor 100 1 Dry NA RT [51]

Flexible gas sensor based on
Ceria (CeO2) nano-cube
decorated rGO

70 52.84 Dry NA RT [52]

rGO-ZrO2 Hybrid 5 15.8 Dry NA RT [53]

GO/SrTiO3 1 3.2 Dry 2.9 100 [54]

direct-ink-writing of
eco-friendly GO 1 1.68 Dry NA 150 [55]

hydrothermally grown
α-MnO2 mesoporous cubes 100 33 Dry NA 150 [23]

polythiophene-MnO2 100 90 RH NA 75 [26]

Nano-MnO2/xanthan 7 1.21 Dry 0.17 RT [27]

δ-MnO2-Epitaxial
Graphene-Silicon Carbide
Heterostructures

5 0.27 55% RH 0.14 RT [31]

MnO2 doped rGO 1 6.2 Dry 9.8 RT [32]

Pristine GO 1 4.1 Dry 2.5 150 This work

MnO2@GO 1 16.3 Dry 11.3 150 This work

MnO2@GO 1 44 70% RH 37.5 150 This work

* NA: not available.

3.3. Proposed Sensing Mechanism

The sensing mechanism in MnO2@GO heterojunction involves the interaction between
the sensing layer (the hybrid material) and gas molecules such as NO2. This mechanism
relies on changes in the electrical conductivity or resistance of the material when exposed to
NO2 gas, driven by the distinct properties of both graphene oxide and manganese dioxide.

NO2 is an electron-withdrawing gas, functioning as an oxidizing agent. When NO2

molecules interact with the MnO2@GO p-n heterojunction, they adsorb onto the surface of
the sensing layer. The presence of oxygen-containing groups on the surface of GO creates
active sites for the target gas molecules, thus extracting electrons from the hybrid material
surface [56]. This increases the hole concentration, causing a decrease in resistance because
of the p-type behavior of GO, where holes are the primary charge carriers.

MnO2, an n-type metal oxide, is known for its strong catalytic properties; thus, it
enhances the adsorption of NO2 molecules by providing active sites for the gas molecules.
When in contact with ambient air, MnO2 initiates a chemisorption of oxygen molecules,
resulting in the creation of oxygen species that capture electrons from the conduction band
of the material and result in the creation of a thin depletion layer [52]. The previously
mentioned process causes an increase in the baseline resistance of the sensor because of
the development of a large potential barrier [57]. Depending on the working temperature,
different oxygen groups such as O−, O2

− O2− can be formed; since we are working at an
operating temperature of 150 ◦C, O− is formed following these reactions [23]:

O2 gas → O2 (ads)
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O2
− + e− → 2O− (ads)

Later, when exposed to NO2 gas, the previously adsorbed oxygen species interacts with
the target gas molecules, releasing electrons back to the materials conduction band, thus
decreasing the depletion layer size and subsequently decreasing the baseline resistance.
This explained process is shown in Figure 9, where MnO2 and GO band gap values
were taken from previous works that have studied these materials’ electrical properties
thoroughly [58,59]. The following reactions describe the previously explained process:

NO2 (gas) + e− → NO2
− (ads)

NO2
− (ads) + O− (ads) + 2e− → NO (gas) + 2O− (ads)
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Figure 9. Schematic representation of the depletion layer formation and potential barrier development
under air and when in contact with the target gas (NO2).

In our case, the resistance changes in the MnO2@GO p-n heterojunction sensing mate-
rial are in alignment with the proposed mechanism since its baseline resistance decreases
when in contact with NO2 gas and is seen to recover when there is no contact with the
target gas.

The performance of gas sensors, including MnO2@GO hybrids, can vary in the pres-
ence of humidity due to its impact on adsorption and desorption processes. Water molecules
from humid air tend to adsorb on the GO surface, forming a thin layer of hydroxyl groups.
These hydroxyl groups can interact with NO2 enhancing the response of the sensors. Under
low humidity, more NO2 molecules can be adsorbed on the surface, but at high humidity,
the adsorbed water molecules may block active sites, and competition between them and
NO2 molecules takes place [60]. However, MnO2’s catalytic properties can help mitigate
this effect by promoting the dissociation of water molecules, allowing NO2 molecules to
continue interacting with the sensor surface [61], which explains the significant increase
in the response of the MnO2@GO sensor with an increase in the humidity level shown in
this work.
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4. Conclusions
This study reports the incorporation of MnO2 into GO for gas sensing applications,

which was unprecedented in this field. A successful incorporation of nanosized MnO2 into
GO takes place. Morphological and compositional characterizations such as XRD, Raman,
FESEM, HR-TEM, and ATR-IR were used to prove the previous statement. Moreover,
gas sensing tests were conducted to study the sensitivity and selectivity of the fabricated
sensor towards NO2 gas. The MnO2@GO sensor exhibited high responses toward different
dilutions of the target gas even at low concentrations of 200 ppb at a working temperature
of 150 ◦C. Ambient moisture was also introduced in the gas sensing process, and it was
noticed that it enhanced the responses of the MnO2@GO sensor. Finally, the sensitive
material showed a very high sensitivity towards NO2 compared to other tested gases such
as NH3, CO, ethanol, benzene, and H2. Compared to previously reported works in the
literature of pristine GO, Pristine MnO2, and other MOX-GO materials, our fabricated
sensor showed better responses at lower concentrations of NO2. Additionally, they have
shown good long-term stability during a period of continuous tests of 8 months. All
these results make MnO2@GO nanomaterial an excellent and reliable NO2 chemoresistive
detector to be introduced in real-life monitoring of this gas.
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www.mdpi.com/article/10.3390/chemosensors13030096/s1, Figure S1: Cross-section of the pristine
GO layer; Figure S2: Cross-section of the MnO2@GO layer; Figure S3: Cross-section of the MnO2@GO
layer with indication to the layers deposited using the ion bean and electron beam; Figure S4:
Resistance changes in the MnO2@GO sensor when exposed to 200 ppb of NO2 under 70% RH 150 ◦C;
Figure S5: Resistance changes in the MnO2@GO sensor when exposed to 400 ppb of NO2 under 70%
RH 150 ◦C; Figure S6: Resistance changes in the MnO2@GO sensor when exposed to 600 ppb of
NO2 under 70% RH 150 ◦C; Figure S7: Resistance changes in the MnO2@GO sensor when exposed
to 800 ppb of NO2 under 70% RH 150 ◦C; Figure S8: Exposure and recovery times of the same
sensor at different concentrations of NO2 under 70% RH at 150 ◦C; Table S1: Exposure and recovery
times of the MnO2@GO sensor when exposed to different concentrations of NO2 under 70% RH at
150 ◦C; Table S2: Calculated theoretical values of LOD for the different sensors at different conditions;
Figure S9: I-V curve measurement performed on the MnO2@GO composite.
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