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Abstract: Nowadays, gas sensors play a vital role in a plethora of applications. However, there
are still some important shortcomings, such as the scarce selectivity and sensitivity, especially
at low operating temperatures. Herein, we report the successful sensing achieved by tailoring
the chemoresistive materials comprised of graphene oxide (GO) sheets well-integrated in a three-
dimensional network of n-type metal oxide semiconductors (MOS). Thanks to the synergistic effect
between GO and MOS under UV light, we obtained a very good sensitivity (down to 100 ppb)
towards different volatile organic compounds (VOCs, i.e., ethanol, acetone, ethylbenzene, toluene)
even at room temperature. Moreover, the best performing sensor (SnO2/GO 32:1) resulted in being
highly selective towards polar compounds, such as acetone.

Keywords: gas sensors; metal oxide; graphene oxide; volatile organic compounds; sensitivity;
selectivity; temperature; light

1. Introduction

The development of high-performing sensing materials, able to detect ppb-trace
concentrations of Volatile Organic Compounds (VOCs) at low temperatures in the presence
of interfering species, is mandatory for the development of next-generation miniaturized
wireless sensors [1–3]. Herein, we present the engineering of highly sensitive chemical
sensors, comprising of different Metal Oxide Semiconductors (MOS as WO3, ZnO, SnO2
and a SnO2-TiO2 solid solution) layouts coupled with Graphene Oxide (GO) material.
These innovative 3D networks showed promising features in terms of both sensitivity
(down to ppb level) and selectivity (towards a specific VOC).

2. Materials and Methods
2.1. N-Type Semiconductors Synthesis, Electrodes Preparation and Sensing Tests

Four different n-type semiconductors, namely WO3, ZnO, SnO2, and Sn0.55Ti0.45O2
solid solution, were chosen to be grown onto graphene oxide (GO) material by following a
very easy hydrothermal method already reported in our previous works [4–8]. According
to earlier studies, we adopted 32:1 salt precursor-to-GO weight ratio, since it resulted in
being the optimal one in terms of sensing performances at low operating temperatures.

Once synthesized, the as-prepared composites were deposited onto Pt-based inter-
digitated electrodes (IDEs) by hot-spray method, using 2.5 mg mL−1 ethanol powders
suspension and spraying 4 mL of it. The air-brush pressure (0.8 bar), the temperature of
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the heating plate (230 ◦C), and the deposition height (8 cm) were kept constant. A final
calcination step at 350 ◦C for 1 h was performed to guarantee good powder film adhesion
on IDEs. Sensing measurements were performed, adopting the chamber already described
elsewhere [7]. Four different VOCs, i.e., ethanol, acetone, ethylbenzene, and toluene, were
investigated as the analyte species. The sensor response is reported as: (Rair/Ranalyte) − 1,
where Rair is the film resistance in air and Ranalyte is the film resistance at a given concen-
tration of the target gas. We also computed the sensor response (tres, which is the time
needed to reach 90% of the sensor response) and the recovery times (trec, which is the time
necessary to recover 90% of the final response).

2.2. Powders Physico-Chemical Characterizations

Specific surface area and porosity distribution were determined by N2 adsorption/des-
orption isotherms at 77 K using a Micromeritics Tristar II 3020 (Norcross, GA, USA)
apparatus and the instrumental software (Version 1.03) applying Brunauer–Emmett–Teller
(BET) and Barrett–Joyner–Halenda analyses, respectively. Before measurements, sample
powders were pretreated at T = 150 ◦C (4 h under N2 flux) to remove adsorbed species.

X-ray Powder Diffraction (XRPD) analyses were performed on a Philips PW 3710
Bragg-Brentano goniometer equipped with a scintillation counter, 1◦ divergence slit,
0.2 mm receiving slit, and 0.04◦ Soller slit systems. We used graphite-monochromated Cu
Kα radiation (Cu Kα1 λ = 1.54056 Å, Kα2 λ = 1.54433 Å) at 40 kV × 40 mA nominal X-rays
power. Diffraction patterns were collected between 10◦ and 70◦ with a step size of 0.1◦. A
microcrystalline Si-powder sample was employed as a reference to correct instrumental
line broadening effects.

To evaluate powders optical band gaps (Eg) by Kubelka-Munk elaboration, Diffuse
Reflectance Spectra (DRS) were measured on a UV/Vis spectrophotometer Shimadzu
UV-2600 spectrophotometer (Kyoto, Japan) equipped with an integrating sphere; a “total
white” BaSO4 powder was used as reference.

3. Results and Discussion

Four different n-type semiconductors (WO3, ZnO, SnO2, and a solid solution of
SnO2-TiO2) grown onto GO sheets were finely characterized on several physico-chemical
points of view (see Table 1).

Table 1. Specific surface area (SBET), total pores volume (Vtot. pores) by Brunauer–Emmett–Teller
(BET) analysis, average crystallite domain size by X-ray powder diffraction (<dXRPD>), and optical
band gap (Eg) of the investigated samples.

Sample SBET (m2 g−1) V tot. pores (cm3 g−1) <dXRPD> (nm) Eg (eV)

WO3/GO 32:1 6 0.014 50 2.71
ZnO/GO 32:1 11 0.050 40 3.07
SnO2/GO 32:1 55 0.133 8 3.40

Sn0.55Ti0.45O2/GO 32:1 117 0.119 7 3.20

Specifically, active surface area (SBET) together with total pores volume (Vtot. pores),
average domain size by X-ray diffraction analysis (<dXRPD>), and optical band gap (Eg)
were determined to possibly give insights into the role played by these features in tailoring
the final sensing response. Analyzing data reported in Figure 1a, it seems that SnO2
matrix can guarantee better performances at both high (350 ◦C) and low (25 ◦C, UV-
assisted) operating temperatures, resulting in greater sensor intensity at 1 ppm of acetone
concentration, with respect to the other investigated materials. As already finely explained
in our previous work, this may be ascribable to the grain boundary density of the different
MOS-GO nanoheterojunctions. Indeed, the change in material resistance depends mainly
on the ratio between the grain size (d) and the Debye length (δ). If d is slightly lower
or equal to 2δ, the whole grains are depleted and change in the surface oxygen species
concentration can influence the entire grain, resulting in higher sensitivity. Here, the
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particle sizes of SnO2−GO (~5−8 nm) are very close to twice the Debye length of tin
dioxide (~3 nm). Therefore, an improvement of the sensing behavior is justified. Notably,
the Sn0.55Ti0.45O2/GO 32:1 solid solution did not show any observable response at room
temperature (RT), but the lowest reachable value was 250 ◦C. All the tested materials
were able to sense 100 ppb of acetone even at RT conditions, by exploiting the UV light
thanks to the synergistic effect between n-type MOS and p-type GO [4,8]. Indeed, when
the device is irradiated by UV light, the photo-excited electron-hole couples can split
up. In particular, some holes can desorb the adsorbed oxygen ions on the MOS surface,
forming O2 gaseous molecules and provoking a depletion layer reduction and a free carrier
concentration increase. Moreover, the higher carrier density can concomitantly cause
more atmospheric oxygen molecules to adsorb onto the MOS surface, therefore creating
photo-induced oxygen ions that are weakly bound and can react more easily with the VOC
molecules. When the reaction occurs, electrons are released back to the conduction band of
the metal oxide, decreasing the surface depletion layer and rising the final conductivity up.
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Instead, as far as it concerns the response and recovery times at RT (inset of Figure 1a),
ZnO/GO 32:1 revealed to be the most promising one exhibiting the fastest behavior (around
90 s for both parameters).

Since the tin dioxide-based sensor was believed to be the optimal one, it was further
tested towards different VOC species, such as ethanol, ethylbenzene, and toluene. Figure 1b
displays a comparison of the sensor signal intensity at 1 ppm, both at 350 ◦C (without the
UV light) and 25 ◦C (UV light-aided). It seems that, at higher temperatures, SnO2/GO 32:1
compound can selectively sense acetone, whereas by decreasing the operating conditions, a
higher polar molecule such as ethanol could be detected more easily. This is probably due
to the different VOCs chemical structures, such as the presence of polar groups (hydroxyl
groups) or steric hindrance, thus leading to their different affinity with the MOS surface. It
has already been reported that alcohols show higher sensing responses than aldehydes or
ketones and, to a greater extent, non-polar/low polar analytes, such as benzene-derivatives.

4. Conclusions

In this work, we finely investigated the sensing performances of different 3D nano-
networks of n-type semiconductors coupled with graphene oxide materials. We highlighted
that, by tailoring the MOS, it is possible to tune the final sensitivity and selectivity, reaching
very promising results even at room temperature by exploiting the UV light. Particularly,
the synergistic effect between n-type MOS and p-type GO plays a pivotal role in boosting
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the chemoresistors features. Hence, we believe that the present study can pave the way for
the engineering of optimal sensing low-temperature devices to be used as diagnostic tools.
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