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A B S T R A C T   

Although several studies have explored the rGO-ZnO nanocomposites gas sensing properties towards many gases, 
only a few are devoted to ozone detection. This paper explores a novel synthesis procedure of rGO-ZnO nano
composites based upon a two-step physical process. Namely, a reduction process of GO carried out using UV laser 
radiation followed by a deposition of ZnO nanoparticles on the rGO surface by RF-magnetron Sputtering. Our 
results demonstrate that the deposition of ZnO on the surface of the rGO film produces a stable and conductive 
material with a larger surface area. Consequently, this material is able to operate at high temperatures and 
exhibited a limit of detection (LOD) in the range of 100 ppt, while pure ZnO exhibited LOD in the vicinity of 1 
ppb.   

1. Introduction 

Since the isolation of monolayer graphene in 2004, its remarkable 
physical properties related to the low dimensionality and Dirac fermions 
in the electronic structure [1,2] have made graphene-related materials a 
major research topic in materials sciences [3]. Pristine graphene still 
faces considerable challenges for real applications due to the difficulties 
for large scale production of devices as processing usually requires high 
temperature, high vacuum [4,5], and transfer steps that can significantly 
deteriorate its physical properties [6]. 

Among all the nanocarbonaceous materials, two graphene-related 
have been extensively studied, graphene oxide (GO) and reduced gra
phene oxide (rGO). These materials are commonly produced by chem
ical routes that use ordinary oxidizing and reducing agents [7,8]. The 
GO can be depicted as a two-dimensional (2D) array of carbon atoms 
forming the typical hexagonal graphene structure with oxygenated 
groups, such as hydroxyls, epoxies, or carboxyls, that bonded to the 
main hexagonal C structure. In contrast, rGO has a very similar structure 
but has a significantly lower amount of these oxygenated groups. It is 
important to mention that these oxygen-rich functional groups bond 
covalently to the π electrons of the C-sp2 hybrid orbitals that are the 
entities responsible for electrical conduction in pristine graphene. 
Hence, GO has a higher electrical resistance as compared to rGO and 
pristine graphene. Thus, removing these oxygenated groups of the GO 
structure restores some of the pristine graphene properties in rGO [8]. 

The modulation of the density of these oxygenated groups has opened 
the way to many potential applications for rGO, such as supercapacitors 
for energy storage [9,10], chemical sensors [11,12], biosensors [13] as 
well as photocatalyst [14]. Although rGO exhibits high potentialities for 
various applications, fundamental physical properties such as electronic 
mobility or thermal conductivity are significantly lower than those 
intrinsic to pristine graphene due to the remaining oxygenated groups in 
the structure and high density of crystalline defects [15]. Such draw
backs can affect the performance of devices. 

To overcome these limitations, rGO can be combined with different 
materials to modify its physical properties in a synergetic manner 
regarding its physical properties, such as nanostructured semiconductor 
metal oxides. For instance, a nanocomposite fabricated by SnO2 nano
particles’ addition to rGO exhibited higher sensitivity towards humidity 
[16]. SnO2-rGO nanocomposites were also explored as sensing elements 
for NO2 detection operating at room temperature. It was established that 
the addition of SnO2 could increase the NO2 response at 50 ◦C by a factor 
of 3 [17]. Andre et al. [18] have reported that nanocomposites based on 
In2O3 nanofibers and rGO are 10 times more sensitive than pure rGO or 
pure In2O3 nanofibers regarding the detection of NH3. rGO-In2O3 
nanocomposites have also been successfully explored as NO2 sensing 
materials [19–21]. The morphology and elements’ proportion of these 
nanocomposites play an important role in its outcome properties. The 
work of Woong Na et al. [20] reported that rGO nanosheets decorated 
with In2O3 nanoparticles exhibit a response of 30 at 120 ◦C when 
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exposed to 500 ppb NO2, while Liu et al. [21] produced flower-like 
nanostructures that could detect 1000 ppb at 70 ◦C with response 
higher than 1000. 

For gas detection applications, ZnO is a relevant metallic oxide that 
has been associated with rGO to develop superior sensing nano
composites [22,23]. For instance, 3D structures of rGO decorated with 
ZnO nanoparticles exhibit a sensitivity of 85 % for CO detection with 
high selectivity [24]. Anasthasiya et al. [25] demonstrated that rGO 
decorated with ZnO nanowires has a much higher and faster response 
towards NH3 detection at room temperature than pure ZnO nanowires. 
rGO nanosheets decorated with Ni-doped ZnO nanowires were also 
tested for hydrogen detection, exhibiting approximately 30 % of 
response operating at 150 ◦C [26]. More recently, rGO decorated with 
Cu-doped ZnO nanocomposites were used to detect H2S at room tem
perature in concentrations lower than 250 ppm [27]. Some ternary 
nanocomposites have also been investigated. In this case, metal nano
particles are added as a source of free carriers that may act as a source of 
free charge (Schottky junction) for the metal oxide semiconductor, 
consequently enhancing the number of available charges gaseous spe
cies adsorption. This approach produced highly sensitive layers of 
Au-rGO-ZnO for triethylamine [28] and hydrogen [29] operating at 50 
◦C and room temperature with UV radiation. Another ternary nano
composite based upon Pt-rGO-ZnO was tested for hydrogen detection by 
Drmosh and collaborators [30]. This nanocomposite was faster and 
benefited from higher sensitivity than pure ZnO when operating at 
similar temperatures. 

While the sensing potentialities of rGO-based materials have been 
well-established for many reducing gases such as H2, NH3, and oxidizing 
gases such as NO2, few results are available towards ozone (O3). The 
interaction of O3 on rGO-ZnO nanocomposites has been only explored by 
Jayachandiran et al. [31]. Their results show that the rGO-ZnO nano
composites exhibit room temperature response of 99 % for 0.7 ppm of 
O3. 

Ozone (O3) is an allotropic form of oxygen with great UV radiation 
absorption and oxidation capacity. Due to these reasons, ozone has great 
importance for life maintenance as the main UV shield at the so-called 
ozone layer in the stratosphere. Due to its strong oxidizing capacity, it 
is the primary disinfectant agent used worldwide [32]. On the ground 
level, ozone is an aggressive, toxic gas that can cause severe lung 
damage to a person exposed to O3 concentrations as low as 150 ppb. The 
ground-level ozone forms after nitrogen oxides (NOx) and Volatile 
Organic Compounds (VOCs) in the presence of UV radiation and is 
considered as the second most present pollutant in urban areas [33]. For 
this reason, the World Health Organization (WHO) Air Quality Guide
lines of 2005 has established the limit for O3 exposure as 100 ppb during 
an 8 -h period. The most used ozone monitoring technologies are based 
on UV photometric analyses, which typically have a limit of detection of 
100–500 ppt. However, these devices are non-portable, expensive, and 
required air-conditioned stations. O3 monitoring technologies based on 
semiconductor metal oxides or electrochemical principles commercially 
available typically exhibit a lower detection limit in the range of 10–50 
ppb. As a consequence, semiconductor metal oxides based O3 sensing 
technologies are still close to the safe levels determined by the WHO. 
New O3 monitoring technologies should be inexpensive, easy to operate, 
be compatible with IoT devices, and have a lower limit of detections to 
yield reliable readings at the levels considered safe by the WHO in 
real-time. 

Most of the previous publications mentioned here report nano
composite synthesis procedures based on hydrothermal approaches. In 
these studies, the rGO and a metal oxide liquid precursor are held 
together inside teflon/stainless steel chambers. The chamber is then 
heated up to temperatures higher than 100 ◦C to form metal oxide 
nanoparticles and keep the rGO sheets stable [16,17,19–21,24,26,27]. 
Physical methods for nanocomposites synthesis are more commonly 
used when metal nanoparticles are desired to decorate the rGO layers 
[28,29]. 

In the present study, rGO-ZnO nanocomposites are synthesized using 
a two-step fabrication procedure consisting of reducing GO films by UV- 
laser irradiation and decorating them with ZnO nanoparticles (NP) by 
RF-magnetron sputtering deposition technique. This fabrication pro
cedure allowed us to control the size and the morphology of ZnO 
nanoparticles finely. The ZnO nanoparticles act as a temperature pro
tective layer to the rGO nano-sheets, which allows the nanocomposite to 
be operated at high temperatures. Regarding its ozone sensing perfor
mance, our results suggest that the nanocomposite has a limit of 
detection ten times greater than a pure ZnO film and reaching significant 
responses at the ppt level. 

2. Experimental 

2.1. rGO-ZnO nanocomposites elaboration 

Fig. 1(a) presents a schematic drawing of the elaboration protocol of 
the rGO-ZnO nanocomposites. At first, an aqueous solution of graphene 
oxide (4 mg/mL purchased from Sigma Aldrich) was diluted to 1 mg/ 
mL. Then, this solution was drop-casted on silicon substrates and let into 
the atmosphere to dry. Each drop cast cycle used a solution volume of 25 
μL of the diluted GO solution. The drop-casting process was carried out 
carefully to keep the material covering an area of ~ 5 mm of diameter on 
the interdigitated electrodes for the sensing device fabrication. The 
reduction process was carried out using a Spectron SL400 Q-switch laser 
system in which the pulse duration and wavelength were set to 6 ns and 
266 nm, respectively. The silicon substrates with the deposited GO films 
were placed on an XY table that scanned the films with the unfocused 
beam covering an area of 5 mm and energy fluence set up to 50 mJ/cm2. 
The scanning rate was set to 1 mm/s to avoid material overheating, and 
the scanning procedure was repeated five times to achieve better 
chemical homogeneity. After the reduction process, the films were 
introduced into an RF-magneton sputtering chamber for metallic zinc 
deposition. The chamber was kept under high-vacuum (5 × 10− 6 mbar) 
for one hour, and the working pressure was set to 2.5 × 10-2 mbar and RF 
power at 60 W. The amount of Zn deposited was controlled by the 
deposition time. In our experimental conditions, the deposition rate was 
estimated at 40 nm/min (2.5 min to 100 nm film). The substrates were 
then heat-treated at 500 ◦C under air for one hour to complete the Zn 
oxidation and form the junction with rGO. The heating rate used in this 
oxidation process was 2.5 ◦C/min. 

2.2. Material characterizations 

X-ray diffraction data were collected in a Rigaku Ultima IV diffrac
tometer equipped with a Cu target, Cu-Kα radiation (λ =1.5418 Å), and 
Ni filter. The data were obtained between 2θ = 20 and 80, and the 
analysis was carried out using GSAS-II [34], PowderCell [35], and Vesta 
Crystallography [36]. Micro Raman spectroscopy experiments were 
carried out in a Witec microscope equipped with a Nikon objective and 
the samples were excited by an ion Ar laser (wavelength of 514 nm). The 
Raman spectra data were recorded with a Peltier cooled CCD system. 
Scanning Electron Microscopy images were obtained in a Field-Emission 
Supra 35-VP Carl Zeiss operated at 15 kV. X-ray photoelectron spec
troscopy (XPS) measurements were carried out in a Scienta Omicron 
ESCA spectrometer with monochromatic X-ray source Al-Kα. The 
observed peaks were fitted using a Voigt function after subtracting a 
Shirley background. In the fitting procedure, the spectra were corrected 
considering the C-sp2 component with energy at 284.5 eV. 

2.3. Ozone sensing properties evaluation 

Fig. 1(b) represents the experimental setup used to measure the gas 
sensing properties under pollutant gases. The sensing properties were 
determined by the continuous monitoring of the electrical resistance 
variations of films prepared over the Pt interdigitated electrodes during 
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exposures to well-controlled ozone concentrations between 10 ppb and 
1 ppm. The sensing substrates were placed on a PID controlled hot plate, 
and a thermocouple used for temperature control was kept close to the 
sample. The electrical resistance was calculated by the ratio of the 
electrical current measured between the two electrodes by a Keithley 
6514 electrometer and excitation voltage of 5 V d.c. applied by a Tek
tronix PWS4205 voltage source. Before the measurements, the films 
were maintained under dry airflow kept at 100 sccm for 4 h for tem
perature and resistance stabilizations. The Mass Flow Controllers, elec
trometer, voltage source, and temperature controller were connected to 
a computer dedicated to experimental controlling and data acquisition. 
During the exposure step, O3 was generated by exposing the dry airflow 
under UV radiation (lamp UVP, model P/N 90-0004-01), and the real 
concentrations were determined by an ATI (model F12) commercial 
electrochemical based gas detector. The sensor response is defined as the 
ratio between the resistance under O3 and under air (RO3/Rair). The 
response/recovery times are defined as the time necessary to reach 90 % 
of ΔR induced by pollutant concentrations during gas exposure and 
consecutive recovery under dry air. 

3. Results and discussion 

3.1. Surface and structure characterizations 

Fig. 2 presents XRD data and Raman spectra of GO, rGO, Zn, ZnO, 
and rGO-ZnO nanocomposites. Fig. 2(a) shows that the most significant 
difference between GO and rGO diffraction patterns is the intensity of 
GO’s characteristic peak related to the oxidized planes of graphite. The 
intensity difference is related to ablation during the laser reduction 
process, leading to a lower amount of diffracting planes. In the case of 
GO, this peak occurs at 2θ = 9.5◦ while in rGO, it occurs at 2θ = 9.7◦. 
Using Bragg’s law, one can estimate the distance between the (001) 
planes for GO and rGO in 9.3 and 9.1 Å. The lower plane distance 
observed in rGO is related to fewer oxygenated functional groups in 
these planes [8]. The same figure presents the diffraction pattern of 
metallic zinc observed right after the RF-magnetron sputtering deposi
tion, and the typical pattern obtained after these films were heat-treated 
at 500 ◦C for one hour. It is important to mention that both metallic Zn 
and ZnO crystallize in hexagonal symmetries with different space 
groups, P63/mmc (194) and P63mc (186), respectively. After the 
oxidation process, it is observed that there is no remaining diffraction 
peak in the oxidized sample, which suggests that the oxidation condition 
successfully converted all the metal to a ZnO film. The figure also in
cludes the diffraction pattern of a sample prepared after reducing 25 μL 

Fig. 1. Schematic representation of the experimental setup for the (a) rGO-ZnO nanocomposites preparation and (b) gas sensing properties measurement setup.  
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GO and 1 μm thick film of ZnO on the rGO surface. Since crystalline 
compounds have a higher capacity of X-ray scattering, it is expected that 
these samples will present a similar X-ray diffraction pattern similar to 
the one observed for only ZnO, as the peak for rGO should be close to the 
background level. 

To better understand the structural features of these nano
composites, Raman spectroscopy measurements were also performed. 
The spectra of GO, rGO, and rGO-ZnO are shown in Fig. 2(b). This 
technique has been widely used to characterize graphene-related ma
terials because it is non-destructive and sensitive to distinguish carbo
naceous materials [37]. For the GO and rGO data, the most important 
vibrational bands are the D (~ 1350 cm− 1), related to the presence of 
crystalline defects. The Gapp (~ 1610 cm− 1) stands for G apparent and 
refers to the G and D’ bands’ convolution. The G band is present in 
graphene, graphite, carbon nanotubes, and fullerenes, as it is related to 
the vibration of C-sp2. Another important band is 2D (~2680 cm− 1), the 
G band second-order vibration mode related to the formation of aro
matic rings. An increase in this band intensity is often connected to the 
formation of aromatic rings in the sample. For instance, this band in 
pristine graphene is twice as intense as the G band due to resonant ef
fects [37]. Data reported in Fig. 2(b) shows that the 266 nm laser 
reduction process presents a significant increase in the resonant elec
trons due to the aromatic rings in rGO, which will grant this compound 
higher electrical conductivity. The deposition of ZnO on the surface of 
rGO can be verified in the orange and green curves in Fig. 2(b), as the 
intensity of the vibration modes related to ZnO increase when the 
amount of ZnO is increased. It is important to mention that major fea
tures in the ZnO Raman spectra are the bands at 330, 438, 530, 580, 
1110, and 1157 cm− 1. The one observed at 330 cm− 1 results from a 
multi-phonon combination of the E2 phonon modes related to the vi
bration of the Zn and O sub-lattices, namely, E2

low at 99 cm− 1 (not 
shown) and E2

high at 438 cm− 1. The peaks at 530, 1110, and 1157 are 

second-order modes, while the peak at 580 cm− 1 can be attributed to a 
longitudinal optical mode A1(LO). Other peaks are expected in this re
gion, but the proximity does not allow one to separate all the compo
nents [38]. 

Fig. 3 reports the surface characterization of GO, rGO, pure ZnO, and 
rGO-ZnO nanocomposites through X-ray Photoelectron Spectroscopy 
(XPS). On the survey spectra depicted on the left panel, Fig. 3(a), a 
significant decrease in the magnitude of the O 1s peak observed on rGO 
films compared to GO films is manifest. Such a decrease is attributed to 
the laser reduction process. In these samples, the amount of O in the 
surface decreased from 34.9 to 2.7. Furthermore, the remaining sulfur 
due to the chemical exfoliation process to produce GO was eliminated 
after the laser reduction process. For the rGO-ZnO nanocomposite, the 
amount of oxygen and carbon accounts for 41.0 and 45.6 %, respec
tively, while for the pure ZnO film, these values are 36.1 and 56.4 %. 
Fig. 3(b) shows the high-resolution C-1 s spectra for these samples. The 
C-1 s peak was fitted with five components, namely, C-sp2 (284.5 eV), C- 
sp3 (285 eV), C–O–C (286.9 eV), C––O (288 eV), COOH (289 eV). The 
relative intensity of the oxygenated groups decreased significantly after 
the laser reduction process. Indeed, GO exhibit 10.3 % of C-sp2, 23.5 % 
of C-sp3, 50.8 % of C–O–C, 11.5 % of C––O, and 3.9 % of COOH, while 
the same components represent 46.5, 29.2, 12.4. 6.7 and 5.2 % for rGO, 
respectively. Concerning data relative to the ZnO sample, the C 1s peak 
can be fitted with the same components, showing the most intense peak 
related to the C-sp2 component. The rGO-ZnO sample exhibited the 
major component as the C-sp3 due to the sum of C-sp3 from the rGO and 
adventitious carbon. In Fig. 3(c), the high-resolution spectra of O 1s are 
shown for each sample. For GO and rGO samples, the O 1s peak com
prises only one component related to oxygen atoms bonded to carbon, 
assuming no detectable difference between different O components 
bonded to C. For the pure ZnO sample, this component can be decon
voluted into three components: first contribution at 530.1 eV related to 
ZnO structural oxygen, second contribution at 531.1 eV that can be 
attributed to weakly adsorbed species at the surface, such as OH, and the 
third component at the higher energy of 532.4 eV that are related to 
C–O bonds from adventitious carbon. Furthermore, these components 
account for 62.0, 29.3, and 8.7 % of the oxygen on the surface, agreeing 
with the literature [39,40]. The O 1s peak observed in the rGO-ZnO 
sample could be fitted with the same three components, but in this 
case, the most intense component is related to the weakly adsorbed 
species, which strongly suggests a higher surface area than pure ZnO 
films. In this sample, the first component related to ZnO structural ox
ygen represents 42.1 %, while weakly adsorbed species and C–O rep
resents 44.4 and 13.5 %. It is important to mention that the valence band 
edge (data not shown) was estimated at 3.7 eV for pure ZnO and 2.6 for 
rGO-ZnO nanocomposites, suggesting that the rGO-ZnO samples may 
exhibit a higher density of states and narrower gap than pure ZnO 
[41–43]. 

Fig. 4 presents SEM micrographs of rGO-ZnO nanocomposites. In 
Fig. 4(a), one can observe the typical GO sheet-like microstructure, in 
which a smooth surface exhibit the formation of wrinkles as a result of 
several GO layers pilling up after the deposition process. Fig. 4(b) and (c) 
show SEM images obtained with different magnifications of a GO film 
after its reduction by laser irradiation. In these figures, one should note 
that the rGO layers are much more porous than the original GO and 
further that the laser irradiation process induces the formation of laser- 
induced periodic surface structure (LIPSS) as a consequence of deoxy
genation of the GO layers, as pointed out for Yung and collaborators 
[44]. Fig. 4(d) and (e) present two different magnifications of a sample 
prepared after the deposition of a 100 nm thick ZnO film over the rGO. It 
is possible to observe that the original rGO structure is preserved, and it 
is decorated with nanoparticles with a mean diameter of 55 nm. Upon 
deposition of 1 μm thick film of ZnO, it is possible to observe that the 
deposited nanoparticles’ average mean size increased to 98 nm. The 
morphology of a sample prepared after the deposition of 1 μm thick film 
of ZnO on the rGO surface is shown in Fig. 4(g) and (h). The particle size 

Fig. 2. (a) X-ray diffraction and (b) Raman spectroscopy data of GO, rGO, 
metallic Zn (as deposited by RF-magnetron sputtering), ZnO, and rGO-ZnO 
nanocomposites. 
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Fig. 3. Comparison of XPS (a) survey spectra, (b) C 1s, and (c) O 1s high-resolution regions obtained for GO, laser rGO, pure ZnO, and rGO-ZnO nanocomposites.  

Fig. 4. SEM images of GO, rGO and rGO-ZnO nanocomposites. (a) 5k magnification GO, (b) 5x magnification laser rGO, (c) 25k magnification laser rGO, (d) 25k 
magnification rGO-100 nm ZnO, (e) 50k magnification rGO-100 nm ZnO, (f) particle size distribution of rGO-100 nm ZnO nanocomposites, (g) 25k magnification 
rGO-1 μm ZnO, (h) 50k magnification rGO-1 μm ZnO, and (i) particle size distribution of rGO-1 μm ZnO. 
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distribution of these two samples is shown in Fig. 4(f) and (i). 

3.2. Sensing performances towards O3 detection 

Fig. 5 presents the dynamic response-recovery curves obtained by 
monitoring the sensor’s resistance upon O3 controlled exposure at 200 
and 300 ◦C for rGO, ZnO, and rGO-ZnO. Fig. 5(a) shows the resistance 
data obtained from a pure laser rGO sample maintained at 200 ◦C and 
exposed to four cycles of 100 ppb of O3 for three minutes. Interestingly, 
one can observe an increase in the electrical resistance upon ozone 
exposure, which strongly suggests that the laser reduced GO samples are 
n-type semiconductors in contrast with typical rGO obtained by chem
ical or thermal reducing methods. Indeed, it was already demonstrated 
that the semiconducting nature of rGO strongly depends on the 
remaining oxygenated groups bonded to the rGO hexagonal structure 
[45]. Similar behavior has also been observed by room temperature 
UV-laser irradiation of rGO films by A. Bhaumik and J. Narayan [46]. 
They interpret that the rGO semiconducting nature depends on the laser 
fluence (energy/area) used in the reduction process, and the conversion 
to n-type is related to structural reorganization yielded by the 
laser-induced conversion of carbon-sp3 to sp2. For the pure rGO sample, 
the sensor response to O3 is very low, approximately 0.001 or 0.1 %, 
with slow recovery kinetics due to weak reversibility of response even at 
200 ◦C. An irreversible alteration of the carbonaceous matrix can result 
from an interaction with ozone, leading to a cumulative increase in 
resistance after exposure. Indeed, it is well-known that O3 can break 
C––C bonds through an ozonolysis process and be used to increase the 
oxidation degree of GO with a possible decomposition stage at room 
temperature [47], for example. Here, we argue that this reaction causes 
a permanent degradation of the conductive properties of rGO, leading to 
a decrease in the density of the adsorption sites. 

Fig. 5(b) shows the response-recovery curves for pure ZnO main
tained at 200 ◦C and exposed to 100 ppb of O3 with a consecutive period 
and dry air. We can notice that after 3 min (180 s) of O3 exposure, the 
response was approximately equal to 3, and no plateau for the resistance 
was reached. By comparing both curves, ZnO’s sensitivity is higher than 
of pure rGO, as expected from the literature, even though no saturation 

of the resistance was observed after 20 min of exposure. As illustrated in 
Fig. 5(c), the deposition of ZnO on the surface of rGO enhances sensi
tivity and the kinetics of the surface reaction as compared to rGO and 
ZnO separately. For 70 ppb of ozone exposure during 3 min, the sensor 
response was 9, and no saturation was observed after 10 min of expo
sure. Our results suggest that the association of ZnO and rGO into a 
composite is synergic for sensing applications because the sensing per
formance of the nanocomposite is superior to the performance obtained 
for each material tested separately. 

In order to confirm the sensing potentialities towards O3, the sensing 
behavior was explored under other concentrations at 300 ◦C, as reported 
in Fig. 5(d)–(f). It is well known that the typical operation temperature 
for gas sensors based on semiconductors metal oxides range between 
200 and 400 ◦C or more because the kinetics of the surface reaction 
usually depends on the adsorption of O2 in the form of O− ions. Simi
larly, the O3 absorption process at this temperature range depends on O−

ions adsorption rate [48]. The following reactions describe the mecha
nisms of adsorption of O2 and O3 on semiconductor metal oxides 
(SMOx):  

O2(g) + 2e− (surface) → 2O−
(surface)                                                       (1)  

O3(g) + 2e− (surface) → O2(g) + O−
(surface)                                              (2) 

As these reactions depend on the density of free electrons at the 
surface, the higher the operating temperature, the higher the semi
conductor carrier density, and more significant changes in the electrical 
conductivity resulting from a more intense surface charge transfer be
tween the semiconductor and the gas. A typical response-recovery curve 
of a 100 nm thick ZnO thin film is shown in Fig. 5(d). At 300 ◦C, one can 
observe a much higher and faster response-recovery curve by comparing 
these results to the one at 200 ◦C, shown in Fig. 5(b). For instance, the 
response time at 300 ◦C is estimated to 85 s for 140 ppb exposure, 
whereas it exceeded 1200s at 200 ◦C. In Fig. 5(e) and (f), the response- 
recovery curves of nanocomposites prepared by 1 and 3 drop-cast cycles 
of GO followed by 100 nm deposition of ZnO are shown. In other words, 
the proportion of rGO increases from Fig. 5(d) to (f). Interestingly, while 
pure ZnO has a response of 35 to 140 ppb of O3, the 1rGO-ZnO response 

Fig. 5. Left panel: Dynamic response-recovery curves at 200 ◦C of (a) pure-rGO, (b) pure ZnO, and (c) rGO-ZnO nanocomposite prepared with three drop-cast cycle 
deposition of rGO and 100 nm ZnO. Right panel: Dynamic response-recovery curves at 300 ◦C of (d) pure ZnO, (e) rGO-ZnO nanocomposite prepared with one drop- 
cast cycle deposition of rGO and 100 nm ZnO, and (f) rGO-ZnO nanocomposite prepared with three drop-cast cycle deposition of rGO and 100 nm ZnO. 
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is 61, and 3rGO-ZnO has a response of 71 for the same O3 concentration 
level. 

The sensing behavior of these nanocomposites is further analyzed in 
Fig. 6. The dynamic response-recovery curve for ~ 100 ppb exposure of 
O3 is shown in detail in Fig. 6(a). It is possible to observe that not only 
the response of 3rGO-ZnO nanocomposite is higher, but also its response 
and recovery times are significantly lower than pure ZnO. These results 
suggest that both the adsorption and desorption kinetics are enhanced 
by the association of ZnO with rGO layer. Fig. 6(b) shows that the 
resistance change ratio is also dependent on the ozone concentration. 
The higher response exhibited by rGO-ZnO samples compared to ZnO 
layers can be justified by the larger specific surface area provided by rGO 
sub-layer that induces a greater number of available adsorption sites. 
The higher rates of adsorption and desorption strongly support that 
these adsorption sites are more easily accessible as well as reversible for 
gas adsorption in contrast with ZnO layer exhibiting a lower surface/ 
volume ratio as noticeable from the SEM images shown in Fig. 4. Thus, 
we attribute this enhancement in sensing performances to a higher 
surface area promoted by the porous surface of rGO from the UV-laser 
processing. Consequently, the response to other oxidizing gases like 
NO2 should also be enhanced, leading to a selectivity comparable to 
pure ZnO. 

Fig. 6(d) shows the maximum resistance change rate’s dependence as 
a concentration function in both adsorption and desorption. Hence, the 
change rate in resistance can also be used as a more sensitive parameter 
to the ozone sensing phenomenon. According to the Theory of the Power 
law proposed by Yamazoe and Shimanoe [48], the response of a 
SMOx-based sensor response towards a reactive gas is described by a 
power law as R = aCn, in which R and C represent the response and gas 
concentration or partial pressure, a and n are constants. By fitting the 
data shown in Fig. 6(c), the ZnO film’s response is described by R = 2.9 
C0.51, while the 3rGO-ZnO film is fitted with R = 7.5C0.41. According to 
the International Union of Pure and Applied Chemistry (IUPAC), the 
definition of LOD is the analyte concentration that gives a response three 
times higher than the standard deviation (σ) of measurement without 
the analyte target. Considering the standard deviation of baseline 

measurements shown in Fig. 5, one can find σ = 0.03, which yields LOD 
equals to 0.15 and 0.01 ppb for ZnO and rGO-ZnO, respectively. For 
comparisons purposes and more clear data visualization, we have 
decided to use a more conservative approach to estimate the LOD and 
considered the minimum detectable concentration as the concentration 
that would have a response equals 3 (RO3/Rair = 3), represented by a 
horizontal line in the inset of Fig. 6(c). By this approach, the estimation 
of LOD is 1 ppb and 0.1 ppb (100 ppt) for ZnO and rGO-ZnO, respec
tively. In both scenarios, the LOD of the nanocomposite is at least ten 
times higher than the ZnO separately. Table 1 reports the sensing per
formances of our nanocomposite compared to other recent de
velopments of metallic oxides as sensing nanomaterials for efficient 
ozone measurement. Even though this device does not work at room 
temperature, the ZnO-rGO bilayer structure exhibits a significant 
sensitivity towards O3 compared to those determined in the same con
centration range. Many efforts remain required to make this sensing 
structure selective to discriminate O3 from NO2. 

Because selectivity and stability are crucial issues for gas sensors, the 
interference of humidity on our nanocomposites’ gas sensing properties 
should be investigated. It is well-known that humidity can affect SMOx- 
based gas sensors according to a mechanism that differs from one oxide 
from another. On the one hand, it has demonstrated that humidity acts 
as an oxidizing species on WO3, leading to a competition for adsorption 
between water vapor other oxidizing gases [49]. Consequently, its 
presence decreases the WO3-based sensors’ response towards oxidizing 
pollutants. On the other hand, on SnO2, humidity interacts as a reducing 
analyte, which would enhance its response for oxidizing gases [50,51]. 
A recent study has determined that humidity acts as a reducing gas on 
ZnO at high temperatures as it decreases the response of these oxides 
towards CO and H2 [52]. Other studies have also shown that ZnO re
sponses increase towards oxidizing gases such as NO2 [53]. Since our 
devices have an active surface composed of ZnO, it is expected that 
humidity would also act as a reducing gas, enhancing its response to
wards ozone. Further experimentation would be necessary to precisely 
assess its influence on these nanocomposites’ gas sensing properties and 
would be the topic of a next paper. 

Fig. 6. Sensing properties of ZnO (black data) and 3rGO-ZnO (blue data) nanocomposites at 300 ◦C. (a) Dynamic response-recovery curves to 100 ppb of O3 
exposure, (b) Resistance variation (dR/dt) versus time for different O3 concentration exposures, (c) calibration curves with power-law fitting, (d) response and 
recovery times. Dashed lines are eye-guides in Fig. 6(d). 
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4. Conclusions 

In summary, this work reports a new synthesis procedure to prepare 
rGO-ZnO nanocomposites based upon physical methods. Our results 
demonstrated that the ns pulsed UV laser irradiation of GO films reduces 
the amount of oxygenated functional groups of GO from 35 to 2.8 % and 
has the capacity to partially restore the C-sp2 hexagonal resonating 
structure typical of pristine graphene. The rGO-ZnO nanocomposite 
fabrication was carried out by the deposition of ZnO on the surface of 
laser rGO by magnetron sputtering. This procedure allows one to pre
cisely control the ZnO nanoparticles’ amount, morphology, and size. 
Furthermore, this fabrication approach allowed the rGO-based nano
composite to operate at higher temperatures because the ZnO layer acts 
as a shield to the rGO layer, preventing its direct contact with the at
mosphere. Moreover, it benefits from the extended active surface area 
providing by rGO highly porous layer for adsorption enhancement. Our 
results open perspectives to further explored rGO-based nanocomposites 
on MEMS-based devices. Regarding the ozone sensing properties of 
these nanocomposites, our results demonstrated that the deposition of 
ZnO nanoparticles in the surface of the laser rGO improves the response 
significantly and resistance change ratio when compared to pure ZnO or 
rGO. This improvement is related to a higher surface area and density of 
states of the nanocomposites allowing higher and faster O3 adsorption. 
Consequently, the ZnO limit of detection could be enhanced by a factor 
of 10 if the ZnO nanoparticles are deposited over the rGO surface. 
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