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Abstract
From the past decade, there is a demand for the development of highly sensitive and selective, operating at low temperature, 
and stable gas-sensing materials used to monitor hazardous gases. The discovery of graphene has led to the implication of 
the same as gas sensor as it possesses large value of surface to volume ratio and high value of electron mobility at room 
temperature. Few researchers have fabricated reduced graphene oxide–metal oxide composite gas sensors exhibiting good 
electrical and gas-sensing properties. But still, it is a very less explored area. This article provides an overview of electrical 
and gas-sensing properties of reduced graphene oxide–metal oxide nanocomposites with improved sensitivity, selectivity, 
stability, and other sensing performances. This review is mainly focuses on reduced graphene oxide–metal oxide nanocom-
posite-based gas sensors which are cost-effective and sensitive to the various gases/vapors.
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1  Introduction

The development of different types of gas-sensing materials 
are very important and essential to monitor the gases which 
are combined into the atmosphere, which leads to several 
problems for living organisms. Thus, the investigation of 

several types of gas sensors are still deficient, to monitor 
various gases. The nanotechnology is one of the most popu-
lar areas for current research and development in all techno-
logical disciplines, as the critical dimension scale for devices 
is now below 100 nm, and it is indeed an ongoing techno-
logical revolution in the future [1]. The nanotechnology is 
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used to create, observe, and control matters at the nanom-
eter scale, and is probably in many fields, where in different 
disciplines, such as physics, chemistry, materials science, 
biology, and medicine, these are combined to offer immense 
prospects and challenges and, there is no adverse effect on 
any part of our lives and living beings. There are various 
types of nanoparticles reported in many literatures, e.g., 
metal oxide (MO), mixed metal oxide, polymers, carbon 
nanotubes (CNT), and graphene oxide (GO) [2–5].

Carbonous materials (CNTs, graphene, fullerenes) have 
drawn considerable attention from the past three decades 
due to their exceptional mechanical and electronic proper-
ties. Among all carbonous material, graphene is an unpre-
dictable material has a completely distinct, wonderful set 
of characteristics, which is the structural resemblance of 
graphite. Graphene is one of the strongest materials ever 
known to humankind; in contrast, graphite is relatively brit-
tle, and thus it could not be used for structural reinforce-
ment. Graphene is a perfectly two-dimensional material, 
having excellent crystalline structure and enhanced electrical 
properties. Graphene was emerged in the short period as a 
new nanomaterial with the wide variety of applications [6]. 
Graphene is a one atom thick sheet of carbon, having hex-
agonal lattice structure (honeycomb crystal lattice structure) 
as shown in Fig. 1(a), and it is comprising with a densely 
packed atomically thin layer of sp2 hybridized material [7]. 
Graphene can be considered as the thinnest material having 
a unique combination of characteristics that have the poten-
tial applications for the development of future technology. 
The graphene sheet consists of only trigonally bonded sp2 
carbon atoms, and it is perfectly flat apart from its micro-
scopic ripples. However, GO is a substance made of single 

atomic layers that includes carbon, hydrogen, and oxygen 
molecules as a result of the oxidation of graphite crystals, 
as seen in Fig. 1(b). GO has two key properties: first, it can 
be produced using low-cost graphite as the raw material 
and by using chemical processes with a high yield; second, 
it is highly hydrophilic and can form stable aqueous col-
loids, which makes it easier for macroscopic structures to 
be put together using straightforward and affordable solution 
processes.

Tetrahedrally bound sp3 carbon atoms that are slightly 
displaced above or below the graphene plane make up a 
portion of the extensively decorated GO sheets, which are 
atomically rough due to the deformation of the structure 
and the presence of covalently attached functional groups. 
Several researchers have studied the surface of GO and 
observed highly defective regions, probably due to the pres-
ence of oxygen, and other areas are nearly intact. Figure 1 
depicts the graphene is like honeycomb lattice, and also it 
is preserved in GO in which the carbon atoms attached to 
functional groups are slightly displaced, but the overall size 
of the unit cell in GO remains similar to that of graphene. 
GO and rGO are hot topics in the research and development 
of graphene, especially regarding mass applications of gra-
phene. The rGO sheets are often referred to as one kind of 
chemically produced graphene as shown in Fig. 1(c), and it 
has also been known by a few other names, such as chemi-
cally converted/modified graphene, functionalized graphene, 
or reduced graphene. The graphene can be obtained from 
graphite using a solution-assisted or mechanical cleavage 
exfoliation; rGO is prepared by thermal, hydrothermal, or 
chemical reduction of GO. A large amount of carbon and 
oxygen were present in the electrochemically derived rGO 

Fig. 1   2-Dimensional (a) graphene, (b) graphene oxide, (c) reduced graphene oxide
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which exhibits higher electric conductivity compared to sil-
ver. The different properties of the rGO are listed in the 
Table 1.

MOs are a broad and attractive range of compounds with 
properties extending from metals to semiconductors and 
insulators, where metal oxide semiconductor (MOS) mate-
rial with a narrow bandgap shows an adaptable range of 
properties, and it has been excellently used in the production 
of magnetic storage devices, gas-sensing, emission emitters, 
field-heterogeneous catalysis, lithium-ion electrode materi-
als, photovoltaic devices, and optical and electrical devices 
[12]. MOS materials have been known for decades for their 
good electrical conductivities. Thus, the conductivity of 
semiconducting materials varies with the gas composition 
present around them. Yamazoe proved that sensor perfor-
mance is significantly enhanced with reduction in crystallite 
size [13]. The enhanced sensing response with the reduc-
tion in size of MOs are attributed to the activation of more 
number of charge carriers from their trapped states to the 
conduction band upon the exposure to the target gases [14]. 
The controlled synthesis of MO nanoparticles is essential 
for different applications, due to the comparatively high 

variation of their electrical resistance to adsorbent material, 
MO nanohybrid materials have been explored extensively 
as gas sensors [15]. Nanostructures of MO, such as Co3O4, 
Cu2O, Fe2O3, In2O4, TiO2, SnO2, WO3, and ZnO (see Fig. 2), 
have been widely used for sensing applications, due to their 
excellent chemical stability, mechanical flexibility, and large 
specific surface area [16]. The metal oxide nanoparticles 
have been chosen to study gas-sensing applications because 
of the following reasons: eco friendly MOs are used because 
of biosafe, biodegradable, and also biocompatible materials 
[17]. MO nanoparticles can be chosen by their structural 
properties with large surface to volume ratio and exhibits 
high mechanical strength, thermal stability, chemical sta-
bility, ambient insensibility, piezoelectric, and pyroelectric 
properties [18, 19]. The physical properties of MO nanopar-
ticles exhibit an acute dependence on size. These properties 
are having special importance because these are related to 
the industrial use of oxides such as spintronics, sensors, cat-
alysts, and absorbents. A bunch of novel applications within 
these fields are surely on the size dependence of the optical, 
charge transport, and surface or chemical properties of oxide 
nanomaterials. Size effects in oxides have frequently two 
interrelated faces: (a) structural or electronic quantum size 
and (b) size defect or non-stoichiometry effects.

MO nanoparticles have been intensively employed in 
diverse applications in the field of chemical and gas sen-
sors, as CuO is attributed to a monoclinic crystal structure 
where each atoms are bounded to the four oxygen atoms in a 
rectangular parallelogram, in which Cu2O has received less 
attention towards gas-sensing applications than CuO. SnO 
and SnO2 are attributed to many different structures in that 

Table 1   Different properties of rGO

SI no Properties Ref

1 Mobility of charge carrier 250 000 cm2V−1 s−1 [8]
2 Thermal conductivity 5000 Wm−1 K−1 [9]
3 Electrical conductivity 6000 S cm−1 [10]
4 Specific surface area 2630 m2 g−1 [11]

Fig. 2   Crystal structures of 
metal oxides [20]
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major structures are tetragonal and rutile which received 
much attention in the field of gas sensors. ZnO is attributed 
to hexagonal wurtzite structure for which Zn is bounded 
to the four O atoms which possess intrinsic defects like Zn 
interstitials and O vacancies, possessing distinct physico-
chemical properties based on the rearrangement of positively 
and negatively charged on the surfaces; thus, these samples 
are employed in the field of gas sensor applications. WO3 
has different crystal structures in that monoclinic structure 
and is most commonly explored for gas-sensing. In2O3 is 
attributed to rhombohedral structure, which is highly con-
ductive is commonly feasible to several applications. These 
MO particles have made into thick porous with a large sur-
face area, and there are many drawbacks attributed in modi-
fying the nanoparticles by its morphology, electrode design, 
dopants, and percentage dopants.

The pure MO nanoparticles have some disadvantages, 
while detecting some gases at low PPM and also, they are 
working at higher temperatures to overcome these problems 
the new materials are required to operate the gas sensors at 
room temperatures; thus, MO-doped with the different mate-
rials are used to overcome these problems. By increasing 
the sensitivity, favoring selective interactions with the tar-
get analyte increased selectivity and decreased response and 
recovery times, respectively; the proper doping process and 
material enhances sensor performance and lowers operat-
ing temperatures. Thus, to improvement sensing ability and 
synergetic enhancement of the two component systems, GO-
MO-based nanocomposite materials have been proven from 
many literatures which can be used as gas-sensing materials 
due to its potential applications [21].

To improve the electrical and gas-sensing properties of 
the graphene, many MO (ZnO, WO3, SnO2) nanoparticles 
are hybridized; however, gas sensors based on graphene-
MO nanohybrids still have numerous drawbacks in terms 
of practical implementations such as the insufficient rate 

of response, sensitivity, and extensive recovery time. 
Many recent efforts have been devoted to the controlla-
ble synthesis of 3D graphene–MO’s architectures, owing 
to their large surface area and well-organized structure 
for enhanced gas adsorption/diffusion on sensing films, 
in order to achieve higher sensing performances of gra-
phene–MO nanocomposites. Among all these, GO and MO 
nanoparticles have its own position among all the versa-
tile materials, due to their diverse properties, functionali-
ties, and many applications in different fields like cataly-
sis, sensors, optoelectronic materials, and environmental 
remediation [22].

There are different techniques to functionalize rGO for 
various applications, by treating it to chemical or by combin-
ing it with other MO materials to form novel compounds as 
shown in Fig. 3. Thus, by modifying rGO, one can enhance 
the properties which are suitable for commercial applica-
tions. Functionalization of GO is crucial for regulating the 
exfoliation behavior of GO and rGO as well as revealing 
the key to a numerous application, including the improve-
ment of conductivity and sensing abilities. MOs and rGO 
nanohybrid composites are extremely fascinating because of 
their additional synergistic characteristics that are desirable 
and efficient, in addition to the individual characteristics of 
the rGO and MO nanoparticles. One of the primary advan-
tages of the composite gas sensors is that rGO possesses 
nearly metallic conductivity with the possibility of intrinsic 
detection of various gases. With the combination of MOs 
in rGO system due to the large specific surface area of gra-
phene may have synergistic benefits for better gas response 
at room temperature, particularly in terms of selectivity and 
sensitivity. Graphene-based gas sensors have been inves-
tigated by many researchers that have been modified with 
a variety of metal oxides to create metal oxide–graphene 
nanohybrid sensors. However, the research has concentrated 
on graphene-based sensors in conjunction with MOs such as 

Fig. 3   structural illustrations of reduced graphene oxide-metal oxide composites
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WO3, Cu2O, Co3O4, In2O3, and NiO have also been explored 
to some extent. Many researchers have been working in this 
area, though an in-depth study about the effect of the compo-
sitions of rGO on the electrical and desired sensing proper-
ties of the composites is still deficient, but this field is still 
less explored.

2 � Electrical properties of rGO‑MO 
nanocomposites

MO materials are having wide band gap which is gaining 
a lot of attention for a variety of electrical and optoelec-
tronic applications. The material having large band gap 
has several advantages, including high-power operation, 
withstand high temperature, greater breakdown voltages, 
decreased noise production, and the capacity to tolerate 
huge electric fields. Electron transport mechanism in MOS 
materials can be studied for both high and low electric 
fields. The majority of MOS materials exhibit electrical 
conductivity values that are similar to their thermal con-
ductivity values. Typically, the ability of charge carriers 
and number of charge carriers of MOS were determined 
by the electrical conductivity characteristics, as increase 
in the temperature the movement of the charges becomes 
easier for the semiconductor materials to conduct charges. 
This is unique from metals, whereas the increase in tem-
perature causes conductivity to decrease as a result of 
greater charge carrier scattering.

The conductivity of a semiconductor materials suddenly 
increases at a certain temperature because they undergo a 
semiconductor-to-metal transition; typically, this is caused 
by overlapping electron orbitals that form vacant d or f 
electron energy bands. The electronic behavior of a mate-
rial becomes dominated by mechanisms at nanoscale, in 
which that are not factors when dealing with conventional 
semiconducting materials synthesized on the micron scale. 
In all semiconducting materials at the micron scale, one 
can see the existence of space charge layer, because of 
the size of the space charge layer in comparison with the 
bulk, and this is not a dominating mechanism with these 
larger grained materials. The materials are synthesized at 
the nanoscale, the fact that grain boundaries comprise to a 
large percentage of the materials which begins to control 
it electrical properties.

The MO nanoparticles decorated with graphene oxide 
have a low dielectric loss and high permittivity; the inter-
facial polarization between the MO nanoparticles and 
graphene layers has been improved. As a result, MO-
decorated graphene plays a significant role in altering the 
characteristics of the graphene–MO nanocomposites [23]. 
Iskandar et al. have improved electrical conductivity of 

rGO by microwave-assisted reduction method under nitro-
gen atmosphere [24].

The narrow band gap is found in rGO-MO composites, 
which is attributed to a stronger coupling between rGO 
sheets and MO nanoparticles, due to the smaller size and 
better distribution of MO on the graphene sheets [23]. 
Kuntal et al. have studied conductivity mechanism in rGO-
ZnO nanocomposites at room temperature. The electrical 
conductivities of rGO-ZnO nanocomposites were found 
to decrease with the increase in the content of zinc oxide. 
Ahmed et al. have shown that SnO2-rGO nanocompos-
ites have enhanced AC conductivity, relatively low loss, 
and high dielectric constant in comparison to tin oxide 
(SnO2) [15]. Both types of the electrical conductivity, AC 
and DC; dielectric; optoelectronic; and thermal properties 
of SnO2-rGO nanocomposites samples are significantly 
affected and can be controlled by the amount of the addi-
tive [25]. Darwish et al. studied about the influence of 
rGO on electrical and dielectric properties of Co3O4/rGO 
nanocomposites and found that gradual decrease in acti-
vation energy with increasing rGO content in MO [26]. 
The recent literatures reveals that rGO-MOs are the better 
materials having good class of electrical properties and 
electron transport phenomena.

3 � Gas‑sensing properties of rGO‑MO 
nanocomposites

For the first time in 1953, Bardeen et al. discovered that gas 
adsorption on the surface of semiconductor material pro-
duces change in the conductivity [27]. Various metal oxide 
semiconductors (MOS), such as PdO, SnO2, Ni2O3, are ZnO, 
are commonly used gas-sensing materials [28–33]. There are 
some disadvantages like poor selectivity, low sensitivity, and 
high working temperature are still great challenges associ-
ated with these MO sensors; to overcome these shortcom-
ings and to enhance sensing characteristics, the alteration 
of MO by other elements, this has attracted considerable 
interest to prepare a new material [34].

The gas-sensing mechanism of rGO-MO nanocomposite 
is governed by many factors such as porosity of the sens-
ing material, specific surface area, and formations of het-
erojunctions. MOS-based sensors work on the principle of 
the change in resistance owing to the reaction among gas 
molecules and the sensitive surface, which occurred on the 
surface of the sample with the method of adsorption and des-
orption. The oxygen molecules are adsorbed on the surface 
of the sample that are transformed to single/double ionized 
species by separating the electrons from the conduction band 
of the composite materials (see Fig. 4).
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Due to the transfer of electrons from the surface of com-
posites to oxygen, the adsorbate oxygen generates a space 
charge layer, which results in the material’s initial high 
resistance, this process is completely temperature-dependent 
(temperatures below 100 °C or at room temperature). A sin-
gle molecular oxygen absorbs only one electron and forms a 
molecular ionic oxygen species (O2

−); but above 100 °C, it 
is capable of absorbing two electrons to form atomic oxygen 
species (O− and O2−) [35]. The possible room temperature 
ammonia gas–sensing mechanism of rGO-MO composites 
is as follows:

For the room temperature, gas-sensing can make use of 
graphene, because of its extremely high carrier mobility. 
Nevertheless, the gas sensors based on pure graphene or rGO 
endure with some disadvantages, like such as long response 
time, low sensitivity, and recovery times, which are limited 
for some applications [21]. The development of gas sensors 
based on rGO-MO nanocomposites has received significant 
attention, due to the low sensitivity obtained by using MO 
nanoparticle gas sensor. In fact, some conventional MOs 
have been successfully used for enhancing the sensing prop-
erties of rGO-based gas sensors such as SnO2, ZnO, MoS2, 
and WO3 [36, 37].

NiO-sensing materials are the best candidate for prac-
tical application in selective detecting of benzaldehyde 
and that was observed by Yang et al., in terms of iono-
sorbed oxygen theory on the surface of the NiO mate-
rial [38]. Naveen et al. studied for 10 vol% acetone and 
ethanol vapors in the presence of air at temperature range 
between 373–573 K for the zinc oxide (ZnO) samples. 
Among all the samples, fuel-to-oxidizer molar ratio of 
1.7 has shown highest sensitivity to 10 vol% acetone 
and ethanol vapors in air at 573 K [39, 40]. Gonzalez 

et  al. reported that the In2O4-based gas sensor shows 
high response at 130 °C for the NO2 gas, and the sensor 
response is less at 240 °C [42]. Titanium dioxide (TiO2) 
nanoparticles are used for the gas-sensing properties, 
many are working on this with different volume of ana-
lytes and for different temperatures, but the recovery time 
taken is very high even at higher temperatures [43–46]. 
Kida et al. investigated tungsten trioxide particles and 
studied NO2 gas–sensing properties of the material oper-
ated at high temperature [47]. The copper oxide (CuO) 
particles are also having high potential applications to 
detect NO2 gas at higher operating temperature and shows 
good sensing properties was investigated by Li et al. [48]. 
Rajeeva et al. investigated the ethanol gas–sensing prop-
erties of SnO2-thick films assembled by nanocrystals, 
which affected by the crystallite size, porosity of the 
sample, as the crystallite size increases the gas response 
decreases with decrease in porosity of the sample. At 2.5 
volume % of ethanol, the sensing performance of sen-
sor is 95% sensitivity influencing the activity of surface 
reaction [49]. Platinum-doped tin oxide enhances the gas 
sensors performance towards lower detection of CO. The 
gas-sensing performance can be tuned by varying the 
thickness of the film [51]. Trinchi et al. investigated the 
binary MO thin films using CeO2-TiO2 for the different 
concentrations of oxygen gas; the samples shows good 
sensing performances below 470 °C [52].

Sharma et al. have studied the gas-sensing properties of 
GO and rGO samples using I–V characteristics, the results 
of the research suggests that both GO and rGO have the 
potential applications to be better gas-sensing material, with 
the surface of rGO is being more sensitive and corrugated 
than the surface of GO [73]. The GO-based gas sensors had 

Fig. 4   Schematic representation of the gas-sensing mechanism of the rGO-MO nanocomposite towards NH3 at room temperature [35]

12630



Biomass Conversion and Biorefinery (2024) 14:12625–12635

1 3

a high response and reversible properties for NO2 gas, but 
the rGO and graphene-based gas sensors demonstrated lower 
responses and irreversible sensing operations; thus, it can be 
happened by the hydroxyl groups present in graphene and 
rGO [53]. It is believed that rGO materials would help in 
the development of cost-effective, large-area, flexible, and 
highly sensitive gas sensors which can be operated at room 
temperature [54, 56, 57]. Flexible graphene sensors provide 

unrestricted size and design of sensor applications such as 
wearable nose-sensors and smart windows [55].

The results reported by Li et al. reveals the enhanced 
sensitivity to the different concentrations of ammo-
nia from 5 to 50 PPM at room temperature [59]. Tyagi 
et al. synthesized MWCNT-SnO2 and rGO-SnO2 nano-
composite gas sensors by chemical method, for the 
pure SnO2-based sensor the sensing response of 1.2 is 

Table 2   Gas-sensing properties of MOs, rGO, and rGO-MOs

SI no Materials Gas Sensitivity/
response%

PPM/vol % Response time Recovery time Temp Ref

1 NiO Benzaldehyde 46 10 PPM 37 (s) 38 (s) 300 °C [38]
2 ZnO Acetone 99.6% 10 vol% 300 °C [39]
3 ZnO Ethanol 99.4% 10 vol% 300 °C [40]
4 Mg-In2O4 Oxygen 50PPB [41]
5 In2O4 NO2 58 1000PPB 130 °C [42]
6 Nb-TiO2 CO 1000PPM 650 °C [43]
7 TiO2 Methanol ≈ 5 (s) 450 °C [44]
8 TiO2 Acetone 140 50 PPM RT [45]
9 TiO2 Ethanol 100PPM 500 °C [46]
10 WO3 NO2 90% 1000PPB 240 (s) 660 (s) 200 °C [47]
11 CuO NO2 2.2% 50PPM 200 °C [48]
12 SnO2 Ethanol 95% 2.5 vol% 250 0C [49]
13 SnO2 Ethanol 1000 450 °C [50]
14 Pt-SnO2 CO 8 1 PPM 350 °C [51]
15 CeO2–TiO2 O2 33% 10,000PPM 40–60 (s) 80 (s) 420 °C [52]
16 GO NO2 17% 5 PPM 900 (s) 1800 (s) RT [53]
17 Multi-layered graphene Ammonia 55% 4000PPM RT [54]
18 Single-layered graphene NO2 12% 1PPM RT [55]
19 Reduced GO NO2  ~ 12% 2PPM RT [56]
20 rGO NH3 10.7 200PPM RT [57]
21 rGO NO2 22% 50 PPM [58]
22 rGO-TiO2 Ammonia 5% 30PPM RT [59]
23 rGO-SnO2 SO2 22% 500 PPM 60 °C [60]
24 Graphene-WO3 NO2 133% 5 PPM 25 (s) 200 (s) 250 °C [61]
25 GO-WO3 Alcohol 40.9% 2000 PPM 3170C [62]
26 rGO-WO3 NH3 11 100PPM 300 0C [63]
27 rGO-ZnFe2O4 Acetone 8.18 10PPM 200 °C [64]
28 rGO-Co3O4 NO2 60 PPM RT [65]
29 rGO-Co3O4 Ethanol 20% 10 PPM 200 °C [66]
30 rGO-ZnO NO2 680% 5 PPM 250 °C [67]

CH4 40% 500PPM
H2 30% 500PPM

31 rGO-ZnO NO2 25.6% 5 PPM 165 (s) 499 (s) RT [37]
32 rGO-ZnO Methane 12.1 1000 PPM  ~ 200 (s) 190 °C [34]
33 rGO-NiO NO2  ~ 690% 15PPM 200 °C [68]
34 rGO-Cu2O NO2 67.8 2 PPM RT [69]
35 rGO-SnO2 Humidity 97 RH 102 (s) RT [70]
36 rGO-SnO2 NO2 4.63% 5 PPM 177 (s) 510 (s) RT [71]
37 Pd-SnO2-rGO NH3 7.6% 5PPM 420 (s) 3000 (s) RT [72]
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obtained at 220 °C towards 500 PPM SO2 gas, where 
rGO-SnO2 sensor shows enhanced sensing response 
of ~ 22 at 60 °C and the MWCNT-SnO2 sensor shown 
the sensing response of ~ 5 at a 60 °C for SO2 gas at same 
concentrations [60].

Srivastava et al. was observed a highest sensing response 
for NO2 gas at 250 °C temperature for graphene-WO3 com-
posites; the maximum value of sensor response was 133 
for the nanocomposite of 0.5 wt% graphene doped to tung-
sten oxide (WO3) nanoparticles [61]. GO-WO3 nanopar-
ticle–based gas sensors are used in the alcohol detection 
but their operating temperature is high [62]. The rGO-WO3 
nanocomposite–based gas sensor is used to detect extremely 
hazardous NH3 gas at low concentrations ranging from 20 
to 500 PPM, and the highest response of 11 was recorded 
to 100 PPM of NH3 gas. The developed gas sensors based 
on rGO-WO3 nanocomposites offer substantial applications 
towards the environmental pollution monitoring systems 
[63]. The rGO was incorporated into the ZnFe2O4 nano-
particles, enhanced the performance of acetone sensing at 
low concentrations, and the ZnFe2O4-rGO composite gas 
sensor containing 0.5 wt% rGO showed good sensitivity for 
0.8–100 PPM acetone at 200 °C. The response of the 0.5 
wt% ZnFe2O4-rGO sensor to 0.8 PPM acetone was 1.50, and 
for 10 PPM acetone was 8.18, which is higher than the pure 
ZnFe2O4 sensor [64].

The Co3O4-rGO composite–based gas sensors had a 
considerably greater response to NO2 at room temperature, 
compared to pure rGO sensors. However, as the concen-
tration of rGO increases from 5 to 30 wt%, the reaction 
exhibited a declining trend, due to the considerable strong 
adsorption of NO2 at the defective sites of rGO, the sen-
sor response to NO2 was not entirely recoverable during 
the measurement time. In contrast to the rGO-based gas 
sensors showed a quick response and complete recovery to 
methanol vapors; thus, it has been exclusively proposed to 
the interaction of methanol with the sp2 bonding of carbon. 
Similarly, the response of cobalt oxide (Co3O4) interca-
lated rGO was significantly enhanced the response/recov-
ery time of within 1–2 min for the methanol vapor [65]. 
Tian et al. also investigated gas-sensing performances of 
the rGO-Co3O4 composites to several VOCs, showed long-
term stability, excellent circularity, and high response is 
recorded for 10 PPM of ethanol vapors at 200 °C, and the 
sample with 15 wt% of rGO exhibited the best sensitivity 
[66]. Galstyan et al. have been demonstrated that the rGO/
ZnO composites exhibit 40–50% better response to NO2 
and H2 compared to pure ZnO sensors [67].

We believe that rGO-MO hybrid nanocomposites can 
be effectively used in many types of gas-sensing applica-
tions due to its simple processing and superior performance 
[68]. Deng et al. prepared the rGO-Cu2O meso-crystals of 
high specific surface area, and the samples show higher 

sensitivity toward NO2 at room temperature than that of 
individual ones [69]. Zhang et al. reported the humidity-
sensing abilities of the SnO2/rGO nanohybrid sensor that 
were studied by exposing it into a wide range of humidity 
(11–97%) at room temperature; these sensors were having 
ultra-high sensitivity and a rapid response or recovery time 
when compared with traditional humidity sensors [70].

Latif et al. have discussed about the advantages of gra-
phene hybrid materials for gas-sensing applications, and 
many more researchers have studied the rGO-MOS com-
posite materials as chemiresistive gas sensors [67, 74, 75]. 
However, these gas sensors still suffer from several short 
comings, such as high-operating temperature, long response 
and recovery times, low sensitivity, and selectivity. It is evi-
dent from the earlier reports (Table 2) that MO’s hybridize 
with rGO can be used as chemiresistive gas sensors. The 
rGO-MO nanocomposites are the better alternatives for the 
nanomaterial-based gas sensors due to many promising and 
unique properties.

4 � Conclusion

This article summarizes the properties of rGO-MO nano-
composites, which are used to detect various gases from 
lower PPM to higher PPM levels. Hybrid materials have 
high sensitivity and more suitable for room temperature 
operation than individual components. MOs are conduct-
ing/semiconducting materials with narrow bandgaps, those 
can exhibit a wide range of properties, and rGOs are more 
significant than similar carbon derivatives because of their 
unique and distinctive characteristics. The electrical proper-
ties of rGO-MO nanocomposites have been improved with 
the variation in concentrations of the MOs in rGO at room 
temperature. The rGO-MO composites are good sensing 
materials due to their higher surface to volume ratio; there-
fore, one can expect increased sensitivity towards hazardous 
gases. The rGO-MO composites show enhanced selectiv-
ity, sensitivity, and stability at room temperature, thereby 
avoids the power consumption for the operation of sensors. 
One could fabricate portable sensor devices from rGO-MO 
composites, which are compatible to sense various gases 
with strong mechanical excellence.
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