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Introduction

Graphene, a two-dimensional (2D) carbon nanostructure having a crystal structure of
single-atom-thick sheet of sp? hybridized carbon atoms that are packed in a hexagonal
honeycomb, has become a new approach for the application of gas sensor due to its
unique properties such as its electric, mechanical, and optical properties along with
large surface area [1]. To design a gas sensor achieving high sensing performance
like highly reproduction stability, sensitivity, and selectivity and fast sensing response
and recovery time, graphene having large surface area combining with the sensitive
mass device may be considered as the best option [2]. Graphene is considered as
a promising candidate for gas sensors because of the absorption and desorption of
the gas molecules which may lead to affect its electronic properties in a strong
way regarding produce crystal lattice exhibiting high quality which creates quite low
electronic noise along with good sensing area per unit volume forming the structure of
2D. There are various techniques to synthesized graphene. Mechanical exfoliation is
the method in which single-layer graphene sheets are obtained but in this method, the
production of layers cannot be controlled. Graphene synthesized by epitaxial growth
and chemical vapor deposition (CVD) techniques are considered as the effective
techniques for bottom-up synthesis of high-quality graphene sheets [3, 4] chemically
synthesis of graphene oxide from graphite and the reduction of GO using chemical
or thermal method are considered to be top-down approach which can produce a gas
sensor to detect harmful or toxic gases [5, 6]. The graphene-based gas sensor was
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first reported by Schedin et al. [7] for the detection of gas molecules individually. It
was observed that the sensor responses when the gas molecule attached or detached
from the surface of the graphene. When there is adsorption of gas molecule, the local
carrier concentration of graphene changes leading to a slight change in resistance.
The author suggests that graphene as a low-noise material. Further, it was found
that its resistance changes depending on the carrier concentration in graphene due
to gas molecule’s adsorption and further under vacuum, the sensor was annealed
at 150 °C. They found the main drawback of having long recovery time which
was further explained that it might have occurred due to the strong interaction of
graphene and gas molecules at room temperature. To achieve fast response recovery
time, external heat treatment should be given or UV illumination is needed. Yavari
et al. [8] synthesized graphene films by using the CVD method for the utilization of
the sensor to detect NH3 and NO; gasses at room temperature. Excellent performance
of sensing was observed against NO, and NHj3 at 500 ppb—100 ppb, respectively.
Further, the joule heating treatment is given to desorb the gas molecules to achieve
the whole recovery.

Nowadays, metal/metal oxide with graphene nanocomposites has developed a
great interest in research. The composition of metal-oxide-based graphene was
approved in producing gas sensors which show high sensing performance. Many
researchers have reported a gas sensor based on metal-oxide in detecting toxic, explo-
sive, and harmful gases [9]. Low-dimensional nanostructured with metal-oxide mate-
rials were considered to produce high-performance gas sensor to protect the envi-
ronment and health of the human. Many factories and industries produce harmful
and toxic chemicals or gases in the environment which lead to damage to our envi-
ronment that causes issues of global warming. Hence, monitoring the quality of
air is needed to make our environment safe. Gas sensor plays an important role in
detecting toxic gases and to monitor the quality of the air to protect human health
and the environment [10]. Recently, Kumar et al. [11] investigated the gas sensor
based on graphene composite with different metal-oxide such as metal oxides like
tin oxide, ferric oxide, zinc oxide, and indium oxide to detect toxic gases. The author
observed that ZnO of 25 wt% exhibits a quick response against NH3 with a short time
to recover with comparison ZnO/rGO nanocomposite. The composite of SnO,-rGO
nanocomposite was also studied in which sensitivity was found to be 22 and 11 for the
concentration 1.12 x 107 toward ethanol and H,S, respectively. Nevertheless, the
gas sensor based on SnO; found to be 15 and 7. Hence, the study reveals that the gas
sensor based on SnO,-rGO nanocomposite shows better sensing performance than
the bare SnO,. Sensing response was observed improving with the addition of rGO.
Moreover, the author investigated the sensing properties of In,O3;-rGO nanocom-
posite synthesized by combining hard templet and ultrasonic mixing method. The
study shows that the In,O3/rGO nanocomposite shows a fast sensing response toward
ethanol in comparison with In, O3 but rGO did not. The author considered gas sensors
based on In, O3-rGO nanocomposite as a good material to sense ethanol. The sensing
performance of iron oxide with reduced graphene oxide was also investigated. The
variation of sensing response was observed as the temperature is varying as of 350—
450 °C. Against various concentrations of CO gas, the gas sensor was examined.



11 Investigation of Metal-Oxide/Reduced Graphene ... 213

At 10-200 ppm, Fe;04/rGO nanocomposite sensor responses and the response was
found to be 1.8 and 1.9 against the CO gas concentration of 100-200 ppm, respec-
tively, at 400 °C. Goutham et al. [12] design a gas sensor based on the composite
of graphene/CdO nanocomposite prepared by a cost-effective ultrasonic-assisted
process against the LPG gas for various situations. At room temperature, the sensing
response was observed and was found able to detect changing LPG gas concen-
tration as 100-800 ppm. The author observed the sensitivity at 600 ppm for 1 wt.
% of the sensor toward the LPG at room temperature. Further, the author suggests
that CdO/graphene nanocomposite sensor shows high selectivity, good sensitivity,
and stability against the LPG of low concentration. Jyoti and her co-workers [13]
investigated on rGO with Zinc oxide nanocomposites for the utilization to sense the
different concentration of NO, gas in the range 4—100 ppm. The study on the effect
of gas sensing with the increase of temperature was also done. It was found that
at room temperature, the rGO-ZnO nanocomposite shows the highest percentage
response. rtGO/ZnO nanocomposite shows the limitation to detect at 4 ppm. At room
temperature, the high response was obtained, i.e., 48.4% against the NO, of 40 ppm
concentration. Further, the author suggested rGO-ZnO nanocomposite material as
good material in sensing toward NO, gas sensor for room temperature. Mao et al.
[14] found that the sensing performance of shows better sensing response than that
of rGO toward NO,. However, tGO/SnO, nanocomposite exhibits a weak response
toward the exposure of NH3. Song with his co-workers [15] reported SnO, quantum
wire/rGO composites for the utilization in detecting H,S showed quick response
and recovery time (2/292 s) ranging from 10-100 ppm. Gas sensors based on SnO,
quantum wire/rGO nanocomposites showed a better response of about 33 than the
rGO. Yang et al. [16] prepared the graphene/CeO, composites by using a facile
solvothermal reaction for gas sensing applications. CeO, of 46.7 wt% composite with
graphene nanocubes exhibits high sensing response at the limit of detection 5 ppm
against the NO, gas. A higher sensitivity was observed of about 10.39% and quick
response time was exhibited of 7.33 s toward NO, for concentration 100 ppm at room
temperature in comparison with CeO,. Zhang et al. [17] demonstrated the property
of sensor toward hydrogen gas sensed using four different composites of CuO-rGO—
CuO, (CuO-rGO),—CuO, pure rGO, and CuO. The study found that the CuO/rGO
film sensor exhibits good response and recovery time and it was found to achieve the
highest sensitivity among the other composites. For different conditions of exposure
of hydrogen gas were examined such as for 50, 500, and 1500 ppm of hydrogen by
the CuO-rGO-CuO sensor. The sensing response and recovery time were found to
be less than 80 and 60 s which might be attributed as a good sensing property. Kumar
et al. [18] reported the synthesis of ZnO/rGO nanocomposite for the detection of
NO, gas. ZnO/rGO nanocomposite showed excellent sensing performance and high
electrical conductivity than the pure rGO against NO, gas. The author explained that
the strong interaction between ZnO and rGO composite might be responsible for
exhibiting high electrical and sensing properties. At the exposure of 50 ppm concen-
tration of NO,, the high response was observed at 50 °C with the response value ca.
32% by ZnO/rGO nanocomposite sensor. Song and co-workers [15] design chemire-
sistive gas sensors using SnO, quantum wires/rGO nanocomposites by spin-coating
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on the substrates of ceramics materials. Sintering was not done further. The sensing
performance was examined for SnO, quantum wire/rGO nanocomposites against
H;S of concentration 50 ppm and was found fully reversible when the exposure of
H,S begin with achieving sensor response as 33 in 2 s at 22°C. Moreover, the author
explained that due to the transfer of charge in the interface of SnO,/rGO and the excel-
lent transport capability of rGO leads in enhancing the sensing properties of SnO,
quantum wire/rGO nanocomposites. The author also suggests that a sensor made
at room temperature with easy fabrication will exhibit a highly sensing response
toward the ultrasensitive H,S gas with consuming less power. Many researchers
have reported on graphene-based gas sensor showing excellent sensing performance
(Fig. 11.1).

Different Methods for Preparing Graphene-Oxide
and rGO/metal-Oxide Nanocomposites

There are mainly three ways to form GO; they were Brodie method [19], Stau-
denmaier method [20], and Hummers method [21]. Hummer’s method is a widely
used method for synthesizing to GO. Different modified Hummer methods were
reported for the preparation of GO [22]. For the reduction of GO, there are various
methods such as micromechanical exfoliation, epitaxial growth, vapor deposition,
and chemical reduction [23-26]. Novoselov et al. prepared single-layer graphene
from graphite flakes by using scotch tapes which is deposited on a substrate of SiO,/Si
to obtain highly pure graphene [1]. The exfoliation of graphene from graphite using
the micromechanical method produces fewer layers of graphene having a crystalline
nature with large surface area [24]. The drawbacks of this method are the less produc-
tion of graphene and give a small size. Nevertheless, this method is considered a
simple method where there is no need for any other facilities. Good quality graphene
with a large size is obtained by using the epitaxial growth method in comparison to
that of the mechanical exfoliation process. However, there is the main drawback of
this method was that it cannot produce a large amount of uniformly graphene thick-
ness. For the production of graphene, the chemical vapor deposition (CVD) method
is widely used as the size and structure of graphene produced by this method can be
controlled.

Stankovich and his co-workers established a new approach to synthesized
graphene which is considered in the bottom-up method, known as chemical reduction
of graphene oxide which gives a new way of producing a large amount of graphene
that can be used in various applications and modification [27]. The synthesis of GO
using the chemical reduction method is hydrophilic and by sonication, it can be
dispersed in various solvents [28]. The obtained GO was used for the preparation of
different composites such as rGO powders, rGO film, and rGO with other compos-
ites. It is a cost-effective method. Many rGO-based gas sensor was fabricated using
different methods in which nanolithography is included. However, it is an expensive
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method. And there found that the rGO sensor synthesized by this method shows poor
sensing performance and lengthy recovery time of about 2 h. Further, to enhance the
sensing properties, it should be given a heat treatment or illumination of UV is to
be done [29]. Furthermore, the fabrication of the electrode using the nanolithog-
raphy method led to contaminate the surface of the sample which strongly affects the
sensing performance and the transport of charge in the specimen [30, 31]. Gu et al.
[32] synthesized In, O3 with GO nanocomposites by hydrothermal method followed
by the reduction of GO using hydrazine hydrate. Ghule et al. [33] prepared Fe,0;
with graphene-oxide nanocomposite film as a sensing material by a simple solid-state
method to detect liquefied petroleum gas (LPG) at 27 °C. The composite Fe,O3; with
different concentrations of GO such as 0.1, 1.0, and 10 wt. % were synthesized and
sintered for 2 h at 450 °C and utilize as a gas sensor material. It was found that at
room temperature, the sensitivity of the composite 1.0 wt. % Fe,O3/rGO shows the
response of approx. 35% for 100 ppm toward LPG as compared to GO (~15%) and
Fe, 03 (~25%). Other composites exhibit a sensing response of about 20—30% and it
was also explained that it can be attributed to its exhibiting large surface area and the
reduction of charge transfer resistance which have surface leading to the adsorption
of LPG molecules.

Preparation of GO

GO is prepared by modified Hummer’s method [34]. In this synthesis process, 5 g of
graphite powder is mixed with an H,SO4 concentration of 98% and sodium nitrate of
about 110 ml and 2.5 g, respectively. Stirring is to be done for about 30 min at room
temperature. After that, a black slurry suspension was observed as the mixing is nicely
done. The temperature of the beaker containing mixture should be controlled below
20 °C; to do this, the beaker is to be kept in a cold water bath. Potassium permanganate
of 15 g is added very slowly into the dispersion when the temperature completely
goes down below 20 °C under vigorously stirring condition. The temperature should
be maintained below 20 °C to stay safe from the explosion and to not get overheated.
Temperature is to be increased up to 35 °C after adding potassium permanganate
and stirring is done for 2 h. Dark brownish color with highly dense suspension was
observed for 2 hindicating the exfoliation of graphene oxide from graphite. Deionized
water of 300 ml is added into the mixture. The temperature is to be raised to 98 °C
and stirring is done for another 1 h. After the completion of 1 h, hydrogen peroxide
having a concentration (30%) of about 15 ml is to be is added into the mixture to
stop the reaction. The obtained mixture was filtered and the removal of metal ions
from the resulting mixture filtration is to be done by washing the obtained product
first time by HCI solution of 10% concentration and further is to be washed using
deionized water for several times. After completing the washing and filtration of the
resultants, it is to be kept at 60°C for 12 h to dry under vacuum. GO is obtained.
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Synthesis of rGO-Metal-Oxide Nanocomposite

Kumar et al. [18] reported the synthesis of rGO and zinc oxide-reduced graphene-
oxide (ZrGO) nanocomposite powder samples by a hydrolysis method in which 85%
hydrazine hydrate was utilized as the reducing agent. In the preparation of rGO from
GO by chemical, different reductants have been used like hydroquinone, hydrazine,
sodium borohydride, dimethylhydrazine, etc. rGO/metal-oxide was also prepared
using the hydrothermal method. The rGO-CuO nanocomposite was prepared using
the hydrothermal method which is depicted. Firstly, the obtained GO product was
added to 40 ml of deionized water to make its suspension very well. After that
Cu(NO3),. 2.5H,0 of 0.02 g is put into the GO suspension under vigorously stirring
condition and stir it for 15 min. Then, add NaOH (0.04 g) into the mixture and stir
it for another 20 min. After that sealed the mixture suspension in a Teflon container
of 100 ml having a steel enclosure and in the furnace, it is to be transferred. The
action is to be done for 4 h at desired temperature viz., 100 °C. When the reaction
was completed, the obtained product is to be kept to cool down at room temperature.
Further centrifugation is done for the obtained substance and washing of the substance
is required to removed metal ions using deionized water followed by ethanol several
times. The drying of the obtained substance is to be done at 80 °C [35].

Structural and Composition Characterization Techniques

Scanning Electron Microscope (SEM)

SEM is a technique that gives information about the surface topography and the
composition of the sample by scanning the surface with a focused beam of electrons.
The image obtained of CuO/rGO nanocomposite from SEM is shown in Fig. 11.2,
which reveals that confirms the CuO nanoparticles were well dispersed in the rGO
sheet. The SEM image shows spherical shape morphology. The texture of the surface
was observed as rough. Nevertheless, the size of the particle is found to be in the
range of nano [36].

Transmission Electron Microscopy (TEM)

TEM is a technique in which a beam of electrons is transmitted through a specimen
to form an image. It gives us information about the size and morphology of the
sample. Figure 11.3 shows the images obtained from TEM and HRTEM of CuO/rGO
nanocomposite. The CuO nanoparticles were found to be agglomerated from the
image. It obtained a particle size in the range of 60—65 nm. The image also confirms
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Fig. 11.2 SEM image of CuO/rGO nanocomposite. Reprinted with permission from Ref. [36].
Copyright (2018) Taylor and Francis

that CuO/rGO nanocomposites are highly crystalline in nature. CuO is well in contact
with the surface of rGO.

X-Ray Diffraction (XRD)

X-ray diffraction is a non-destructive analytical technique mainly used for phase
identification and structural characterization of crystalline materials. Bragg’s Law is
expressed as:

2dhkl sinf = n\
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.

Fig. 11.3 a-b TEM image of CuO/rGO nanocomposite c—d HRTEM image of CuO/rGO
nanocomposite. Reprinted with permission from Ref. [36]. Copyright (2018) Taylor and Francis

where 6 is the incident angle, X is the wavelengths of the x-rays, and d (hkl) is
spacing between two crystal lattice planes.

The XRD pattern of the CuO/rGO composite is shown in Fig. 11.4. XRD pattern
of the composition confirms the diffraction peak positions with the standard CuO and
rGO specimens confirming the formation of the monoclinic phase for the CuO. The
peaks were appeared corresponding to the planes (110), (—111), (—111), (—202),
(020), (202), (—113), (—=311), and (220). Other peaks were also observed at the
planes (002) and (100). It is attributed due to the presence of rGO. The diffraction
peak for GO was not observed as it was well reduced from GO. But the intensity
of reflection peaks of GO become weak in the composite while comparing with
as-synthesized rGO. Less agglomeration and disordered stacking of the rGO sheets
inside the composite might be responsible.
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Fig. 11.4 XRD patterns for CuO/rGO nanocomposites. Reprinted with permission from Ref. [36].
Copyright (2018) Taylor and Francis
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Fig. 11.5 FTIR spectra of CuO/rGO nanocomposite. Reprinted with permission from Ref. [36].
Copyright (2018) Taylor and Francis



220 N. A. Devi and B. P. Swain

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of CuO/rGO nanocomposite are depicted in Fig. 11.5. The spectrum
for the CuO/rGO composite was found to be at 526 cm™! for Cu—O bond. It can be
attributed that during the synthesis process, oxidation of cuprous ions was occurring
due to GO. Another peak appears at 3433 cm™~! which corresponds to the stretching
vibration of OH. The results reveal that the composite was well reduced in the
presence of cuprous ions.

Raman Spectroscopy

The Raman spectra for the composite CuO/rGO are depicted in Fig. 11.6. It was found
that the D and G bands for the rGO/CuO nanocomposite appeared at 1330 cm~! and
1594 cm™~!, respectively. In general, it is accepted that the Raman I p/I ; ratio (where
Ip and I are the D- and G-peak Raman intensities, respectively) is related to the
density of defects in graphene-based materials, and the graphitization degree of
carbonaceous materials.
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Fig.11.6 Raman spectrum of CuO/rGO nanocomposite. Reprinted with permission from Ref. [36].
Copyright (2018) Taylor and Francis
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Cyclic Voltammetry

It is an electrochemical technique that is used to measure the developing current in an
electrochemical cell under conditions where voltage is more than that predicted by
the Nernst equation. The CV is measured by varying different cycles of the potential
of a working electrode and the obtained current is measured. The cyclic voltammetry
measurement is done for CuO/rGO nanocomposite. The results for the CV measure-
ment for the samples G-CuO composite, G, GO, rGO-CuO composites and CuO
were depicted in Fig. 11.7. The range of the potential is set from —0.3 V to +-0.8 V.
Majumdar et al. achieved the values of specific capacitance by the CV measurement
for all the samples were found to be 3.2 Fg~!, 4.3 Fg~!, 13.1 Fg~', and 263.6 Fg~!
with respective to graphite, GO, graphene-CuO, and rGO-CuO composites samples
atascanrate of 5mVs~!. As compared to graphite, it was found that GO exhibits high
specific capacitance. CuO/GO nanocomposite shows 4 times high specific capaci-
tance than the pure graphite. The specific capacitance value for bare CuO was found
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Fig. 11.7 a-e Cyclic voltammetry measurement of GO, G, G—-CuO composite and CuO in the
potential range —0.3 V to +0.8 V at 5 mVs~!. f Plots of current density versus voltage at different
scan rates for the rtGO/CuO composite. Reprinted with permission from Ref. [37]. Copyright (2017)
Elsevier
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to be 39.7 Fg~! which is 6 times lower as compared to rGO-CuO nanocomposite for
the same scan rate. Hence, as compared to other composites, CuO/rGO nanocom-
posite found to achieve the highest specific capacitance. In Fig. 11.7, CV curves were
plotted of voltage versus current density for different scan rates for all the composites
[37].

X-Ray Photoelectron Spectroscopy (XPS)

The surface composition and element analysis for the resulting products were char-
acterized by an XPS technique. Figure 11.8 shows the XPS spectra of GO, rGO,
and composites. It was observed that all reveal the two peaks. One peak appears at
285.5 and another at 531.0 eV that corresponds to C;s and O, respectively. The
peak for Cuy, and Cus, was also observed which appears at 933.3 eV and 77.0 eV,
respectively [38].
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Fig. 11.8 XPS spectra of CuO/rGO, rGO and GO. Reprinted with permission from Ref. [38].
Copyright (2014) American Chemical Society
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Fig. 11.9 Impedances of the sensors based on a reduced graphene oxide, b metal-oxide and ¢
rGO/metal-oxide composite under different RHs measured at different frequencies. Reprinted with
permission from Ref. [38]. Copyright (2014) American Chemical Society
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Fig. 11.10 Response and recovery properties of the sensors fabricated with a metal-oxide and
the composites b rGO/metal-oxide nanocomposite. Reprinted with permission from Ref. [38].
Copyright (2014) American Chemical Society

Gas Sensing of Metal-Oxide/rGO Nanocomposite Toward
Different Gases.

NO;> Gas Sensor

Recently, Jyoti et al. [13] investigated the composite of metal-oxide/rGO against
the various concentration of NO; from 4-100 ppm. They also studied the sensing
performance by varying the temperature and it was found that at room temperature,
maximum percentage response of 48.4% at the concentration of NO, at 40 ppm
was obtained. Mao et al. [14] reported that rGO-based SnO, gas sensor enhances the
sensing properties toward NO, while for NH3, the sensing becomes weak. SnO,/rGO
nanocomposite sensors exhibit a sensitivity of 1.29-2.87 for NO, (100 ppm) and
sensitivity increases by 3.0-33.4% as compared to bare rGO. Whereas it shows 1.20—
1.47 sensitivity for NH3 and the sensitivity reduces by 13.4-23.8% with comparison
to rGO. Kumar [18] and his co-workers investigated the chemically synthesized
rGO/ZnO nanocomposite. The author suggested that the ZnO/rGO nanocomposite
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gas sensor exhibits a good sensing response toward NO2 gas. As compared to pure
rGO, ZnO/rGO nanocomposite shows a high sensing response of ca. 32% against
the NO, gas for 50 ppm at 50 °C. Gu et al. [32] demonstrated the sensing perfor-
mance of In,O3/rGO nanocomposite. The results reveal that In,O3/rGO nanocom-
posite exhibits excellent selectivity, high response, and relatively short response and
recovery time while detecting the NO; at room temperature. For the concentration 5—
50 ppm of NO,, there shows a rapid increase of response. While after concentration
reached 50-100 ppm, it was found that response increases slowly which might be
attributed to the fact that NO; reaches its saturation. The In,O3/rGO nanocomposite
gas sensor shows a response at 8.25, response time in 4 min and recovery time in
24 min.

LPG Gas Sensor

Goutham et al. [12] designed a gas sensor using CdO/rGO nanocomposite for the
detection of LPG gas. When there was an exposure of LPG, a decrease in resistivity
was observed. CdO/rGO (1 wt. %) sensor shows a sensitivity of LPG gas at 27 °C
for concentration 600 ppm with the increasing response of 70%. Further, the author
concluded that even at room temperature, CdO/rGO nanocomposite gas sensor shows
highly selective, stable, and sensitive to the low concentration of LPG. Ghule et al.
[33] investigated the sensing performance of Fe,Os/graphene-oxide nanocomposite
toward the LPG gas. The sensitivity against LPG for 100 ppm concentration at room
temperature shows that the 1.0 wt.% GO/Fe,Os;composite sensor exhibits ~35% to
that of other GO/Fe, 03 composite sensors, GO sensor and Fe, O3 sensor which shows
20-30%, ~15%, and ~25%, respectively. The author attributed to that of large specific
surface area and reduced charge transfer resistance, which, in general, has more
surface-active surface sites for adsorbing LPG molecules than those of individual
and other low-surface area sensors.

Ammonia Gas Sensor

Sakthivel et al. [35] synthesized CuO/rGO nanocomposite for the use in detecting
ammonia. It was found that the rGO-CuO nanocomposite sensor showed a fast
response in 12 s and a short recovery time of around 90 s for concentration 600 ppm
toward NH3 at 150 °C (Figs. 11.9 and 11.10).
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Conclusions

The previous work reported by the researchers on graphene-based metal-oxide
nanocomposite was reviewed in this context. The sensing properties observed toward
different gases like NO,, LPG gas, NHj3, Hj, etc., by various rGO-based metal-oxide
nanocomposite were discussed. The addition of rGO with metal-oxide improved the
sensing properties and enhanced the response of the sensor. The results were obtained
differently for different gas sensors prepared by different synthesis processes. The
characterization techniques such as SEM, TEM, XRD, FTIR, Raman, and CV
measurement give information about the structural, morphology, and behavior of
the metal-oxide/rGO nanocomposite that were also depicted.
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