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Abstract: Gas sensors can detect combustible, explosive and toxic gases, and have been
widely used in safety monitoring and process control in residential buildings, industries
and mines. Recently, graphene-based hybrids were widely investigated as chemiresistive
gas sensors with high sensitivity and selectivity. This systematic review is therefore timely
and necessary to evaluate the success of graphene-based hybrids on gas detection and to
identify their challenges. We review the sensing principles and the synthesis process of the
graphene-based hybrids with noble metals, metal oxides and conducting polymers to achieve
better understanding and design of novel gas sensors. Our review will assist researchers to
understand the evolution and the challenges of graphene-based hybrids, and create interest
in development of gas-sensing techniques. In this paper, the main characteristics of gas
sensor are firstly introduced, followed by the preparation methods and properties of graphene.
In addition, the development process and the state of graphene gas sensors are introduced
emphatically in terms of structure and performance of the sensor. The emergence of new
candidates including graphene, polymer and metal/metal oxide composite enhances the
performance of gas detection significantly. Finally, the clear direction of graphene gas sensors
for the future is provided according to the latest research results and trends. It provides
direction and ideas for future research.
Keywords: Graphene, Chemiresistive gas sensor, Gas detection, Graphene-based hybrid,
Graphene-metal hybrid, Graphene-metal-oxide hybrid, Graphene-polymer hybrid,
Nanocomposite, Sensing

Introduction
With the improvement of industry, living standards and the emphasis on the environment,
the detection of toxic and hazardous gases is facing higher challenges. In addition,
sensors sensing the surrounding gas environment play an important role in this field.
Gas sensors are devices that convert the gas volume fraction into corresponding electrical
signal [1]. They are of crucial importance in environmental monitoring, industrial
chemical processing, public safety, agriculture and medicine [2]. With the development
of science and technology, the development of gas sensors towards high sensitivity,
high selectivity, fast response, low cost, low power consumption, stability and portability
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has led to the search for new and superior gas-sensing materials [3]. Metal oxide
semiconductor (MOS) gas sensors are the most wildly used gas sensors in the world for
production and use due to its high sensitivity and fast response time [4]. The sensing
mechanism of the MOS gas sensors is attributed to changes of electric charge carriers
caused by oxidation or reduction reactions occurring at the surface of the metal oxide
[5]. However, they still have the disadvantages of short life, poor selectivity and high
operating temperature. Sensitivity is not sufficient for the application of precision
measurement. The key indicator of material gas sensitivity is the specific surface area,
which is the total surface area of a material per unit of mass [6]. The large specific
surface area of nanomaterials facilitates the adsorption of gas molecules, thereby
enhancing the sensitivity of gas detection. Theoretical and experimental results showed
that [7] graphene and its derivatives, such as graphene oxide (GO) and reduced graphene
oxide (rGO), exhibit large specific surface area, excellent conductivity, and easy
adsorption of gas molecules, and the surface can easily be modified by functional groups,
so it has good gas sensing properties. Graphene, a monolayer of graphite sheet consisting
of sp2 hybridized carbon atoms covalently bonded to three other atoms which was first
isolated by Geim and Novoselov using micro-mechanical peeling of graphite in 2004, so
they won the 2010 Nobel Prize in Physics [8]. Graphene is the thinnest and highest
strength material in nature at present and has the advantages of strong electric
conductivity and heat conductivity, and is almost transparent and dense, thus attracts
people’s attention [9]. Nowadays, there are many studies about graphene gas sensors
focused on the performance improvement in the field of composite materials,
computational chemistry and Micro-Electro-Mechanical System (MEMS). Considering
the practical application of graphene gas sensor, we need to find the most potential
direction. In this article, the development process and the state of art of graphene gas
sensors are introduced. The direction of graphene gas sensors for the future is also
provided. The review provides important reference for follow-up research work. Besides
the surface modification by physical methods, chemical modification has commonly
been used to enhance the sensing properties of graphene [10]. In particular, graphenebased hybrids consisting of graphene and traditional gas-sensing materials (e.g., noble
metals, metal oxides or conducting polymers) display not only the individual properties
of the traditional gas-sensing materials and graphene, but also additional novel properties
due to the synergistic effect between them. The outstanding gas-sensing properties of
graphene greatly depend on the number of layers and its dispersion. Due to van der
Waals and ð-ð stacking interactions among individual graphene sheets, they have a
tendency to aggregate when graphene-dispersion solutions are dried. Incorporation of
nanostructures of traditional gas-sensing materials into graphene sheets prevents
graphene from becoming agglomerated and also helps to achieve a good distribution of
nanostructures. Thus, the effective surface area available for the gas interaction increases
by several times. These nanostructure-graphene hybrids are prepared by an in-situ
method, where nanostructures are prepared in the presence of graphene solution, or by
directly mixing two previously prepared solutions.
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Although some reviews about graphene-based gas sensors were published recently
[11–14], little attention was given to hybridized graphene gas sensors. However,
increasing effort has been devoted to development of the hybridized graphene gas
sensors. A systematic review is therefore timely and necessary to evaluate the success
and to identify the challenges for graphene hybrids in gas detection. Here, we review
the sensing mechanism and unique performance of the graphene-based hybrids as gas
sensors. This review will help researchers understand the evolution and the challenges
of graphene-based hybrids, and also further stimulate interest in the development of
gas-sensing techniques.
We introduce hybridized graphene gas sensors by dividing them into four types
according to their sensing principles, i.e., the hybrids of graphene with noble metals,
metal oxides and conducting polymers, respectively, and their ternary hybrids.
2. Experimental
2.1 Synthesis of Graphene & Graphene based material
There are mainly four approaches to synthesize single layered or few-layered graphene:
micromechanical exfoliation, epitaxial growth, vapor deposition, and chemical reduction
[15–18]. Novoselov et al. used scotch tapes to repeatedly peel flakes of graphite off the
mesas which were fixed onto a SiO2/Si substrate, and the high-purity, single layered
graphene was obtained [19]. By micromechanical exfoliation of highly ordered pyrolytic
graphite, crystalline graphene nanosheet with large surface areas and a small number
of layers could be obtained [20]. This method is very simple and does not need any
special facilities. However, it is limited to laboratory research because of the small size
and inefficiency of the production. Berger and his co-workers got graphene thin films
which exhibited remarkable two-dimensional (2D) electron gas behaviors through
thermal decomposition on the (0001) surface of 6H-SiC [21]. Epitaxial growth, compared
with mechanical exfoliation, can realize the preparation of graphene with larger sizes
and higher qualities. Hence, this approach is of significant importance for graphene
semiconductor devices. Although a great breakthrough has been made for this technique,
there is still a long way to go toward mass production of the graphene with uniform
thickness and acceptable cost. Chemical vapor deposition (CVD) is the most extensively
used method in industrial manufacture considering the merits of controllable sizes and
structures. By pyrolysis of carbon-containing compounds, graphene was grown on the
surfaces of transition metals, such as Cu, Pt, Ni, Ru, and Ir [22]. Copper foil is the most
common substrate material to build single-layered graphene. Li and his group have
successfully synthesized large-area and uniform graphene films on copper foils with a
high quality by CVD techniques using methane as carbon source [23]. In 2006,
Stankovich et al. created a bottom-up approach when they incorporated graphene sheets
in a composite material and the far-reaching method, which called chemical reduction
of graphene oxide, pave the way for graphene’s large-scale production, modification,
and application [24]. Figure 6 displays the fabrication process flow of graphene–polymer
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composite. In 2009, Tung et al. reported a versatile solution-based process for the
largescale production of single-layered chemically converted graphene over the entire
area of a silicon/SiO2 wafer [25]. Brodie method, Staudenmaier method and Hummers
method are three main ways to form GO. Hummers method is becoming the most popular
approach to synthesize GO by virtue of its merits, including rapid, easy and relatively
safe properties. Various modified Hummers methods have been reported to promote
the progress of GO preparation [26].
3. Result & Discussion
3.1 Graphene Gas Sensor
3.1.1 Gas Sensors Based on Pristine Graphene
In 2007, Schedin et al. used mechanically stripped graphene for the detection of individual
gas molecules [27]. In the experiment, the response of graphene to 1 ppm ammonia
(NH3), carbon monoxide (CO), nitric oxide (NO) and water vapor was measured and
the change of resistance was recorded. Figure 2 shows that the resistance of graphene
increases after access NH3 and CO. The electron transferred to the graphene material
as these two gas molecules adsorbed on the surface of graphene, resulting in reduced
conductivity, which increased resistance. The opposite happened after access to water
vapor and nitrogen dioxide (NO2).

Figure 1. Typical schematic diagram of a chemiresistor, b FET, and c testing system of gas sensors with
chemiresistor structure. Adapted from reference [58, 59]
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Figure 2. Chemical sensitivity of grapheme [28].

In 2012, Hwang et al. from Yonsei University studied the response of graphene to
NH3 with different layer number and length-to-width (L/w) ratio [28]. The graphene
was prepared from highly oriented pyrolytic graphite (HOPG) through mechanical
cleavage. Figure 3a shows the different layers of graphene have similar responses to
NH3, indicating that the graphene layer (mono-, bi- and tri-layer) has no obvious influence
on the sensitivity of gas sensing. Figure 3b indicates that the response time and response
intensity obviously changes with the change of L/w. To sum up, the key factor that
affects the sensing of NH3 by graphene is the aspect ratio rather than the layers.

Figure 3. (a) Comparison of the response of monolayer, double and triple layer graphene to NH3 with a
flow rate of 200 mL/min; and (b) The change in response due to L/w ratio and surface area of
graphene with NH3 flowing at 200 mL/min [29].

In 2017, Ricciardella F from Delft University of Technology prepared the graphene
sensing layer by chemical vapor deposition on pre-patterned catalyst and then it was
eased onto the underlying SiO2 through a completely transfer-free process [29]. The gas
sensing materials had different line width: 5 and 10 _m. The latter one, having a sensing
area reduced by half with respect to the former one, showed a higher sensitivity upon
exposure towards both gases, indicating that the sensitivity can be modulated by varying
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the geometry of the device exposure area. Yanyan Wang et al. from Jiangsu University
proposed a vertical responsive gas sensor based on three-dimensional porous graphene
ultrathin film, as shown in Figure 4 [30]. Different from the flat transportation response,
the current in the structure flowed in a direction perpendicular to the graphene film,
which avoided the impediment to carriers due to the graphene’s adhesion to gas molecules
in the plane.

Figure 4. Vertical responsive gas sensor based on 3D porous graphene ultrathin film [30].

In 2017, Wei Wei et al. from Key Laboratory of Optoelectronic Technology & Systems,
Chongqing University proposed a graphene-based long-period fiber grating surface
plasmon resonance (LPFG SPR) sensor for high-sensitivity gas sensing and its preparation
process, as shown in Figure 5 [31]. A monolayer of graphene was coated onto the Ag
film surface of the LPFG-SPR sensor, which increased the intensity of the evanescent
field on the surface of the fiber, thereby enhancing the interaction between the SPR
wave and molecules. Such features significantly improved the sensitivity of the sensor.
The experimental results demonstrated that the sensitivity of the graphene.

Figure 5. Schematic of the graphene-based LPFG SPR sensor [31].

3.1.2 Gas sensor of graphene with metal oxides
Metal oxides (e.g., SnO2, ZnO, In2O3 and Co3O4) have been widely used as gas sensors
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because of their advantages of low cost, easy production, compact size and simple
measuring electronics [31–33]. However, the morphology and the structure of the sensing
materials significantly influence their sensing performance, so various nanostructured
metal oxides have been prepared to improve gas-sensing properties [32–35].
As a recent research interest, the hybrids of graphene with metal oxides were
extensively investigated as gas-sensing materials to improve sensing performance. The
synergistic effect between graphene and metal oxides can be summarized as follows:
·

graphene can control the size and the morphology of metal oxides during
synthesis;

·

graphene increases the conductivity of metal oxides, which may rapidly transfer
the electrons acquired from the surface reaction of gas molecules and metal oxides
to electrodes;

·

there are p-n junctions between p-type graphene and n-type metal oxides, which
may modulate the space-charged layers at the interfaces between graphene and
metal oxides; and,

·

metal-oxide nanostructures can prevent aggregation of graphene.

3.1.3 Gas sensor of graphene with conducting polymers
In the past few decades, conducting conjugated polymers, such as polythiophene (PTh),
polyaniline (PANI), and polypyrrole (PPy), which have ð-conjugated carbon chains,
have been investigated intensely, especially for their gas-sensing properties. They have
exhibited many excellent properties, such as electrochemical reversibility, environmental
stability, high conductivity, good mechanical performance and ease of preparation
through chemical and electrochemical methods. Moreover, they possess advantages
over metal-oxide gas sensors due to their capability to operate at room temperature [36]
and excellent mechanical characteristics for fabricating flexible gas sensors [37,38].
Recently, graphene was used to hybridize with them to enhance their gas-sensing
performance further [39–42]. Table 3 compares the gas-sensing performance of
conducting polymer/graphene hybrids, and it shows that they all operated at room
temperature because most of the conducting polymers also operated at room temperature.
The synergistic effect enhances the gas-sensing performance of hybrids.
Graphene can tune the morphology and enhance the electrical conductivity of the
conducting polymer, which may enrich functional groups for gas-molecule adsorption
compared to a pure graphene sensor. The electrical conductivity of hybrids is usually
adjusted by controlling the weight percentage of graphene [43].
During the typical sensing process, the analytes directly adsorb on the surface of
conducting polymers and then react with them. The electron charges move from the
analytes to the conducting polymers and then transfer to the graphene.
The synergistic effects on gas sensing were investigated by Jang et al. [44], who
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compared the sensing properties of the hybrids of PPy with different graphitic materials,
including GO and RGO. The PPy/GO hybrid showed lower sensitivity than the PPy/
RGO hybrid because the electron-charge transfer between PPy and GO was difficult,
particularly due to the poor interfacial affinity and the lower electrical conductivity of
GO. The electron charge acquired from the analyte on the surface of PPy could not be
transferred effectively to the electrode via GO. The PPy/RGO hybrid overcame the
drawback by using the more conductive RGO, and showed higher sensitivity because of
improved electrical conductivity. Besides, RGO played an important role in tuning the
morphology of the hybrids. PPy/RGO hybrids showed less aggregation among those
hybrids, when PPy was uniformly and thinly coated on RGO.
Since conducting polymers are usually dense film structures, it is difficult for gases
to diffuse into the inner region, so, for high sensitivity, it is critical to tune the morphology
of the hybrids. To obtain a uniform thin film, Gross et al. [45] synthesized the hybrid of
poly (diallyldimethyl ammonium chloride) (PDAC) and RGO by the layer-by layer
technique, which could discriminate between VOCs, including toluene, gasoline, ethanol,
chloroform, and acetone. Tung et al. [46] prepared a thin hybrid film of poly(3,4ethylenedioxythiophene) (PEDOT) and RGO using vapor-phase polymerization.
Compared to traditional chemical polymerization, vapor-phase polymerization was a
rapid, simple method to fabricate high-quality CP/RGO thin film. Yang et al. [47, 48]
synthesized porous PEDOT on single layer RGO using a fast baking treatment to improve
the capability of gas diffusion. The porous PEDOT/RGO hybrid exhibited response two
orders higher than the bare RGO and the common RGO/PEDOT hybrid, and response
and recovery faster than that of the bare RGO, due to the porous structure of PEDOT.
Huang et al. [49] fabricated another hybrid, in which PANI-NPs were anchored on
the surface of RGO sheets by using RGO/MnO2 hybrids as both templates and oxidants
for aniline monomer during polymerization. The RGO/PANI hybrid exhibited much
better response to NH3 gas than those of the bare PANI nanofiber and bare graphene
because of the synergetic behavior between the RGO sheets and the PANI-NPs. The
PANI-NPs, instead of PANI film, were coated onto the RGO, enlarged the surface area
and enhanced the ability of gas diffusion.
Another sensing mechanism for conducting polymer/graphene hybrids was
proposed by Konwer et al. [50], who prepared a polyaniline/GO (PANI/GO) hybrid
and investigated its sensing properties to methanol. It was proposed that the change in
conductivity of the hybrid was caused by the strong hydrogen bonding between methanol
and PANI, which disrupted the extended H-bonding between GO and PANI. After the
removal of methanol, possible reformation of the extended H-bonding between GO and
PANI took place and the conductivity returned to its original value.
In 2014, Huiling Tai et al. from University of Electronic Science and Technology of
China proposed a graphene-based ternary composite film gas sensor and a preparation
method thereof [51], as shown in Figure 6. The gas-sensitive material is a composite of
graphene, metal or metal oxide nanoparticles and conductive polymer compound.
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Figure 6. The flow chart of the preparation of ternary composite.

In 2011, Jaeseok Yi from Hanyang University, South Korea employed CVD-graphene
sheets along with thin metal layers as the top electrodes of vertically aligned ZnO NRs
(ZnO NRs-Gr/M), and studied the performance of this composite sensor [52]. The ZnO
NRs-Gr/M hybrid structure could keep sufficient space between the whole nanowires
to ensure rapid delivery of gas, as shown in Figure 7.

Figure 7. Schematic illustrating of the key steps for fabricating the ZnO NRs–Gr/M hybrid architectures
[52].

3.1.4 Quaternary graphene-based Nanocomposite
To improve the sensing performance of graphene-based binary hybrids further, ternary
or quaternary graphene hybrids have been developed in which noble-metal-metal oxide,
noble-metal-conducting polymer or metal-oxide-conducting polymer was hybridized
with graphene to combine their advantages. To combine the advantages of noble-metal
and metal oxide, Pd-WO3 nanostructures were incorporated on RGO sheets using a
controlled hydrothermal process to fabricate effective hydrogen-gas sensors; they
exhibited a wide response range, good sensitivity, a rather low working temperature, a
fast response and fast recovery time [53]. RGO provided carrier-transfer pathways,
while Pd possessed high catalytic activity and consequently increased the reaction activity
of the space-charge layers of WO3. In air, the oxygen molecules reacted preferentially
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with Pd, forming oxygen anions that then spilled over to the WO3 matrix. The target
gases might be adsorbed onto the surface of Pd and then migrate to the surface of WO3
to react with surface oxygen species, thereby increasing the surface conductivity. Sensor
arrays from multi-component, micro patterned NPs and graphene were developed by
Nagelli et al. [54]; patterned noble-metal/metal-oxide-NPs on graphene were developed
through region-specific plasma treatment followed by region-selective substrateenhanced electro less deposition of AuNPs and solution alkalization of ferrous-chloride
tetra hydrate in the presence of ammonia into Fe3O4-NPs. The patterned sensor arrays
were highly selective for detecting low levels of chemical-vapor molecules at ppm levels.
Binary metal oxides have also been investigated to hybridize with graphene to
enhance the sensitivity and the selectivity of gas sensing [55]. Cui et al. [56] synthesized
Nano hybrids of indium-doped SnO2-NPs on an RGO surface prepared using a simple
one-pot method at a relatively low temperature. The introduction of dopants facilitated
NP nucleation on GO and improved the sensitivity and the selectivity, which could be
attributed to the increase of oxygen species on the NP surface by introducing indium as
a dopant and the differential selectivity of SnO2 and In2O3.
Besides the ternary hybrids, a new quaternary graphene-based hybrid has been
synthesized from the assembly of magnetic NP-decorated RGO (Fe3O4 /RGO) with
PEDOT and PIL [57]. The Fe3O4/RGO/PIL/PEDOT sensor exhibited stable, reproducible
signals at room temperature for both polar and non-polar VOCs. That quaternary hybrid
demonstrated enhanced sensitivity, selectivity, signal-to-noise ratio and reduced response
time compared to its elementary constituents, which suggested a positive synergy of
properties through structuring the conducting architecture by spray LbL.
4. 1 Ammonia Sensing
Ammonia (NH3) is a compound of nitrogen and hydrogen with the formula NH3, which is
a colorless gas with a characteristic pungent smell. Ammonia not only contributes
significantly to the nutritional needs of terrestrial organisms by serving as a precursor to
food and fertilizers, but also is a building-block for the synthesis of many pharmaceuticals,
and is used in many commercial products. Although widely used, this gas is both caustic a
hazardous, and thus it is harmful to human and would pollute environment. Therefore, the
detection of NH3 is a pressing requirement for the modern society. Recently, a great deal of
efforts had presented a great leap forward in the development of graphene gas sensors for
ammonia detection. Gautam and his team investigated ammonia gas-sensing behaviors of
graphene synthesized by CVD, of which the sensitivity and the recovery time were enhanced
by the deposition of gold nanoparticles on the surface of graphene films [58-62]. Yavari et al.
manufactured a device which was distinctly superior to commercially available NO2 and
NH3 detectors [62-64]. They found graphene films synthesized by CVD had an outstanding
property of detection of NO2 and NH3 at room temperature. The detection limits of both
NO2 and NH3 reached to ppb level. Wu and his co-workers reported a contrast experiment
between graphene/PANI nanocomposites, and PANI to explore their sensing properties
[64-69]. The results indicated that the NH3 detection limit of graphene/PANI sensors (ca. 1
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ppm) was lower than that of PANI (ca. 10 ppm). This indicated that the sensitivity of
graphene/PANI sensors for NH3 detection was enhanced by introduction of graphene into
PANI. A simple, low-cost, and practical inkjet-printing technique for fabricating an innovative
flexible gas sensor based on graphene–poly (3, 4-ethylenedioxythiophene): poly (styrene
sulfonate) (PEDOT: PSS) composite films with high uniformity over a large area was created
by Seekaew et al. [70-76]. Figure 8 clearly depicts a schematic diagram of this brand new
gas sensor fabrication process. The ink-jet printed graphene-PEDOT: PSS gas sensor exhibited
high response and high selectivity to NH3 in a low concentration ranging from 25 to 1000
ppm at room temperature. This novel and convenient method would provide a new thought
for the controllable and mass manufacture of gas detectors.

Fig. 8 Schematic diagram of gas-sensor fabrication process. [62]

4.2 Response Mechanisms of Gas sensing
We have given a brief introduction to the classification of gas/vapor sensors. Considering
that the gas-sensing mechanisms of graphene is uncertain and related research is rare,
herein, we just give a recognized point of view as a general introduction of the reference
of other related literatures [76-79]. Graphene is intrinsically inert and nonselective. It’s
great efficiency to conduct electricity and distinguishing features of ballistic transport of
charges decide that this two-dimensional material is an ideal candidate to serve as a
platform or a supporter, in which we can realize many specific functions by doping or
compositing with other materials. [80-89] Once combined with other materials physically
or chemically, graphene can show the characteristics of the semiconductor in normal
circumstances, of which conductivity is determined by carriers’ concentration. For
chemiresistor-type sensors, sensing materials show response to externalities by the change
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of conductivity, that is the variation of concentration of hole or electron carriers. [90-95]
Sometimes, p-type graphene and n-type graphene can transform from one to another
by changing the annealing temperature. Wang et al. explored this interesting
phenomenon that the slightly reduced p-type graphene showed ultrasensitive gas sensing
at room temperature, with a response of 58 % to 1 ppm ethanol, while the graphene
could become n-type and insensitive to gas sensing, with a low response of 0.5 % to 50
ppm ethanol, by simply increasing the annealing temperature to about 300 _C [95-100].
Conclusions
Improving the sensitivity of the sensor is the main goal of studying gas sensing. The
excellent conductivity of graphene as well as the surface-rich and easily modifiable
functional groups gives it great advantage as a resistance sensor. Pure graphene prepared
by various methods generally responds well to gases with concentration below 5%. In
recent years, graphene, polymer, metal and metal oxide composite obtained by the new
composite materials emerge in the field of gas detection, and the response is up to 30%,
which greatly enhances the performance, indicating that graphene composites in the
gas sensitive material has a very good potential for development. At the same time,
researchers have proposed many different sensors and reduced the production cost,
such as vertical structure, graphene as a vertical electrode and so on, which is the
foundation of the graphene sensor scale production.
References
[1].

Basu, S.; Bhattacharyya, P. Recent developments on graphene and graphene oxide based solid state
gas sensors. Sens. Actuators B Chem. 2012, 173, 1–21.

[2].

Varghese, S.S.; Varghese, S.H. Two-Dimensional Materials for Sensing: Graphene and Beyond.
Electronics 2015, 4, 651–687.

[3].

Zhang, T.; Mubeen, S. Recent progress in carbon nanotube-based gas sensors. Nanotechnology 2008,
19, 332001.

[4].

Govardhan, K.; Grace, A.N. Metal/Metal Oxide Doped Semiconductor Based Metal Oxide Gas Sensors—
A Review. Sens. Lett. 2016, 14, 741–750.

[5].

Korotcenkov, G. Metal oxides for solid-state gas sensors: What determines our choice? Mater. Sci.
Eng. B 2007, 139, 1–23.

[6].

Mohammadi, M.R.; Fray, D.J. Development of nanocrystalline TiO2–Er2O3, and TiO2–Ta2O5, thin film
gas sensors: Controlling the physical and sensing properties. Sens. Actuators B Chem. 2009, 141, 76–84.

[7].

He, Q.; Wu, S.; Yin, Z.; Zhang, H. Graphene-based electronic sensors. Chem. Sci. 2012, 3, 1764–1772.

[8].

Zhang, S.; Shao, Y.; Liao, H.; Engelhard, M.H.; Yin, G.; Lin, Y. Polyelectrolyte-induced reduction of
exfoliated graphite oxide: A facile route to synthesis of soluble graphene nanosheets. ACS Nano
2011, 5, 1785–1791.

[9].

Falkovsky, L.A. Optical properties of graphene. J. Exp. Theor. Phys. 2008, 115, 012004.

[10] X.Q. Zhou, X.L. Wang, B. Wang, Z.M. Chen, C.Y. He, Y.Q. Wu, Preparation, characterization and NH3sensing properties of reduced graphene oxide/copper phthalocyanine hybrid material, Sensor Actuat.
B 193 (2014) 340-348.
[11] S. Basu, P. Bhattacharyya, Recent developments on graphene and graphene oxide based solid state gas

Modified Quaternary Nanostructure on Graphene sheets as Counter electrode for Dye-sensitized Solar Cells

179

sensors, Sensor Actuat. B 173 (2012) 1-21.
[12] R. Stine, S.P. Mulvaney, J.T. Robinson, C.R. Tamanaha, P.E. Sheehan, Fabrication, optimization, and
use of graphene field effect sensors, Anal. Chem. 85 (2013) 509-521.
[13] F. Yavari, N. Koratkar, Graphene-based chemical sensors, J. Phys. Chem. Lett. 3 (2012) 1746-1753.
[14] Y.X. Liu, X.C. Dong, P. Chen, Biological and chemical sensors based on graphene materials, Chem.
Soc. Rev. 41 (2012) 2283-2307.
[15]. Zhang, X.; Wang, Y. Research and Development of Gas Sensors Based on Nanomaterials. Sens.
Microsyst. 2013, 32, 1–5.
[16]. Wang, T.; Huang, D.; Yang, Z.; Xu, S.; He, G.; Li, X.; Hu, N.; Yin, G.; He, D.; Zhang, L. A Review on
Graphene-Based Gas/Vapor Sensors with Unique Properties and Potential Applications. Nano Micro
Lett. 2016, 8, 95–119.
[17]. Sriyudthsak, M.; Teeramongkolrasasmee, A. Radial basis neural networks for identification of volatile
organic compounds. Sens. Actuators B Chem. 2000, 65, 358–360.
[18]. Wehling, T.O.; Novoselov, K.S. Molecular doping of graphene. Nano Lett. 2008, 8, 173–177.
[19]. Pearce, R.; Iakimov, T. Epitaxially grown graphene based gas sensors for ultra-sensitive NO2, detection.
Sens. Actuators B Chem. 2010, 155, 451–455.
[20]. Sun, F.; Xu, S. Application of Graphene Material in Gas-Sensor. J. South China Norm. Univ. 2013, 6,
93–98.
[21]. Bouvet, M. Phthalocyanine-based field-effect transistors as gas sensors. Anal. Bioanal. Chem. 2006,
384, 366–373.
[22]. Novoselov, K.S.; Geim, A.K. Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306,
666–669.
[23]. Ohno, Y.; Maehashi, K. Chemical and biological sensing applic
[24]. Arsat, R.; Breedon, M. Graphene-like nano-sheets for surface acoustic wave gas sensor applications.
Chem. Phys. Lett. 2009, 467, 344–347.
[25]. Lee, J.; Kim, J. MEMS-based NO2, gas sensor using ZnO nano-rods for low-power IoT application. J.
Korean Phys. Soc. 2017, 70, 924–928.
[26]. Hill, E.W.; Vijayaragahvan, A. Graphene Sensors. IEEE Sens. J. 2011, 11, 3161–3170.
[27]. Schedin, F.; Novoselov, K.S. Detection of Individual Gas Molecules by Graphene Sensors. Nat. Mater.
2006, 6, 652–655.
[28]. Hwang, S.; Lim, J. Chemical vapor sensing properties of graphene based on geometrical evaluation.
Curr. Appl. Phys. 2012, 12, 1017–1022.
[29]. Ricciardella, F.; Vollebregt, S. High sensitive gas sensors realized by a transfer-free process of CVD
graphene. In Proceedings of the 2016 IEEE Sensors, Orlando, FL, USA, 30 October–3 November 2016.
[30]. Wang, Y.; Peng, C. Vertical Response Gas Sensor Based on Three-Dimensional Porous Graphene
Ultrathin Film and Its Preparation Method. Patent CN106596654A, 16 April 2017.
[31]. Wei, W.; Nong, J. Graphene-Based Long-Period Fiber Grating Surface Plasmon Resonance Sensor for
High-Sensitivity Gas Sensing. Sensors 2017, 17, 2.
[32] M.E. Franke, T.J. Koplin, U. Simon, Metal and metal oxide nanoparticles in chemiresistors: Does the
nanoscale matter, Small 2 (2006) 36-50.
[33] M. Tiemann, Porous metal oxides as gas sensors, Chem.-Eur. J. 13 (2007) 8376-8388.
[34] A. Tricoli, M. Righettoni, A. Teleki, Semiconductor gas sensors: Dry synthesis and application, Angew.
Chem. Int. Edit. 49 (2010) 7632-7659.
[35] J.H. Lee, Gas sensors using hierarchical and hollow oxide nanostructures: Overview, Sensor Actuat. B
140 (2009) 319-336.
[36] L. Zhang, F.L. Meng, Y. Chen, J.Y. Liu, Y.F. Sun, T. Luo, M.Q. Li, J.H. Liu, a novel ammonia sensor

180

Journal of Multifunctional Materials & Photoscience
based on high density, small diameter polypyrrole nanowire arrays, Sensor Actuat. B 142 (2009) 204209.

[37] O.S. Kwon, S.J. Park, J.S. Lee, E. Park, T. Kim, H.W. Park, S.A. You, H. Yoon, J. Jang, Multidimensional
conducting polymer nanotubes for ultrasensitive chemical nerve agent sensing, Nano Lett. 12 (2012)
2797-2802.
[38] S. Bai, C. Sun, P. Wan, C. Wang, R. Luo, Y. Li, J. Liu, X. Sun, Transparent conducting films of hierarchically
nanostructured polyaniline networks on flexible substrates for high-performance gas sensors, Small
11 (2015) 306-310.
[39] C.M. Hangarter, N. Chartuprayoon, S.C. Hernandez, Y. Choa, N.V. Myung, hybridized conducting
polymer chemiresistive nano-sensors, Nano Today 8 (2013) 39-55.
[40] H. Bai, K.X. Sheng, P.F. Zhang, C. Li, G.Q. Shi, Graphene oxide/conducting polymer composite
hydrogels, J. Mater. Chem. 21 (2011) 18653-18658.
[41] Z.B. Ye, Y.D. Jiang, H.L. Tai, Z. Yuan, The investigation of reduced graphene oxide/P3HT composite
films for ammonia detection, Integr. Ferroelectr. 154 (2014) 73-81.
[42] Y. Zhou, Y.D. Jiang, G.Z. Xie, M. Wu, H.L. Tai, Gas sensors for CO2 detection based on RGO-PEI films
at room temperature, Chinese Sci. Bull. 59 (2014) 1999-2005.
[43] W.D. Lin, H.M. Chang, R.J. Wu, Applied novel sensing material graphene/polypyrrole for humidity
sensor, Sensor Actuat. B 181 (2013) 326-331.
[44] W.K. Jang, J. Yun, H.I. Kim, Y.S. Lee, Improvement of ammonia sensing properties of polypyrrole by
nanocomposite with graphitic materials, Colloid. Polym. Sci. 291 (2013) 1095-1103.
[45] M.A. Gross, M.J.A. Sales, M.A.G. Soler, M.A. Pereira-da-Silva, M.F.P. da Silva, L.G. Paterno, Reduced
graphene oxide multilayers for gas and liquid phases chemical sensing, RSC Adv. 4 (2014) 1791717924.
[46] T.T. Tung, M. Castro, J.F. Feller, T.Y. Kim, K.S. Suh, Hybrid film of chemically modified graphene and
vapor-phase-polymerized PEDOT for electronic nose applications, Org. Electron. 14 (2013) 2789-2794.
[47] Y.J. Yang, S.B. Li, W.Y. Yang, W.T. Yuan, J.H. Xu, Y.D. Jiang, In situ polymerization deposition of
porous conducting polymer on reduced graphene oxide for gas sensor, ACS Appl. Mater. Inter. 6
(2014) 13807-13814.
[48] Y.J. Yang, X.J. Yang, W.Y. Yang, S.B. Li, J.H. Xu, Y.D. Jiang, Porous conducting polymer and reduced
graphene oxide nanocomposites for room temperature gas detection, RSC Adv. 4 (2014) 42546-42553.
[49] X.L. Huang, N.T. Hu, R.G. Gao, Y. Yu, Y.Y. Wang, Z. Yang, E.S.W. Kong, H. Wei, Y.F. Zhang, Reduced
graphene oxide-polyaniline hybrid: Preparation, characterization and its applications for ammonia
gas sensing, J. Mater. Chem. 22 (2012) 22488-22495.
[50] S. Konwer, A.K. Guha, S.K. Dolui, Graphene oxide-filled conducting polyaniline composites as
methanol-sensing materials, J. Mater. Sci. 48 (2013) 1729-1739.
[51]. Tai, H.; Ye, Z. Graphene-Based Ternary Composite Film Gas Sensor and Its Preparation Method.
Patent CN103926278A, 24 April 2014.
[52]. Yi, J.; Lee, J.M. Vertically aligned ZnO nanorods and graphene hybrid architectures for high-sensitive
flexible gas sensors. Sens. Actuators B Chem. 2011, 155, 264–269.
[53] A. Esfandiar, A. Irajizad, O. Akhavan, S. Ghasemi, M.R. Gholami, Pd-WO3/reduced graphene oxide
hierarchical nanostructures as efficient hydrogen gas sensors, Int. J. Hydrogen Energ. 39 (2014) 81698179.
[54] E. Nagelli, R. Naik, Y.H. Xue, Y.X. Gao, M. Zhang, L.M. Dai, Sensor arrays from multicomponent
micropatterned nanoparticles and graphene, Nanotechnology 24 (2013) 444010.
[55] F. Liu, X.F. Chu, Y.P. Dong, W.B. Zhang, W.Q. Sun, L.M. Shen, Acetone gas sensors based on grapheneZnFe2O4 composite prepared by solyothermal method, Sensor Actuat. B 188 (2013) 469-474.
[56] S.M. Cui, Z.H. Wen, E.C. Mattson, S. Mao, J.B. Chang, M. Weinert, C.J. Hirschmugl, M. Gajdardziska-

Modified Quaternary Nanostructure on Graphene sheets as Counter electrode for Dye-sensitized Solar Cells

181

Josifovska, J.H. Chen, Indium-doped SnO2 nanoparticle-graphene nanohybrids: simple one-pot
synthesis and their selective detection of NO2, J. Mater. Chem. A, 1 (2013) 4462-4467.
[57] T.T. Tung, M. Castro, I. Pillin, T.Y. Kim, K.S. Suh, J.F. Feller, Graphene-Fe3O4/PIL-PEDOT for the
design of sensitive and stable quantum chemo-resistive VOC sensors, Carbon 74 (2014) 104-112.
[58]. Z.Q. Wu, X.D. Chen, S.B. Zhu, Z.W. Zhou, Y. Yao, W. Quan, B. Liu, Enhanced sensitivity of ammonia
sensor using graphene/ polyaniline nanocomposite. Sens. Actuators B 178, 485–493 (2013).
[59]. E. Akbari, R. Yusof, M.T. Ahmadi, A. Enzevaee, M.J. Kiani, H. Karimi, M. Rahmani, Bilayer graphene
application on NO2 sensor modelling. J. Nanomater. 2014, 1–7 (2014).
[60] Y.H. Chang, Y.F. Yao, B. Wang, H. Luo, T.Y. Lie, L.J. Zhi, Reduced graphene oxide mediated SnO2
nanocrystals for enhanced gas-sensing properties, J. Mater. Sci. Technol. 29 (2013) 157-160.
[61] H. Zhang, J.C. Feng, T. Fei, S. Liu, T. Zhang, SnO2 nanoparticles-reduced graphene oxide
nanocomposites for NO2 sensing at low operating temperature, Sensor Actuat. B 190 (2014) 472-478.
[62] F.L. Meng, H.H. Li, L.T. Kong, J.Y. Liu, Z. Jin, W. Li, Y. Jia, J.H. Liu, X.J. Huang per billion-level
detection of benzene using SnO2/graphene nanocomposite composed of sub-6 nm SnO2 nanoparticles,
Anal. Chim. Acta 736 (2012) 100-107.
[63] S. Chen, J.W. Zhu, X.D. Wu, Q.F. Han, X. Wang, Graphene oxide-MnO2 nanocomposites for
supercapacitors, ACS Nano 4 (2010) 2822-2830.
[64] Y.L. Chen, Z.A. Hu, Y.Q. Chang, H.W. Wang, Z.Y. Zhang, Y.Y. Yang, H.Y. Wu, Zinc oxide/reduced
graphene oxide composites and electrochemical capacitance enhanced by homogeneous incorporation
of reduced graphene oxide sheets in zinc oxide matrix, J. Phys. Chem. C 115 (2011) 2563-2571.
[65] Q.B. Meng, K.X. Li, Y.H. Luo, Z.X. Yu, M.H. Deng, D.M. Li, Low temperature fabrication of efficient
porous carbon counter electrode for dye-sensitized solar cells, Electrochemist. Common. 11 (2009)
1346-1349.
[66] J.Y. Liu, Z. Guo, F.L. Meng, Y. Jia, J.H. Liu, A novel antimony-carbon nanotube-tin oxide thin film:
Carbon nanotubes as growth guider and energy buffer. Application for indoor air pollutants gas
sensor, J. Phys. Chem. C 112 (2008) 6119-6125.
[67] N.L. Wu, S.Y. Wang, I.A. Rusakova, Inhibition of crystallite growth in the sol-gel synthesis of
nanocrystalline metal oxides, Science 285 (1999) 1375-1377.
[68] L.F. He, Y. Jia, F.L. Meng, M.Q. Li, J.H. Liu, Development of sensors based on CuO-doped SnO2
hollow spheres for ppb level H2S gas sensing, J. Mater. Sci. 44 (2009) 4326-4333.
[69] L.S. Zhou, F.P. Shen, X.K. Tian, D.H. Wang, T. Zhang, W. Chen, Stable Cu2O nanocrystals grown on
functionalized graphene sheets and room temperature H2S gas sensing with ultrahigh sensitivity,
Nanoscale 5 (2013) 1564-1569.
[70] A. Kolmakov, X.H. Chen, M. Moskovits, Functionalizing nanowires with catalytic nanoparticles for
gas sensing application, J. Nanosci. Nanotechno. 8 (2008) 111-121.
[71] R.J. Zou, G.J. He, K.B. Xu, Q. Liu, Z.Y. Zhang, J.Q. Hu, ZnO nanorods on reduced graphene sheets with
excellent field emission, gas sensor and photocatalytic properties, J. Mater. Chem. A 1 (2013) 84458452.
[72] S.J. Choi, F. Fuchs, R. Demadrille, B. Grevin, B.H. Jang, S.J. Lee, J.H. Lee, H.L. Tuller, I.D. Kim, Fast
responding exhaled-breath sensors using WO3 hemitubes functionalized by graphene-based electronic
sensitizers for diagnosis of diseases, ACS Appl. Mater. Inter. 6 (2014) 9061-9070.
[73] S. Deng, V. Tjoa, H.M. Fan, H.R. Tan, D.C. Sayle, M. Olivo, S. Mhaisalkar, J. Wei, C.H. Sow, Reduced
graphene oxide conjugated Cu2O nanowire mesocrystals for high-performance NO2 gas sensor, J.
Am. Chem. Soc. 134 (2012) 4905-4917.
[74] Z.H. Jing, J.H. Zhan, Fabrication and gas-sensing properties of porous ZnO nanoplates, Adv. Mater.
20 (2008) 4547-4551.
[75] J. Li, H.Q. Fan, X.H. Jia, Multi layered ZnO nanosheets with 3D porous architectures: Synthesis and

182

Journal of Multifunctional Materials & Photoscience
gas sensing application, J. Phys. Chem. C 114 (2010) 14684-14691.

[76] B. Zhang, J.D. Liu, S.K. Guan, Y.Z. Wan, Y.Z. Zhang, R.F. Chen, Synthesis of single-crystalline potassiumdoped tungsten oxide nanosheets as high-sensitive gas sensors, J. Alloy Compd. 439 (2007) 55-58.
[77] Z.H. Liang, Y.J. Zhu, X.L. Hu, beta-nickel hydroxide nanosheets and their thermal decomposition to
nickel oxide nanosheets, J. Phys. Chem. B 108 (2004) 3488-3491.
[78] J.Y. Liu, Z. Guo, F.L. Meng, T. Luo, M.Q. Li, J.H. Liu, Novel porous single-crystalline ZnO nanosheets
fabricated by annealing ZnS(en)0.5 (en = ethylenediamine) precursor. Application in a gas sensor for
indoor air contaminant detection, Nanotechnology 20 (2009) 125501.
[79] L.T. Hoa, H.N. Tien, V.H. Luan, J.S. Chung, S.H. Hur, Fabrication of a novel 2D-graphene/2D-NiO
nanosheet-based hybrid nanostructure and its use in highly sensitive NO2 sensors, Sensor Actuat. B
185 (2013) 701-705.
[80] X.M. Xu, P.L. Zhao, D.W. Wang, P. Sun, L. You, Y.F. Sun, X.S. Liang, F.M. Liu, H. Chen, G.Y. Lu,
Preparation and gas sensing properties of hierarchical flower-like In2O3 microspheres, Sensor Actuat.
B 176 (2013) 405-412.
[81] J.R. Huang, Y.J. Dai, C.P. Gu, Y.F. Sun, J.H. Liu, Preparation of porous flower-like CuO/ZnO
nanostructures and analysis of their gas-sensing property, J. Alloy Compd. 575 (2013) 115-122.
[82] H.J. Zhang, R.F. Wu, Z.W. Chen, G. Liu, Z.N. Zhang, Z. Jiao, Self-assembly fabrication of 3D flowerlike ZnO hierarchical nanostructures and their gas sensing properties, CrystEngComm 14 (2012)
1775-1782.
[83] X.Q. Fu, J.Y. Liu, Y.T. Wan, X.M. Zhang, F.L. Meng, J.H. Liu, Preparation of a leaf-like CdS micro-/
nanostructure and its enhanced gas-sensing properties for detecting volatile organic compounds, J.
Mater. Chem. 22 (2012) 17782-17791.
[84] K. Anand, O. Singh, M.P. Singh, J. Kaur, R.C. Singh, Hydrogen sensor based on graphene/ZnO
nanocomposite, Sensor Actuat. B 195 (2014) 409-415.
[85] S.Y. Liu, L. Zhou, L.Y. Yao, L.Y. Chai, L. Li, G. Zhang, Kankan, K.Y. Shi, One-pot reflux method
synthesis of cobalt hydroxide nanoflake-reduced graphene oxide hybrid and their NOx gas sensors at
room temperature, J. Alloy Compd. 612 (2014) 126-133.
[86] Q.Q. Lin, Y. Li, M.J. Yang, Tin oxide/graphene composite fabricated via a hydrothermal method for
gas sensors working at room temperature, Sensor Actuat. B 173 (2012) 139-147.
[87] Y. Yang, C.G. Tian, J.C. Wang, L. Sun, K.Y. Shi, W. Zhou, H.G. Fu, Facile synthesis of novel 3D Nano
flower-like CuO/multilayer graphene composites for room temperature NOx gas sensor application,
Nanoscale 6 (2014) 7369-7378.
[88] L. Zhang, F.L. Meng, Y. Chen, J.Y. Liu, Y.F. Sun, T. Luo, M.Q. Li, J.H. Liu, A novel ammonia sensor
based on high density, small diameter polypyrrole nanowire arrays, Sensor Actuat. B 142 (2009) 204209.
[89] O.S. Kwon, S.J. Park, J.S. Lee, E. Park, T. Kim, H.W. Park, S.A. You, H. Yoon, J. Jang, Multidimensional
conducting polymer nanotubes for ultrasensitive chemical nerve agent sensing, Nano Lett. 12 (2012)
2797-2802.
[90] S. Bai, C. Sun, P. Wan, C. Wang, R. Luo, Y. Li, J. Liu, X. Sun, Transparent conducting films of hierarchically
nanostructured polyaniline networks on flexible substrates for high-performance gas sensors, Small
11 (2015) 306-310.
[91] C.M. Hangarter, N. Chartuprayoon, S.C. Hernandez, Y. Choa, N.V. Myung, hybridized conducting
polymer chemiresistive nano-sensors, Nano Today 8 (2013) 39-55.
[92] H. Bai, K.X. Sheng, P.F. Zhang, C. Li, G.Q. Shi, Graphene oxide/conducting polymer composite
hydrogels, J. Mater. Chem. 21 (2011) 18653-18658.
[93] Z.B. Ye, Y.D. Jiang, H.L. Tai, Z. Yuan, The investigation of reduced graphene oxide/P3HT composite
films for ammonia detection, Integr. Ferroelectr. 154 (2014) 73-81.

Modified Quaternary Nanostructure on Graphene sheets as Counter electrode for Dye-sensitized Solar Cells

183

[94] Y. Zhou, Y.D. Jiang, G.Z. Xie, M. Wu, H.L. Tai, Gas sensors for CO2 detection based on RGO-PEI films
at room temperature, Chinese Sci. Bull. 59 (2014) 1999-2005.
[95] W.D. Lin, H.M. Chang, R.J. Wu, Applied novel sensing material graphene/polypyrrole for humidity
sensor, Sensor Actuat. B 181 (2013) 326-331.
[96] W.K. Jang, J. Yun, H.I. Kim, Y.S. Lee, Improvement of ammonia sensing properties of polypyrrole by
nanocomposite with graphitic materials, Colloid. Polym. Sci. 291 (2013) 1095-1103.
[97] M.A. Gross, M.J.A. Sales, M.A.G. Soler, M.A. Pereira-da-Silva, M.F.P. da Silva, L.G. Paterno, Reduced
graphene oxide multilayers for gas and liquid phases chemical sensing, RSC Adv. 4 (2014) 1791717924.
[98] T.T. Tung, M. Castro, J.F. Feller, T.Y. Kim, K.S. Suh, Hybrid film of chemically modified graphene and
vapor-phase-polymerized PEDOT for electronic nose applications, [99] Y.J. Yang, S.B. Li, W.Y. Yang,
W.T. Yuan, J.H. Xu, Y.D. Jiang, In situ polymerization deposition of porous conducting polymer on
reduced graphene oxide for gas sensor, ACS Appl. Mater. Inter. 6 (2014) 13807-13814.
[100] Y.J. Yang, X.J. Yang, W.Y. Yang, S.B. Li, J.H. Xu, Y.D. Jiang, Porous conducting polymer and reduced
graphene oxide nanocomposites for room temperature gas detection, RSC Adv. 4 (2014) 42546-42553.
Org. Electron. 14 (2013) 2789-2794.

This document was created with the Win2PDF “print to PDF” printer available at
http://www.win2pdf.com
This version of Win2PDF 10 is for evaluation and non-commercial use only.
This page will not be added after purchasing Win2PDF.
http://www.win2pdf.com/purchase/

