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 Graphene and chemically modified graphene can be fabricated via numerous routes each 
with its own merits concerning ease of processability, cost-effectiveness for large-scale 
production, and also health and safety.  One of the promising applications of graphene-based 
composites is gas sensing, which is mainly useful for environmental monitoring.  We review 
some of the significant findings on graphene-based sensing materials for the detection of 
organic vapors, toxic gases, and chemical warfare agent simulants using an electrochemical 
method.  Electrochemical sensing can be performed by inducing interactions between gas 
molecules and a graphene layer, such as charge transfer that gives a change in an electrical 
signal.  The intrinsic properties of graphene and its role in some gas sensing applications will be 
discussed.  Graphene and graphene oxide (GO) work as continuous conductive networks with 
a large number of surface adsorption sites for many gas molecules.  Hybrid graphene devices 
incorporate semiconductors, metals, and molecular binders to enhance the capabilities of solid-
state gas sensors.  This article also addresses current approaches to the commercialization of 
graphene-based gas sensors.

1. Introduction

 A sensor is an analytical device that consists of an active sensing material with a signal 
transducer.  It detects changes in its environment and sends the information (signal) to other 
electronic devices for data acquisition and interpretation.  In every aspect of industrial and 
technological development to improve the quality of life on earth, the utilization of sensors has 
become crucial.(1–3)  Gas sensors specifically have been used to monitor the quality of air and 
the environment, and to detect toxic gases.(4,5)  The first commercially available gas sensor 
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based on a platinum wire was introduced in 1923.  It was Naoyoshi Taguchi who patented 
the first metal oxide gas sensor that later became the most commonly used gas sensor.(6)  His 
investigation was triggered by a propane gas explosion at Lake Yamanaka, and the first Taguchi 
gas sensor (TGS) was made from a tin oxide (SnO2) film.  Metal-oxide-based gas sensors 
are explored because of their wide semiconductor tunability and morphology architectures 
that exhibit a high sensitivity, low operating temperature, short response time, and high 
thermal stability.(4,7) A variety of semiconductor metal oxide nanomaterials with hierarchical 
structures have been successfully prepared using the solution-phase chemical method, which 
is convenient for the large-scale production of various compounds, such as zinc oxide (ZnO), 
titanium oxide (TiO2), iron oxide (Fe2O3), and tungsten oxide (WO3).(4,6–8) Recently, carbon-
based materials, such as graphene and carbon nanotubes, have been explored as gas sensing 
materials.(4,9)  Sensing materials have important roles in the molecular-level detection and 
distinction of contaminants in environmental processes.(10)  The need to understand the 
underlying mechanism becomes paramount for the development of sensing materials with 
focus on the sensor’s response speed, selectivity, sensitivity, and stability.  Graphene-based 
materials, including reduced graphene oxide (GO)-based materials, have been cited by many to 
be promising materials for gas sensing applications, and their rising popularity over the years is 
illustrated in Fig. 1.(11) 

 Graphene was discovered by Andre Geim and Konstantin Novoselov in 2004.(12,13)  Its 
discovery led to the Nobel Prize in Physics in 2010.  Graphene, mainly known for its high 
electrical conductivity, large surface area (2630 m2g−1), and high charge carrier mobility 
(15000 cm2 V−1s−1) at room temperature, is attractive for various electronic applications.(14–16) 
Two-dimensional (2D) carbon exists as an isolated layer from a stack of carbon sheets in 
graphite.  Because of this, it can be considered as the basic structure of carbon materials.  Figure 

Fig. 1. Number of papers published in the areas of metal-oxide- and graphene-based gas sensors from 2011 to 
2020. Data were obtained from Scopus on Dec. 12, 2019. Keywords for search: graphene, metal oxide, gas, and 
sensor.



Sensors and Materials, Vol. 32, No. 2 (2020) 761

2 shows two other famous carbon-based structures, namely, carbon nanotubes (discovered by S.  
Iijima in 1991) and a fullerene (discovered by H. W. Kroto in 1985).  The increasing research on 
graphene indicates that its full potential has not been achieved since its discovery.  Previously, 
carbon nanotubes were reported to be an excellent material for solid-state gas sensors, but 
over the last two decades, graphene has emerged to be a more advantageous material in this 
particular field.(15)  It has been suggested that graphene is capable of absorbing a large amount 
of hydrogen, implying that it is a better gas-adsorbing material.(15)  Contrary to metal oxide 
sensors, graphene demonstrated low noise sensing ability at low temperatures.(17,18)  The aim 
of this review is to discuss several significant findings and roles of graphene in gas sensor 
applications.  The paper will be divided into three parts: (i) classes of gas sensors, (ii) synthesis 
of graphene, and (ii) application of graphene in electrochemical gas sensors.

2. Classes of Gas Sensors

 Gas sensor performance can be described by several parameters including sensitivity, 
selectivity, detection limit, response time, and also response recovery.  Sensor sensitivity can be 
expressed in terms of Hz/ppm or Hz/vol%, which represents the degree of change in response 
to the concentration of a certain analyte.  Sensor selectivity refers to the ability of the sensor 
to distinguish a certain species in the presence of multiple analytes.  The detection limit of 
gas sensors or the limit of detection (LOD) is the minimum amount of gas a sensor can detect.  
Response time and response recovery refer to the adsorption and desorption speeds of a sensor 
with respect to the detected analyte, respectively.  These properties vary according to the type 
of sensing material used in the gas sensor and the mechanism of detection.

Fig. 2. (Color online) (a) Graphene as the basic structure of other graphitic materials can be (b) stacked up to form 
graphite, (c) rolled to form nanotubes, and (d) wrapped up to form a buckminster fullerene.

(a)

(b) (c) (d)
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 There are many types of gas sensor developed to fulfill many roles.  The calorimetric gas 
sensor, for example, is based on calorimetry as the transduction principle, in which the heat of 
a reaction is measured on the sensor surface.  The calorimetric gas sensor has evolved from 
a simple platinum hot wire to the micro-electro-mechanical system (MEMS).(19)  The basic 
operation of the calorimetric gas sensor is to detect the change in heat from combustible gases 
on the sensor surface.(19,20)  Catalytic, combustible, and thermometric gas sensors are various 
configurations of the calorimetric gas sensor.  The catalytic gas sensor may be one of the oldest 
sensors used to detect combustible gases, such as methane.  It normally consists of a detector 
element (D), which contains a catalytic material that is sensitive to combustible gases and also 
an inert compensator element (C), as shown in Fig. 3(a).  The catalytic gas sensor requires 
air or oxygen gas in order to function properly and it is also susceptible to contamination by 
the catalyst in its reaction with certain gases.(19)  On the other hand, thermal conductivity gas 
sensors can be used to detect gases with higher thermal conductivity than air such as hydrogen 
gas or methane gas [Fig. 3(b)].  A gas sample diffuses through a porous membrane into the 
sample chamber and is examined by comparing the rate of heat loss.  However, gases such as 
ammonia and carbon monoxide, both with thermal conductivities similar to that of air, cannot 
be detected through this method.  

Fig. 3. (Color online) Basic principles of (a) catalytic and (b) thermal conductivity gas sensors.

(a)

(b)
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 The optical gas sensor developed using a fiber optic technique is based on optical absorption 
or scattering of the gas analyte at a defined optical wavelength.  The optical fiber is a small and 
lightweight device, but detection measurement can be easily distorted with interruption from 
ambient light interference.(21)  This sensor can be costly compared with many conventional gas 
sensors.  In 1991, Philip Russell proposed a special optical fiber combining the properties of a 
photonic crystal with conventional optical fibers.  The photonic crystal fiber (PCF) has been 
explored as a versatile sensor of gaseous, liquid, and even solid materials.(21,22)  Rifat et al. have 
proposed a surface plasmon resonance (SPR) sensor-based PCF design using a graphene-silver 
coating.(22)  It is said that the graphene coating can improve sensing performance by providing 
a high surface-to-volume ratio, better absorption of analytes, and superior plasmonic properties, 
while also inhibiting the oxidation of silver.(23)  The large enhancement of the plasmonic signal 
by gold-decorated graphene may be beneficial to the optical gas sensor.(23)  Graphene aeorogel, 
a three-dimensional (3D) ultralightweight material (0.2 g cm−3 < ρ < 3 g cm−3), can absorb up 
to three times its own weight in oil.(24)  The aerogel is highly compressible and its combination 
with piezoelectric SnO2 or GaN nanoparticles provides a good pressure sensor.(24)  These 
properties of graphene aerogel can be explored for a wide class of piezoelectric or acoustic-
wave-based gas sensors, such as surface acoustic wave (SAW), quartz crystal microbalance (QCM) 
or bulk acoustic wave (BAW), and cantilever-based devices.  
 The electrochemical gas sensor allows an analyte gas to pass through a membrane at an 
electrode where it is reduced or oxidized.(25)  It measures gases at relatively low concentrations 
and is capable of detecting a wide range of different gases.  The electrochemical gas sensor can 
be in either a two- or three-electrode configuration.  The three-electrode configuration consists 
of a working or sensing electrode, a counter electrode, and a reference electrode.  The sensing 
principle of a simple two-electrode configuration is shown in Fig. 4.  The sensing material 
deposited on the electrode reacts with analytes also functioning as ion and electron conductors.  
The semiconductor metal oxide sensing material translates this interaction into changes in 

Fig. 4. (Color online) Basic principle of electrochemical gas sensor where the sensing material serves as a 
medium to trap the analyte and induces a current change in the external circuit.  The left figure shows the circuit in 
the absence of target gas analytes and the right figure shows the circuit in the presence of gas analytes.
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electronic charge density and charge carrier mobility.(25)  As a result, there is a change of the 
electrical signal.  Most electrochemical gas sensors are amperometric sensors, where the change 
in current indicates the rate of the electrolytic process in the sensing material.(25)  
 In recent years, there have been a significant number of publications regarding the use 
of graphene as an electrochemical gas sensor.  The incorporation of graphene enhances the 
properties of conventional sensing materials by transferring its unique properties into the sensor.  
For example, the large specific surface area of graphene provides many possible paths for a 
molecule to be detected.(16,26)  Every atom in a single graphene layer is a possible adsorption 
site, making it an ultrasensitive material for detecting gas molecules.(26)  Graphene atoms and 
adsorbed gas molecules can interact via weak van der Waals interaction, hydrogen bonding, 
charge transfer, and strong covalent bonding.(26,27)  These interactions lead to changes in free-
electron concentration and a Dirac point shift, which can be measured by an electronic system.(27)  
In chemically modified graphene (GO and reduced GO), the presence of surface defects can 
improve the absorption efficiency of gas molecules by allowing anchoring capability for many 
types of chemical functionality.(27,28)  Modification of graphene such as by sulphur doping can 
establish a bandgap in normal zero-gap semiconductor graphene.  The presence of the bandgap 
leads to a change in carrier concentration in graphene when in contact with polluting gas 
molecules such as NO and NO2.(29,30)  The compatibility of graphene with biomolecules, such as 
an enzyme via noncovalent tethering, gives selectivity to gas sensing via molecular recognition.(31)  
The properties of nitrogen-doped graphene electrochemical biosensors are studied by redox 
peak current analysis in cyclic voltammetry measurement.(32)  Nevertheless, both sulphur- and 
nitrogen-doped graphene have been considered difficult to synthesize.
 For now, an electrochemical strategy is the most convenient approach to study changes in the 
chemical environment of graphene.(33)  In graphene-based gas sensors, the interface charge layer 
is modified by the adsorption of different gas molecules.(34)  The corresponding electrical signal 
varies with the type of gas analyte used.  Analytes with electron donors increase the current.  
Ion-polar analytes, on the other hand, disturb the charge transport and reduce the amount 
of current in graphene.  Other than current, electrical characteristics, such as resistance and 
capacitance, can be measured upon the detection of analytes.  In the future, graphene perhaps 
may have a large impact on electronic devices, and discussion on graphene-based sensors is 
therefore desirable for industrial, environmental, public safety, and military applications.(29,35)

3. Synthesis of Graphene

 Various methods for producing different types of graphene material have been introduced 
owing to the need to modify graphene for specific applications, such as in optoelectronics, 
electronics, sensors, and many more.  Methods such as chemical vapor deposition (CVD), 
mechanical exfoliation/cleavage of natural graphite, electric arc discharge, epitaxial growth, 
unzipping of CNTs, and solution-based reduction of GO are well known.(36–39)  Many have 
agreed that graphene is most suitable for electronic purposes as a 2D crystal consisting of not 
more than 10 graphene layers;(40) more than these, the thin film has a much more complicated 
3D electronic band structure.  Thus, choosing the suitable graphene synthesis process should 
be approached with utmost consideration.  The Nobel Prize winners Geim and Novoselov 
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discovered graphene sheets after the mechanical exfoliation of highly oriented pyrolytic 
graphite (HOPG), a method now known as the Scotch tape method.(12)  The extraction of 
graphene sheets from well-dispersed graphene in a solvent is also an attractive research topic 
because of the stability issue of graphene during potential device fabrication.  Problems such as 
the reduction of GO in water, which usually results in aggregated graphene, make it difficult for 
further redispersion in organic solvents since graphene is hydrophobic and GO is hydrophilic in 
nature.(41)  There is also a concern that the large-scale production of high-quality graphene that 
could be costly and harmful to the environment.  

3.1 Mechanical cleavage

 Micromechanical cleavage, popularly known as the Scotch tape method, is one of the best-
known methods of producing graphene sheets.(42)  Original researchers placed adhesive tape 
over graphite flakes and gradually reduced them to thinner layers.(12)  The steps of peeling with 
an adhesive tape placed over graphite are shown in Fig. 5.  The peeled off tape containing layers 
of graphene is dissolved in a solution and later transferred onto a silicon wafer.(12)  A slightly 
different form of the mechanical method involves pushing bulk graphite along a silicon surface.  
As a result, graphene sheets are transferred to the rubbed silicon surface.  In both cases, silicon 
is chosen as the preferred surface because it provides enough optical contrast with graphene for 
the human eye to detect without the aid of an optical microscope.(29)  Attempts to mechanically 
exfoliate graphite typically only result in stacks of graphene sheets or a few isolated sheets 
in low yield.(43)  Generally, graphene sheets up to 100 μm in size or with 20 to 100 layers in 
thickness can be produced for most research purposes.(29)  Mechanical exfoliation needs to 
be performed with ultrasonication in liquids in order to overcome the van der Waals forces 
between sheets.(44)  The few-layer graphene (FLG) method based on mechanical exfoliation 
can provide high-scale graphene with a thickness not more than 10 graphene layers, but the 
electronic features of FLGs have been found to be 3D, thus limiting its electronic application.(44)  
Graphene layers can be measured by Raman microscopy or electron microscopy techniques, 
such as high-resolution tunneling electron microscopy (HRTEM).  

Fig. 5. (Color online) Schematic illustration of the Scotch tape exfoliation method for graphite to form graphene. 
Steps (a) to (c) are repeated until the graphite is reduced to a thin layer of graphene on the substrate.

(a) (b) (c)
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3.2 CVD

 CVD is a thermal deposition method, by which single-layer graphene and FLG are grown 
from hydrocarbons on a substrate, such as silicone (Si), nickel (Ni), copper (Cu), or ruthenium 
(Ru).(29)  The starting material of graphene is delivered as a hydrocarbon source (in vapor, 
usually methane) in a pressured gas flow and the targeted metal substrate is subjected to a very 
high temperature (800–1100 °C) (Fig. 6).  Along with methane, a small amount of hydrogen is 
added to the carrier gas to control the growth environment.  After some time, the product of 
the catalysis of the metal and methane forms single-layer graphene on the substrate.(45)  Other 
than methane, graphene can also be synthesized from other carbon sources, such as polymer 
poly(methyl methacrylate) (PMMA), using CVD.(46)  Graphene processed by CVD can be 
fabricated into a large sheet film but with a limited number of layers (no more than several 
layers) that is applicable to many thin-film electronic device applications.(45,47,48)  Homogenous 
monolayer graphene possesses a defect-free, highly conductive network required for efficient 
charge transfer.(29)  CVD has been used for fabricating graphene-based gas sensors.  A graphene 
film is initially grown on a copper substrate by CVD using a mixture of methane and hydrogen 
gases at a ratio of 5:95.(34)  The graphene film is then transferred to a SiO2/Si substrate and a 
50-nm-thick gold layer is coated onto the transferred graphene film by vacuum evaporation.  

The weakness of a CVD-grown graphene device is its susceptibility to contamination during 
the transfer of the graphene film.(31)  Another form of thermal fabrication of graphene is by 
epitaxial growth on silicon carbide (SiC), which has been a popular route to produce high-
quality monolayer graphene.(29,45)  Edward Goodrich Acheson discovered the formation of pure 
crystalline graphite after SiC was heated to a temperature of more than 4000 °C.  Epitaxial 
growth is a well-known method for producing SiC-graphene gated electronics.  Both CVD and 
epitaxial growth of graphene require specialized equipment and have disadvantages in terms of 
cost, making them uneconomical for practical and industrial purposes.(45)

3.3 Chemical oxidation–reduction method for graphite

 A chemical method, specifically chemical reduction of GO, is favorable for large-scale 
production because of its efficient approach; however, the electronic properties of graphene 
produced via chemical means are inferior to those obtained by CVD and mechanical 

Fig. 6. (Color online) Schematic illustration of CVD growth process for easy control of graphene layer formation.
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exfoliation.(49–53)  Unlike in the previous methods, graphene synthesized by a chemical 
oxidation–reduction method exhibits many structural defects.(54)  The oxidation of graphite to 
GO has been shown to increase the distance between adjacent sheets from 3.35 Å in graphite to 
6.8 Å in GO.(55)  The intercalation of chemical species within graphite oxide layers facilitates 
exfoliation, which needs to overcome the van der Waals force between the graphitic layers in 
order to produce separate GO sheets.  Highly reduced graphene oxide (rGO) with graphene 
domains, defects, and residual oxygen-containing groups on each sheet is obtained after 
reduction of GO, which involves the elimination of oxygen-containing groups using reducing 
agents such as hydrazine.(56,57)  The synthesis route of rGO by the oxidation of graphite by 
Hummer’s method to produce GO, further exfoliation to form separate GO sheets, and finally 
the reduction of GO is depicted in Fig. 7.  
 Hummer’s method utilizes potassium permanganate (KMnO4) as the oxidant in a mixture 
of graphite powder with sodium nitrate (NaNO3) and concentrated sulfuric acid (H2SO4), 
which is a safer approach than the use of fuming nitric acid (HNO3) and potassium perchlorate 
(K2ClO3).(58–61)  Hummer’s method, however, produces in situ HNO3 and induces contamination 
with excess permanganate ions.  Many alternatives have been proposed to improve Hummer’s 
method because of these environmental concerns.(62,63)  The distribution of oxygen-containing 
functional groups of GO [for example, hydroxyl and epoxy (1,2-ether) groups, carbonyl groups, 
carboxylic acids, and organic carbonyl defects] has been an interesting topic for many years,(64) 
but these functional groups are clearly important as reactive handles for various surface 
modification reactions.

Fig. 7. (Color online) Typical synthesis route of rGO from graphite using Hummer’s method.
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 On the other hand, rGO has shown potential for a range of applications including conductive 
layers, nanoelectronics, sensors, and energy storage.(28)  The advantage of rGO over monolayer 
defect-free graphene is the presence of dangling oxygen functional groups on the graphene 
surface and edges.(65)  Both theoretical and experimental results revealed that tuning of 
the oxygen functional groups on rGO plays a vital role in the detection of several organic 
compounds.  Experimentally, oxygen functional groups can be tuned by adjusting the reduction 
time, the type of reducing agent, and the environment of reduction.  rGO with a high number 
of oxygen functional groups produced in a short reduction time shows a faster response to 
analytes.  A rapid electrical response to many gases or vapors has been reported for rGO 
reduced using ascorbic acid.(28)

4. Application of Graphene in Electrochemical Gas Sensor

 Electrochemical sensors exhibit advantages over other types of sensor because of their wide-
range tunability (in terms of electrode functionality), sensitivity toward analytes present within 
the system, and economical and easy application.  Normally, the graphene film is placed as 
an electrode, and once it interacts with oxidizing analytes, it results in the depletion of charge 
carriers in the system.  The opposite occurs when graphene interacts with reducing analytes.(66,67)  
Physisorbed analytes can also be measured using an electrochemical system.  Functional 
groups on graphene may have larger effects on this mechanism as electrical responses to 
chemical vapors are seen to diminish by 1–2 orders of magnitude after the elimination of 
functional groups.(67)  A graphene electrode is already superior to indium tin oxide (ITO) in 
spectroelectrochemistry applications.(64)  However, it should be considered that electrochemical 
properties of graphene also vary with its molecular structure and composition, and the way it is 
synthesized as graphene nanoplatelets (GNPs), nanoribbons, or fibers.  

4.1 Detection of common organic vapors 

 Common organic vapors are produced in large quantities in industry.  Their production 
should be monitored because they are toxic, vaporize swiftly, and can easily escape to 
surrounding areas.  The first sensors for the detection of organic vapor were developed in the 
early 1920s by James Sumner to detect methanol and formaldehyde.(68)  Acetone is a selective 
breath marker, and the prolonged presence of a certain concentration of acetone may reflect 
diabetes.(69)  Ammonia and toluene are now common indoor air pollutants.  Ammonia is 
produced by hydrolysis of urea in antifreeze additives in concrete buildings.(67,70)  Toluene, 
which can be found in the production lines of paints, metal cleaners, plastics, and detergents, is 
an indispensable cancer biomarker.(71,72)

 A field-effect transistor (FET) is a type of device architecture often used to explore the full 
potential of nanomaterials.  The electrical response of graphene FET-based gas sensors cannot 
provide the desired performance when it comes to the detection of ammonia, as demonstrated 
by Dan et al.,(67) because of the weak binding ( ∼ 20 meV) and small charge transfer for 
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ammonia on graphene.  On the other hand, metal oxide nanoflower-decorated rGO has excellent 
sensing performance and stability for formaldehyde and ammonia gas sensing.(70)  The origin of 
the sensing mechanism is the depletion layer formed at the metal oxide-rGO heterojunction that 
can be modulated by the diffused gas molecules, which also serve as a donor of negative charges (for 
ammonia).  The metal oxide prevents further aggregation of rGO sheets, hence giving a higher 
surface area and active sites to the sensing electrode, and a higher stability of the sensor array.
 In chemically reduced graphene, the role of the reducing agent has been investigated in 
all-organic vapor sensors.  GD is typically reduced using ascorbic acid as a mild and green 
reducing agent.(28) An aniline monomer was used to reduce GO in order to study the gas sensing 
performance of different states of polyaniline attached to rGO.(73)  The chemically modified 
rGO not only exhibited a higher sensitivity but a specific higher sensing response to ammonia 
than to other vapors.  A similar finding was reported by another group that used pyrrole-
reduced GO for ammonia detection at room temperature.(74)  Their pyrrole-modified rGO was 
observed to exhibit a large resistance change in a short response time of 1.4 s measured at an 
ammonia concentration of 1 ppb.  This is due to the intrinsic properties of rGO sheets as well as 
the adsorbed polypyrrole molecules.  Aniline and pyrrole are monomers of highly conducting 
polymers with polypyrrole having a higher electron affinity.  From both studies, it can be 
concluded that the method of preparing chemically reduced rGO is crucial in determining the 
sensing performance, because graphene film morphology varies according to the concentration 
of the conducting polymer.  If the polymer completely covers the graphene, the interactions 
between ammonia gas and sp2-bonded carbon are hindered, thus giving a smaller sensing 
response.
 As discussed previously, rGO consists of oxygen functional groups partially decorated on 
the graphene sheets that act as active sites to the gas molecules.  As reported by Minitha et al., 
the concentration of oxygen functional groups of rGO can be controlled by the aging time 
during the reduction process with hydrazine hydrate.(65)  A higher concentration of oxygen 
functional groups yields a higher sensing response but poor recovery of the sensor.  The sensor 
has difficulty in recovering its initial state since there are now more anchored functional groups 
in the graphene sheet, thus the recovery treatment should be several times higher.  Theoretical 
calculation shows that rGO responds more sensitively to toluene than ammonia owing to toluene 
having a higher binding energy.  Charge transfer from toluene to rGO is easier owing to the 
existence of an electron-donating methyl group attached to the benzene ring of toluene.  
 rGO ink exhibits remarkable performance as a state-of-the-art wireless gas sensor.  By 
inkjet printing on flexible substrates (paper and Kapton), the gas sensor developed by Le et al. 
showed an approximately 10 Ω change in resistance within 1 min after introducing ammonia.(75)  
In comparison with other works  on graphene-based  gas  sensors,  their inkjet-printed  rGO 
demonstrated a short recovery time without requiring UV or heat treatment as reported in 
Refs. 73 and 74.  An inkjet-printed-rGO gas sensor based on the same technology fabricated on 
poly(ethylene terephthalate) is capable of the reversible detection of nitrogen dioxide (NO2) and 
chlorine (Cl2) gases at a ppb sensitivity level.(28)
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4.2 Detection of toxic gases

 Various toxic gases lead to different changes in the electrical properties of graphene upon 
adsorption on its surface.  Even though the charge transfer mechanism may be a dominant factor 
in these changes, the same cannot be said for all analytes.  The electrical conductivity of rGO 
increases upon NO2 gas adsorption, whereas the adsorption of hydrogen gas (H2) and methane 
gas (CH4) decreases the electrical conductivity of rGO.(17)  The former is caused by the electron 
withdrawing effect of the adsorbed NO2, which leads to more positive charge carriers (or holes) 
in p-type rGO.  However, in the latter, H2 or CH4 is neither an electron donor nor an electron 
acceptor; thus, it is not capable of charge transfer.  Instead, the gas molecules from synthetic 
air that previously physisorbed on the surface of rGO are replaced by H2 or CH4 molecules, 
which are responsible for the observed electrical changes.  The same goes for the deceases in 
resistance when NO2 and ammonia (NH3) are adsorbed on graphene as they both induce hole 
and electron conduction, respectively.  This similarity is due to graphene initially having no 
carriers in its conduction band, and measurements such as Hall effect measurement can reveal 
the nature of charge carriers in graphene.(18) 
 The poor selectivity of a graphene sensor can be improved by chemical functionalization and 
doping of metal nanoparticles and metal oxides.(17)  It has been shown that the resistance of a 
palladium (Pd)-doped GO-based sensor changes because of the shift in the work function of Pd 
upon H2 gas adsorption.(76)  The dissociative chemisorption process is selective to H2 gas only, 
with no measurable signal response toward other analytes, such as toluene, carbon monoxide, 
and ethanol.  Similarly to NO2, the electrons from graphene are transferred to sulfur dioxide (SO2), 
which acts as an electron acceptor so that the increase in conductance upon adsorption can be 
measured.(77,78) 
 Designing a hybrid heterostructure nanofunctional material as a sensing electrode may be the 
most efficient approach for a high-sensitivity gas sensor.  A recently published work by Hu et 
al. explained how an rGO–carbon dot (CD) hybrid achieved a 3.3-fold higher sensitivity toward 
NO2 than a bare rGO sensor device.(79)  The CD, also being a 2D electronic material, gives a 
higher hole carrier density at the surface of rGO and eventually promotes charge transfer.  The 
green one-pot synthesis method includes the reduction of GO and the in situ generation of CDs 
on the rGO’ surface.  Unlike the other types of heterojunction that form with unequal crystal 
structures and bandgaps, a CD–rGO hybrid device contains a 3–8-nm-size CD with a similar 
lattice parameter of graphene, thus resulting in more efficient charge transfer.  Hybrid rGO-
copper pthalocyanine (CuPC) nanoflowers was explored as sensing material for detection of 
chlorine gas.  The sensor detection limit was measured to be 1.97 ppb at room temperature.(80)   
The physisorption of  Cl2 molecules occurred on the central metal ion present on the grains 
of CuPc-decorated rGO.  Table 1 shows the sensing responses of several graphene-based gas 
sensors for some toxic gases.  

4.3 Detection of chemical warfare agent simulant

 Comparable to biological and nuclear warfare agents, chemical warfare agents (CWAs) 
are considered to be one of the most lethal types of weapon to be created by humanity as they 
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are relatively inexpensive and easy to produce.  CWAs can be dispersed as a gas, liquid, and 
aerosol, and as agents adsorbed on powder particles.  Some examples of CWAs are sarin, 
soman, sulfur mustard, nitrogen mustard, and VX.(81)  Their use in conventional research 
laboratories is restricted; thus, the research on CWAs is usually conducted using simulants.  
Apart from the fundamental toxicological properties, simulants mimic all relevant properties of 
CWAs.(82,83)  Mustard gas is a cytotoxic synthetic chemical belonging to the blister agent class 
of CWAs.(84)  Some of the simulants, such as thiodiglycol (TDG) and chloroethyl methyl sulfide, 
are shown in Fig. 8.  Dimethyl methylphosphonate (DMMP), an organophosphate compound, is 
another popular CWA simulant that represents G-series agents [tabun (GA), sarin (GB), soman 
(GD)] (Fig. 9).  It is a type of nerve agent that disrupts the balance between sympathetic and 
parasympathetic autonomic nervous systems upon exposure.(85)  Figure 10 shows the structures 
of V-series agents and their simulants.  V-series agents persist in nature, whereas G-series 
agents are volatile.  
 In the environment, the hydrolysis of sulfur mustard leads to the formation of TDG, a polar 
and nonvolatile compound.  There is no electrochemical activity of a simulant molecule on a 
bare electrode; hence, the electrode must be modified with catalysts.  Singh et al. first reported 
the employment of GO as a carbo-electrocatalyst, commonly called carbon electro-catalyst, 
for the electrochemical oxidation of TDG at room temperature.(86)  Previously, transition 
metals were used as catalysts for electrochemical oxidation.  Electrocatalytic performance 
was evaluated using cyclic voltammetry and differential pulse voltammetry measurements.  
2-(2-Hydroxy-ethanesulfinyl)-aldehyde was identified as the main oxidation product of TDG.  
An electrochemical sensor for sulfur mustard gas was developed by employing the choline 
oxidase enzyme as a sustainable sensing tool.(87)  This bioassay sensor measured the enzymatic 
by-product hydrogen peroxide in the chronoamperometric mode on a modified graphite-based 
electrode or screen-printed electrode (SPE).  Biological molecules, such as enzymes, antibodies, 
and DNAs, are the pathway for selective detection via single-target-substrate capture.  Enzymes 
deliver fast detection and have a high rate of reusability.  A commercially available miniaturized 
SPE is an example of how a graphene electrode can be employed during on-site gas detection 
where a biological material sensing tool can be anchored.
 A study of GO reduced with p-phenylenediamine (PPD) showed the detection of low-
concentration DMMP (10 ppm).(28)  The resistance of the device was seen to increase upon 
adsorption without saturation.  The stacked structure of rGO nanosheets allowed the DMMP gas 
molecules to move rapidly across the membrane so that the sensor could recover to its original 

Table 1
Sensing responses of graphene-based sensors toward certain toxic gases.
Material Method of detection Target gas LOD Temperature (°C) Reference number
rGO + octadecylamine Chemiresistor NO2 0.3 ppm 80 17
rGO + CD Amperometry NO2 10 ppb RT 79
rGO Chemiresistor SO2 5 ppm 27 77
GO FET SO2 275 ppm RT 78
rGO-CuPC Impedance Cl2 1.97 ppb RT 80
rGO-CuPd Chemiresistor H2 50 ppm 35 76
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Fig. 10. (Color online) Chemical structures of VX agents and their possible simulants. Dashed circles show the 
similar chemical structure between the CWA and its simulants.

Fig. 8. (Color online) Chemical structures of mustard gas and its simulants. Dashed circles show the similar 
chemical structures between the CWA and its simulants.

Fig. 9. (Color online) Chemical structures of soman, sarin, and tabun, and their possible simulants. Dashed circles 
show the similar chemical structure between the CWA and its simulants.
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state for repeatability.  The charge transfer occurred between DMMP and graphene because 
DMMP is a strong electron donor, similar to NO2.  Also, for DMMP gas detection, Hwang et al. 
fabricated a 3D mesoporous structure of nonstacked rGO-hexafluorohydroxypropanyl benzene 
(HFHPB) nanosheets as a sensing material.(88)  A porous material is desirable when rapid and 
sensitive gas detection is needed.  The nonstacked rGO has 53-fold greater porosity than the 
other carbon materials.  The electron withdrawing trifluoromethyl group of HFHPB is the 
receptor for the organophosphate group of DMMP via hydrogen bonding.  The large pore size 
(40.37 nm) and high pore volume (5.1219 cm3 g−1) of the hybrid film contributed to easier and 
faster diffusion of DMMP into the large exposed rGO surface area (507.5 m2 g−1) for detection 
to occur.  The HFHPB group was chemically grafted to the nonstacke rGO via the diazotization 
reaction.  
 GNPs can be produced in large quantities and are economical for the production of single-
layer graphene.(89)  This motivated Wiederoder et al. to investigate the selective detection of 
CWA simulants using a polymer−GNP composite electrode.(90)  A set of diverse polymers were 
prepared for the detection of several different G-series simulants, such as Nafion for DMMP, 
polyvinyl alcohol (PVA) for trimethyl phosphate (TMP), and polyisobutylene (PIB) for trielthyl 
phosphate (TIP).  A highly accurate result was obtained, but the sensing mechanism was not 
explained.  
 Another form of detection is to quantitatively measure the capability of hydrogen bonding 
between GO and the CWA simulant.  For example, DMMP contains phosphoryl (P=O) groups, 
that give stronger hydrogen bonds to any available surface.(91)  On the GO surface, oxygen 
functional and modified functional groups are available to form hydrogen bonds with DMMP.  
A study of the chemical interaction of DMMP and a self-assembled interface by Bertilsson et 
al. showed that an acid surface (−COOH) has the strongest DMMP adsorption.(92)  However, 
it is difficult to use electrochemistry to probe weaker noncovalent interactions (hydrogen 
bonding, electrostatic, hydrophobic, π–π, van der Waas) during molecular physisorption owing 
to the fact that the work function of conventional metal electrodes cannot be changed.  For that 
purpose, Kulkarni et al. reported the molecular dipole detection of an extremely low DMMP 
concentration of 0.64 ppb using a graphene nanoelectronic heterodyne sensor (alternating 
current signal detection).(93)  Their instruments probed the interaction between graphene and 
polar analytes using a graphene FET as a high-frequency mixer with a surface-adsorbed analyte 
functioning as an oscillating gate.  From their observation, polar molecules yield a stronger 
signal and nonpolar molecules have a negligible signal.
 Malathion, used as a simulant of V-series CWAs, is also a pesticide that can be found in 
many agricultural settings.  In a study to improve the LOD of malathion, rGO, which served 
as a large adsorption surface for adsorption, was modified on the surface of polyamide and 
polypyrrole electrospun nanofibers.(94)  There has also recently been increased use of graphene-
based electrodes made using a graphene ink and pencil graphite electrode (PGE).  In one 
example, phosphotriesterase (PTE) was conjugated to the graphene surface via glutaraldehyde 
cross-linking and, as a result, rapid sensing with a response time of 5 s and an LOD of 3 nM was 
obtained.(95,96)  It was hypothesized that the high sensitivity was achieved by the preparation 
of this heterogenous electrode with the assistance of laser annealing, which optimized the 
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morphology of graphene as a template for biofunctionalization.  Very detailed information on 
the preparation of this graphene electrode for this biosensor is described in Ref. 95.  

5. Conclusions

 Many prototypes and construction methods of graphene-based gas sensors have been 
proposed and reported over the last two decades given the importance of environmental 
monitoring, health, public safety, and national security.  Owing to their unique electrical, 
physical, and chemical properties, graphene materials continue to drive the interest of 
researchers all over the world from various fields.  Graphene-based sensors are cost-effective 
and easy to prepare through the use of chemical means such as Hummers’ method and 
mechanical exfoliation.  Two-dimensional graphene has superior electronic properties, but 
functional groups on the surfaces of GO and rGO have a major role in trapping and interacting 
with gas analytes.  Graphene is available in many architectures and forms with different surface 
areas.  The sensitivity of graphene-based gas sensors increases with increasing surface area 
for adsorption sites.  A better understanding of the interaction mechanism between graphene-
adsorbed analytes has been demonstrated in many previous electrochemical studies.  In this 
review, we have discussed several attempts to achieve sensitivity and selectivity of sensors 
using graphene by incorporating conducting polymers, metals, and carbon dots that can form 
heterostructures with graphene.  There is also growing interest in using molecular recognition 
as a selective sensing mechanism, such as that offered by biological species that can be 
noncovalently or covalently attached to graphene.  Unfortunately, like many applications of 
graphene, the technological readiness of graphene-based gas sensors still lags behind flexible 
transparent conductors and photodetectors.  The limitations of graphene are its stability in a 
humid environment and its sensor recovery speed.  In conclusion, knowing the right graphene 
material and the way to optimize its use will lead to the commercializion of graphene as next-
generation gas sensors.  
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