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Abstract: Graphene is one of the well-known allotropes of carbon and is regarded among the most
significant substances of the modern era, having substantially influenced every field of research and
now entering the commercial sector. It has earned popularity among researchers owing to some of its
special qualities, such as excellent thermal and electrical conductivity. Thus it can be used to make
electrical or strain sensors to sense toxic gasses. After the oxidation of graphene through different
processes, graphene oxide is formed. As a direct consequence of the existence of oxygenated functional
groups, they can also act as gas sensors, biosensors, and electrochemical sensors. This mini-review
ruminates the respective implications of graphene and GO as electrical, electrochemical strain, various
gas sensors, surface stress sensors, selectivity, and efficiency, along with their advantages and
limitations.
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1. Introduction

The advancement of nanotechnology opens a new door for material-based nanoscience,
providing many exciting opportunities in biotechnological development due to their special
structure, components, and properties[1]. This particular branch of science establishes the real
evidence for the statement of Leonardo da Vinci who remarked once, “Where nature finishes
producing its species, man begins, using natural things and with the help of this nature, to create
an infinity of species.”

In nanotechnology, graphene is one of the nanomaterials that has received the most
attention and research[2]. Researchers find a keen desire for graphene and its derivatives, and
in the past 40 years, several studies and discussions have been dedicated to the topic. [3-8].
Experimentally it has been found that a very large 2D theoretical area (2630 m g ~1)[9-11],
excellent intrinsic mobility (200000 cm?V1s)[12,13], and superb Young’s Modulus (1.0
TPa)[14] have been shown by graphene. Furthermore, as a result of its high thermal

https://biointerfaceresearch.com/ 10f 32


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC135.457
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9221-4385
https://orcid.org/0000-0001-6395-6892
https://orcid.org/0000-0002-3923-8089
https://orcid.org/0000-0002-6932-7111
https://orcid.org/0000-0002-6141-3824
https://orcid.org/0000-0003-0380-7881

https://doi.org/10.33263/BRIAC135.457

conductivity, graphene can dissipate heat at a rate of roughly 5000Wm*K™[15,16]. Since it has
a high thermal and electrical conductivity, the material is appropriate for transparent conductive
electrodes [17].

Graphene oxide can be prepared via the “modified Hummers method”’[18-21], but the
conductivity of GO is very lower, nearly insulating in nature. The most interesting feature of
GO is that the monolayer consists of six member carbon units with sp2 and sp3 carbons, and
each layer is easily dishtinguishable[22]. It also consists of a large basal plane with various
functional groups (oxygen-containing) where hydroxyl (-OH) and epoxide (-O-)groups are
present on both sides of the plane, and carbonyl (=0) and carboxyl (-COOH) groups are present
at the plane's wingtip[23-25]. During oxidation, these hydroxyl groups are converted to the
epoxide groups, which is attribute to the defect in the electronic structure that leads to GO
insulator properties [26]. These defective structures of GO limit the application in device
physics, but for chemists, it grows the interest due to the possibility of forming heterogeneous
structures [27].

Both graphene and graphene oxide shows numerous applications in many fields like
nanocarriers for drug delivery, applications for producing anti-cancer drugs and photothermal
therapy for cancer[28-30], a huge application in biofunctionalization, and applications in
biotechnology [31-34], in producing Graphene-Polymer Nanocomposites, they can also be
used as biosensors [10,35-37]. Functionalized graphene is often used in sensors for measuring
electrochemical, strain, and electrical characteristics[38,39]. Graphene offers special
characteristics that make it ideal for certain applications. Compared to more conventional
sensing materials, it generates less electrical noise and has fewer crystal defects. It is used as a
sensor for detecting dangerous compounds such as hydrazine. It can also be used to find
specific molecules like adenine dinucleotide, and hemoglobin and biomolecules like ascorbic
acid, uric acid, and others. Pure graphene is mixed with other elements, such as platinum(Pt)
and TiOo, to create nano-composites, and it is being used to improve the sensor's sensitivity
and detecting capabilities [40]. When a gas is introduced into low-concentration tubes and then
forced to flow over the graphene surface, its concentration of charges changes immediately.
Graphene's resistance and conductivity are both affected by the concentration of its
charges[40]. Understanding the characteristics of gas molecules is made easier with the help of
the values. Chemical sensors (graphene-based) may be produced at a low cost by employing
acrylic plastic as a substrate. Eliminating the need for expensive processes like e-beam
lithography also speeds up manufacturing and saves money.

Furthermore, an electrochemical sensor (graphene-based) with a dual intake and analyte
gas channel has a very quick switching time. Wearable graphene chemical sensor performs at
typical air pressure and ambient temperature. Graphene's unique link between mechanical and
electrical characteristics has also aided its usage in strain sensing [2].

The present review involves a brief understanding of the synthesis approach of
graphene and graphene oxide and their promising applicability as biosensors, electrochemical
sensors, and gas sensors. The review concludes with a discussion of graphene and graphene
oxide-based sensor-related issues from various future perspectives and technological
viewpoints.

2. Synthesis of Graphene Oxide

The research community has utilized numerous synthetic routes to tune the
physicochemical properties of graphene. By adjusting the reaction conditions, substrates, and
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other factors, a variety of functionalized graphene derivatives have been synthesized—scientist
B.C. Brodie found the first graphene-related compounds in 1859 when he saw the brilliant
yellow color resulting from the oxidation of the powder form of graphite using a slurry of 1:3
fuming HNOz and KCIOs. He designated the element "Graphon™ at the time. By oxidizing
graphite powder in the presence of a potent oxidizing agent (a mixture of KMnO4 and KCIO3
in a concentrated H>SO4 medium), Prof. H. P. Bohem discovered black, tiny (thin 3.7A°)
graphite lamella almost a century later[3,41]. In previous years, several processes, including
the mechanical exfoliation process, chemical method, and chemical vapor deposition (CVD)
system, were established to produce graphene and graphene oxide [42]. The Manchester group
described using cohesive tape to separate small graphene layers from graphite sheets[43].
Utilizing the vacuum graphitization method, graphene's epitaxial growth was developed after
the thermal breakdown of SiC at a temperature of 10,00 °C [44]. On the transition metal
substrate, graphene was produced using the CVD process under extreme vacuum and elevated
heat conditions. This method involved heating vaporized hydrocarbon material to a
temperature of 800 °C in order to produce C-atoms, which then underwent nucleation and grew
to form graphene on the metal surface. Bottom-up technology has many advantages, such as
creating pristine graphene layers, fewer defects, and quite well-defined methods. However, it
cannot be synthesized at low temperatures; rather, it requires extremely high temperatures,
making bulk manufacturing difficult and costly. The bottom-up process is widely used for
graphene manufacturing due to its ability to control atomic size, shape, configurational
stability, and edge structure[45,46]. Hummer's scheme and modified Hummer's strategy are
currently the most commonly used techniques for GO production [47,48]. Hummer's method
involves the oxidation of graphite powder with a conc. acid mixture of H2SOs and HNOs3,
followed by additional oxidation with KMnO4. H.0; was used to neutralize the excess KMnO4
in the reaction medium. When GO is created, an intricate process is required to get rid of the
unutilized acid and inorganic ions from the reaction mixture. A modified Hummer's approach
was used to synthesize GO for better performance in the procedure's yield, characteristics, and
recompenses. In modified Hummer's technique, H2SO4/H3PO4 was used instead of a mixture
of H2SO4 and 1.5 g NaNOs for 3 g of graphite powder, and the yield was four times that of
Hummer's method[9]. One of the benefits of this process is that no harmful gases like NOx are
made as a result of this process.
Figure 1 summarizes GO's preparation and applicability toward gas sensing [49].
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Figure 1. Scheme of preparation and utilization of GO (colors of atoms: grey—carbon, red—oxygen,
yellow—fluorine, white—hydrogen). Reprinted with permission from [49].

https://biointerfaceresearch.com/ 30f 32


https://doi.org/10.33263/BRIAC135.457
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC135.457

3. Applications

3.1. Application of graphene and GO as electrical sensors.

It's because of the degeneration of both its CB (conduction-band), and VB (valance-
band) graphene is classified as a zero bandgap semiconductor[46,50,51]. The conductance of
graphene changes with the change in the following properties- i. Surface adsorption, ii.
Enormous specific area of surface and iii. Low Johnson noise [2,52,53]. Recent findings
indicate that Graphene can act as a very good sensor as it can detect various gases [54-57] and
biomolecules [58-61]. As graphene can adsorb other molecules on the surface, charge transfer
can occur where Graphene is capable of playing the role of either a donor or an acceptor, which
can result in a shift in the material's Fermi levels, carrier density, and, ultimately its electrical
resistance. Thus it can be shown a simple graphene-based FET which can sense ammonia gas
and source-drain current ( lgs) can be changed concerning gate voltage (Vgs) at a different time
in the presence of ammonia [62]. Initially, the Dirac point (Vp) appeared on the OV. After 5
minutes, it appears at -20V and finally shifts to -30V. The above result gives evidence about
the adsorption of ammonia on the surface and the formation of n-doped graphene. FET device
and the concentration of the molecule adsorbed was 8x10™ cm™2 after 30 minutes.
Experimentally it can be proved that NHz and CO behave as donors, whereas NO, and H>O
behave as an acceptor [55,63].

3.2. Application of graphene and GO asan electrochemical sensor.

Graphene and its oxide GO can form an excellent redox couple as they can show a wide
range of electrochemical potential. After modifications like electrodeposition, electrochemical
doping, and polymerization, graphene materials become effective for the electrochemical
sensor. The electron transfer phenomenon is important yet challenging for preparing
electrochemical biosensors as it is not an easy process [63]. The enzyme's activity may be
diminished during the movement of electrons from the electrode to the enzyme's redox center,
which is linked to a protein [64,65]. Several nanomaterials may be used to immobilize enzymes
to carry forward the process of electron transfer without losing the biotic activity of the enzyme
[66-69]. Graphene has been chosen as one of the most efficient nanomaterials owing to its
distinctive 'honeycomb’ lattice structure and large enough surface area on the basal plane [70].
The enzymatic reaction has been carried out with graphene as nanomaterial conjugated with
metallic nanoparticles like gold (AuNPs), platinum (PtNPs), Iron-oxides (FeONPs), Nickel
(NiNPs), copper (CuNPs), and palladium- (PdNPs) to develop nanocomposite on the surface
of the electrode which can sense glucose, hemoglobin, and cholesterol [71-77].

The graphene-based electrochemical sensors are exceptional among others in terms of
their fast electron transfer capacity, the LOD (limit of detection), and the ranges at which they
are capable of operating. For these mentioned qualities, the graphene-based electrochemical
sensors[78] can detect even a very small amount of ascorbic acid, uric acid, and dopamine type
of biomolecules[79]. Nowadays, using chemically modified GO in GCE yields superior results
in detecting free DNA's four base pairs[39]. By anchoring functionalized polydopamine
(MIPDA)-coated platinum cobalt (Pt-Co) on the surface of GO, Cheng et al. created a new
electrochemical sensor to detect tartrazine (TZ), which is genotoxic and cytotoxic to human
health. The sensor responded linearly in the ranges of 0.003-0.180 and 0.180-3.950 M under
optimal circumstances, and its limit of detection was 1.1 nM (S/N = 3). The excellent
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repeatability and persistence of the sensors were also attributed to a synergistic interaction
between the GO matrix and the polymeric imprinting unit[80]. Erdem and his coworkers
designed GO- composite consisting of ionic liquid-based altered pencil-graphite electrodes as
promising and highly convenient for detecting the BRCAL gene. The lower detection limit
(LOD) for the BRCA1 gene was computed in the range of concentrations of 2-10 g/mL and
reported to be 1.48 g/mL. The sensor’s sensitivity was determined to be 1.49 A mL/ g cm. Also,
the GO-IL composite may have better electrocatalytic properties and a bigger surface area that
is active electrochemically than either the untreated electrode or the modified GO-electrode
alone[81]. Manikandan et al. revealed that electrochemically deposited Au-supported fluorine-
doped rGO (Au-FrGO) modified glassy carbon electrodes to detect natural vanilla, a typical
flavoring additive, and strong oxidant. The Au-FrGO nanocomposite had a considerably
greater electroactive surface area and transported electrons much more quickly than Au NPs
and FrGO-modified GCE. Despite tremendous improvements in the performance of graphene-
based composite nanomaterials-modified electrodes as electrochemical sensors, there are still
certain hurdles for future research as electrochemical sensors. The size, morphology, redox
level, pureness, structural defects, and extent of dispersion all of these factors have a substantial
bearing on how efficient GO-based electrochemical sensors are.

Some graphene-combined gold nanoparticle-based electrochemical biosensors are
arranged in Table 1 [82].

Table 1. Graphene-combined gold nanoparticles-based electrochemical biosensors reproduced from

Ref [82].
Biosensor Metallic Enzyme Linear LOD Sensitivit | Stability | Refer
structure nanoparticle or. Analyte range (M) y (days) ences
protein (M)
AUuNPs/GR/ 5x 1076~
HRP/Chit/ 5.13 x 1.7 x
GCE AuNPs HRP H20; 10°° 1076 - 21 [83]
PANI/HRP/
GR-CNT- 5.0x1077
Nafion/AuPt AUPtNPt - 1.7 x 3.7x10%u
NPs/GCE HRP H20. 1.0x1074 107 A mM-1 30 [84]
Hb/AuNPs/ 2x10-6_
oR ch AuNPs Hb H02 935 O e | 0| e8]
GR/AUNPs _ 99.5pA
/GODIChit AUNPs GOD Glucose ¢21x2>1<(1)o: 10 om2 15 [86]
film-AuE ) mM*
2.5x%
GR/AUNPSTy 10°°- 3.597 mA
r-Chit/ GCE AuNPs Tyr Bisphenol A | 3.0x10% | 1x10° mM* 90 [87]
AChE/AUNPs Paraoxonethyl 1.0x 107 0.5 x
— PPy—RGO/ AuNPs AChE - 1'0,9 - - [88]
GCE 5x10°®
GOD-GR/ 4.0x
—6
PANG”CAE“NPS AUNPs GOD Glucose 11.32; Ol'g,: - 20 [89]
10-3

Here are some graphene-combined TiO2, FesOs, and NiO nanoparticles-based
electrochemical biosensors arranged below in Table 2 [82].
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Table 2. Electrochemical enzymatic biosensors fabricated from a combination of graphene and
graphene oxide with metal and metal oxide nanoparticles.Ref[82].

. Enzyme Linear Stability | Refer
Biosensor structure Metalll_c or Analyte | range LOD Sensitivity | (days) ences
nanoparticle . (M)
protein (M)
1x [90]
HbinChit[bmim]PF6Ti . 106~ | 0.3x
0,-GR/GCE TiO2-GR Hb H202 1170 x 10°6 - 20
106
10 x
PANI-TNTs/[Demim] . 10~ | 05x | 177.16 pA
Br/Nafion/GOD/GCE TiO2 nanotube GOD Glucose 2 50x 10°6 mML 30 [91]
108 cm?
HRP-Au-Fe304/ GS— qus’i Lo
Nafion/ SPCE Fes04—AuNPs HRP H202 25 x 105 - 30 [92]
108
4 x
FesOJRGOMBIGCE | ko 0 Nps Ho | Mo, | 100 | 24| O0SERA T ey
1x10°° "
2.13x1
Nafion/Mb/NiO/ Electrodeposit 0% 0.71
GR/CILE ed NiO Mb H202 | —248.2 x - 21 [94]
x 1076 10°6

3.3. Application of graphene as strain sensors.

The word strain means the deformation of an object or medium resulting from high

pressure and stress. The function of the strain sensor is to convert the force, pressure, weight,
and tension into measurable electrical resistance. Graphene is given more priority than any
other conductive material as a component of strain sensors due to its unique structure that
allows the creation of a pseudomagnetic field, and this field helps to shift the Dirac cones and
reduce the Fermi levels. Thus graphene shows various applications as a strain sensor[95,96].
The formation of a pseudo-magnetic field helps detect changes in electronic structure. One of
the very important reasons to use graphene composites as strain sensors is the high value of the
gauge factor (G.F.).
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Figure 2. Graphene strain sensors could detect human movements. The lack of graphene growing and patterning
processes hinders graphene strain sensors[101].
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Graphene-based strain sensors are mainly available in fabricated form amalgamated
with other materials, which are responsible for the amount of strain taken during the alteration
of the unit resistance following the modification of the unit length[97,98], and strain amount is
always more whenever it is used in a parallel direction to C-C whereas the strain is less on the
perpendicular direction which is an attribute to the high bandgap. Nowadays, graphene films
are produced on a variety of polymers for developing a piezo-resistive effect by applying strain
which causes an irregular shift in electrical resistance. Mostly three types of polymer substrates
are used to form different types of strain sensors[99-101]: PDMS (polydimethylsiloxane) with
photolithography process; PET (Polyethylene terephthalate) with a drop-casting process; Pl
(Polyimide) with the thermal annealing process.

A researcher reported [100] wafer-scale, flexible, high-performance strain sensors that
can be made in one step. rGO, when subjected to the “Light-Scribe DVD” burner, produced its
converted graphene nano-sheets, which exhibit strain sensor's gauge factor (GF) isaround 0.11.
Graphene micro-ribbons (around 20 m wide and approximately 0.6 mm elongated) are
employed as promising materials as strain sensors with a GF of 9.49. When the strain
implications are modest, heavy GF is utilized, and low GF is used when the deformation is
large. Graphene strain sensors scribed using a laser could have uses in the biomedical, artificial
skin, and medicinal fields.

A researcher has shown [101] a soft-PET mask is used to splatter graphene solution to
make the hypersensitive layer as gauge sensor. This foldable strain sensor is sensitive (at 1%
strain gauge factor is 100), ultrafast due to low response time(400-700 s), durable (1000
cycles), and has low overflow (5%). These methods are suitable with curved substrates and
should expand the use of flexible strain sensors.

Recently, rGO film-based strain sensors have received more attention for developing
very sensitive strain sensors that are also flexible and stretchy. By manipulating the rGO film
thickness and tailoring the physical separation between small rGO fragments, one can envision
achieving remarkable sensitivity to mechanical stimuli on an rGO-based film surface composed
of several over-connected networks of small rGO fragments where implemented strain causes
separation throughout the junctions and resistance to change[102]. For example, rGO film and
polyethylene terephthalate (rGO-PET) composite were created by drop casting PET on the
surface of rGO film, where rGO is made by reducing GO using a 1.8W laser source. The gauge
factor for the strain gauges that were made was found to be about 61.5, and the resistance values
for stresses that were applied ranged from 0.01 to 0.04% and were fairly linear for each
observation period.[102,103]Adding polystyrene nanoparticles to the rGO film changes the
way the rGO particles are physically arranged and ends with a much more noticeable shift in
resistance to distortion. As a consequence, at even 1.05% of strains, high GF values of 250
were found[104].

Graphene-derived strain sensors exhibit potent implications in many fields besides
pressure sensors. It can be used as a healthcare device to detect any physiological change in
our bodies. Recently weaving graphene fabric (GWF) with PDMS was used as a strain sensor
to sense the activity of the throat muscles. GFW-based strain sensors are sometimes reported
to have a G.F of 10° and graphene-based nano papers can also be used for strain sensors.
Recent findings also indicate the change in electrical conductivity and relative strain up to 2200
Scm™and 540%, respectively, can be obtained using graphene-based strain sensors[105—
115].Wearable sensors have indeed been connected to gloves, body parts, and skin for smart
healthcare to analyze physiological functions of the body, such as monitoring heart rate, cardiac
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cycle, intraocular pressure, and various other health-related situations. Because the mechanical
qualities of piezoresistive materials, like elasticity and durability, are essential to wearable
sensors, just a few materials are suitable for use in these devices. This discovery led to creating
a wearable strain detector in the form of a graphene-woven fabric (GWF) on PDMS and
medical tape composite. At strains of 0.2%, 2-6%, and >7%, 35, 103, and 106 are the gauge
factor values measured by the sensor, respectively[116,117]. There has been a significant
recent development in the design and analysis of graphene-based strain sensors, but it is clear
that more work is needed in this area. Research in the future should concentrate on using
synthesis to find solutions to existing challenges, improving the transfer and integration
processes, and looking into how to make devices more sensitive and durable.

3.4. Application of GO as various gas sensors.

Many special properties are shown by GO exclusively due to its unique
nonstoichiometric compositions with a ratio of 4:1 to 2:1 considering carbon and oxygen
content and has a chemical formula ranging from CgO2Hs to CgOsHs in the presence of
epoxides hydroxyls and oxygen-related function groups on its large basal plane[118-121]. In
the presence of these groups, GO can act as a good gas sensor as it can easily interact with
various toxic gasses[122].
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Figure 3. Graphene gas sensor (a) GO film that changes color when exposed to different RH. Reprinted with
permission from[123] (b) A prototype showing how non-contact sensing works. Schematic plot of the relative
change in impedance (Z/Z0) of each pixel in the gas sensor matrix. Reprinted with permission from [124] (c) A
gas sensor made of graphene and PI. The graphene gas sensor's response curves to three 5 ppm NO; pulses at
different temperatures. Reprinted With permission from [125].

In Figure 3, graphene-based sensors wearable-sensors which have tremendous
potential, have been displayed.

In recent years, there has been a discernible trend toward incorporating graphene
devices into wearable systems. These graphene devices have exceptional performance in terms
of flexibility, biocompatibility, and electrical characteristics. Wearable graphene sensors have
the potential to improve both the quality and quantity of the physiological signals they collect,
making them an exciting development for the future of health care and telemedicine.[126]

The vicinity conductivity of the graphene and the potential for an inherent augmented
sensing mode are two important benefits of the graphene-based sensor module [127]. When
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hybridized with metal oxides, graphene’s large specific surface area may also have synergistic
benefits in attaining tailored gas sensitivity at room temperature, particularly on selection and
sensitivity properties. In contrast, the exciton doping regions of graphene and rGO display
nearly symmetric and ambipolar behavior (electrons and holes travel in opposite directions).
Due to the molecules of oxygen and water that were immobilized, they additionally exhibited
conducting characteristics p (hole) type.A p-n junction may also develop as a consequence of
the arrangement of graphene sheets with an n-type metal oxide. The result would be a unique
nanostructure with high electrocatalytic capabilities, a huge surface area, and an excellent
absorption capacity [128]. The semiconductors 'surface continues to absorb electrons from n-
type metal-oxides when they are put in an environment with oxidizing gases. The electrical
resistance rises due to the wider Electron Depletion Layer (EDL). The thickness of the EDL is
decreased, as is the resistance of the sensing material when they are put in an environment with
reducing gases, which act as a donor of electrons at the metal-oxide interface.

Adsorption

Reaction

@® Electron
. Graphene layer

[.— Depletion layer
. Metal oxide layer

Electron transfer and
change in charge
depletion layer

= Adsorption

Figure 4. The basic processes of the electrical and catalytic interplay between the graphene-based gas-sensing
layers and the metal oxide are depicted in this schematic diagram. [reprints with permission [128].

On the other hand, in the oxidizing gas environment, the resistance of p-type metal-
oxides decreases because of an increase in the breadth of the Hole Accumulation Layer (HAL)
caused by the trapping of electrons through the metal oxide surfaces. Electrons are liberated
into the metal oxides when introduced to reducing gases, narrowing the HAL and raising gas
sensor resistance. The operating temperature impacts the metal oxide's kinetics, resistivity, and
electron mobility, which substantially impacts how well metal-oxide-based gas sensors can
detect gases. To comprehend this sensing process for graphene-related gas sensors, Chatterjee
et al. suggested two hypotheses focusing on (a) oxygen ion sorption and (b) the presence of
unoccupied oxygen [127].

0,(Gas) + e~ = 05 (adsorption)........... (1)
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0; (adsorption) + e~ = 02~ (adsorption) 2 20~ (adsorption).............. ()
CO + 07 (adsorption) — COz+ € ciiriiiiiiiiiiiiiiieiea, 3)
2C0 + 05 (adsorption) — 2C05 + €7 oiiriiiiiiiiiiiiieiiea, 4)

They have proposed the typical actions of graphene-based detectors in response to
exposure to air and a reducing gas (R) ( shown in Figure 4). Equation (4), which explains
oxygen adsorption, is derived by utilizing Equations (1) and (2). When exposed to a reducing
gas like CO, the reactions at surfaces that occur adhere to Equations (3) and (4).

3.4.1.GO as ammonia gas sensor.

In this era of high air pollution, harmful gases like ammonia and carbon monoxide can
be detected by using GO as a sensor. This thought opens up new opportunities for young
chemists to use GO exclusively as a gas sensor. According to the information provided by the
Occupational Safety and Health Administration (OSHA), even in people with the most delicate
respiratory systems, only 50-100 ppm of ammonia can cause irritation to the eyes, nose, and
throat[129-132]. However, many commercial metal oxides are available to sense ammonia but
fail to detect it properly due to high-temperature operation. They generally function at a range
of 200-400°C; at this temperature, ammonia shows a short life, and thus specific selectivity
becomes poor[133-136]. Besides this method, many other methods are available, like
conducting polymers[137,138], carbon tubes[139], etc. But they also have the same problems
of poor selectivity and lower response[140,141]. Complex processing and high fabrication cost
are two major limitations of using carbon nanotubes as sensors[142,143].

Peng and Li found that graphene and its oxide can adsorb ammonia, but GO's adsorption
energy is higher than graphene due to its hydroxyl and epoxide groups. When one hydroxyl
group binds to the nitrogen of ammonia, it shows adsorption energy of ~ 0.529eV, whereas,
with two hydroxyl groups, it shows higher values of ~ 0.603 or 0.840 eV/[49]. A functionalized
GO is prepared by a simple esterification reaction between MTA and GO in the presence of
Dicyclohexylcarboiimde (DCC) and hydroxybenzotriazole (HOBt) as a catalyst. A one-hour
ultrasonicated solution of DMF and 20 mg of GO is mixed with a homogenous solution of
MTA and DMF solution, which was ultrasonicated, maintaining room temperature. This
mixture was subjected stirred approximately 2 hour at 27°C, and after that, the solution was
warmed to 70 °C and further continuously mixed for another 3 hours, followed by the addition
of DCC and HOBt powder, and the as-produced mixture was then swirled for a further 36 hours
to produce functionalized GO (FGO). This FGO powder is finally dried at 82°C, and by
repeating the same process, TG50 and TG75 can be formed with different concentrations of
MTA. In order to make the depositing material for sensor device fabrication, 30 mg as-
synthesized functionalized GO dissolved in approximately 20 ml of DMF, and the mixture is
ultrasonically stirred for 1 hour to homogenize. This suspension is used to coat the substrate of
the sensor. The substrate was coated on both sides with aluminum electrodes for the electrical-
measurement top. Now it is ready to detect ammonia gas. The detection of ammonia gas can
be understood when there is a decrease in electrical resistance.

The prepared functional graphene oxide(FGO) can sense ammonia by the surface
reaction between Ammonia and FGO surface, leading to strong chemisorption and
physisorption. The transfer of charge involving the ammonia and the FGOsurface results in the
creation of hydrogen bonds. This phenomenon is responsible for strong adsorption between
Ammonia and FGO surface[144].
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The ammonia and FGO surface adsorption may take place with four different kinds of
phenomena where ammonia molecules can be adsorbed at different sites. Those sites are as
follows -

The simple physical adsorption takes place at the hollow site of fluorine-doped
GO(FGO). Due to the presence of an epoxide ring, ammonia can be adsorbed through chemical
adsorption by the formation of NH; and H, which are formed by the dissociation of ammonia,
and these fragments can be absorbed into the epoxide ring after breaking the epoxide ring.
Finally, OH and NH> groups formed at the carbon and oxygen sites.

On the surface of FGO, there are various carbon defect sites where dissociated ammonia
can be adsorbed as NH> and H fragments leading to the creation of C- H and C- NH> bonds
through chemical adsorption.

There is another possible way where a hydrogen bond is formed between the oxygen of
the ester group of FGO and the hydrogen of ammonia.

The whole sensing mechanism, with the help of Langmuir-Blodget (LB) methods on
the SiO2/Si wafer surface, shows no change in sensing with changing the concentration of
MTA[145].

3.4.2. GO as hydrogen gas sensor.

Metal oxide-based nanostructures are considered the best material for sensing various
gases because of their better surface area and fast sensing capacity, which opens up a new
possibility to incorporate this idea into electronic nose devices[136,146-149]. The
commercially available metal oxide-based micro structures require a very high temperature and
a large enough space to accommodate the whole system. These two major problems need to be
modified so the system becomes portable and can operate at room
temperature[146,148,150,151]. The sensing based on fabricated metal oxide nano and
microstructures is also limited by lower sensitivity at room temperature[152—-156]. Thus
temperature is one of the important key factors for sensing operation[157]. However, Zhang
and his team made novel membrane graphene-based composites with zeolitic imidazolate
framework-8 membrane stayed by vertically oriented ZnO nanorods with extremely high H» or
CO; sensitivity[158]. The use of GO is quite popular for its unique,non-uniformly distributed
structure, which makes the material full of pores, thus making it perfect for fabricating selective
materials[153,159]. Rasch and his research team first proposed designing ZnO microwires
(MW) using a wet chemical method with a nanoporous thin GO membrane of less than 20nm.
These particular GO/ZnO MW devices work based on the mechanism of effusion of the gas
molecules through the nanopores. The gas sensing mechanism was studied for different types
of gases with different concentrations, like hydrogen and some volatile compounds, including
methane, acetone, ethanol, etc. Hydrogen gas molecules gave the best response with a very
high gas sensing capacity of 4 ppm[160].

T. Pustelny et al. investigated another H> sensing device of GO with a resistive
structure. Due to lower chemical reactivity and good electrical conduction power, gold is
chosen to make interdigital electrodes of the resistive sensor structure. In between the gold
layer and the resistive substrate of BK7, there must be a chromium layer of 35nm where the
substrate is covered with chromium and gold, deposited through the Electron-beam physical
vapor deposition (EBPVD) process. The width of the electrodes is around 90 um, and they are
separated by 110 um. Modified Hummers GO was prepared, and the suspension of GO was
applied on the prepared substrate using a spray coater from 20 cm apart so that the layer is hard
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to notice at a glance. At a particular portion of the resistive structure, the Pd layer was deposited
by the thermal evaporation method for further improvement of the sensor. For example, when
the sensor is exposed to synthetic air with very low concentrations of H2 gas, the resistance
(electrical) decreases irrespective of the gas concentration and the experimental temperature.
In general, the temperature range is chosen from 21°C to 120°C. At lower temperature ranges,
it only can sense H, when the concentration is more than 4%. Still, after increasing the
temperature, the concentration and the batching gas may be easily identified from the graph, as
shown in Figure 5[161].

Zinc oxide (ZnO) is one of the most common metal oxides in the gas sensing area
because of its unique properties, such as n-type conductivity, low toxicity, ease of synthesis,
high availability, good thermal stability, and high mobility of electrons [56,57]. Duan et al.
demonstrated that RGO-supported Pd-SnO2 (rGO/Pd-SnOzporous ternary nanocomposites
have outstanding sensitivity and selectivity toward hydrogen response of 32.38 toward
200 ppm hydrogen at 360°C. The as-synthesized rGO/5.0 Pd-SnO, composites produced the
best hydrogen sensing property owing to synergistic effects. Particularly, the 5.0 Pd-SnO2/rGO
sensitivity to 0.5 ppm (500 ppb) hydrogen reached 2.4, demonstrating the high potential in
sensing incredibly low hydrogen concentrations. [162]

Table 3. Graphene (e.g., GO, rGO) and metal oxide semiconductor (MOS) based hydrogen gas
sensors: a comparison of sensing performances. The sensor response is defined by the equation provided unless
otherwise noted (1). (*) Obtaining the sensor's response in the form R a /R g. (**) Since no explicit recovery
durations were provided in their articles, authors had to extrapolate these values using published sensor response
curves. CVD stands for chemical vapor deposition, and RT stands for room temperature. Reprinted with
permission from [163].

Ref. | Sensor Operating Method Low Response/Recovery Time | Literature
Nr. | Material Temperature Detection | (Response) at H2 %
Limit

1 Zn0O/G 150 °C Hummer’s 200 ppm 22/90's (3.5 *) at 200 ppm [164]
method

2 Zn0O/GO RT simple wet- 4 ppm 114/30 s (3.42 *) at 1000 ppm | [160]
chemical
coating
technique

3 ZnO/rGO RT Electrochemical | 100 ppm 21.04/47.09 s (484.1% *) at [165]
exfoliation 100 ppm

4 ZnO/rGO 250 °C Modified 100 ppm —/—(30%) at 500 ppm [166]
Hummers
method [C23]

5 ZnO/Ag/Pd/rGO | 150 °C Modified 100 ppm 10/14 s (59%) at 100 ppm [167]
Hummers
method

6 ZnO/rGO 150 °C Modified 100 ppm 33/19 s (46%) at 100 ppm [167]
Hummers
method

7 Ag/ZnO/rGO 150 °C Modified 100 ppm 45/27 s (51%) at 100 ppm [167]
Hummers
method

8 Zr02/Zn0O/rGO | 150 °C Modified 100 ppm 15/16 s (52%) at 100 ppm [167]
Hummers
method

9 Pt/ZnO/rGO 100 °C Modified 50 ppm 12/412 s (99%) at 400 ppm [168]
Hummers
method

10 Sn0O2/rGO 80°C Modified 1000 ppm | 15/61 s(1.58%) at 1000 ppm [169]
Hummers
method

11 Pd/SnO2/G RT CvD 2% 50/100 s (11%) at 2% [170]

12 SnO2/G RT CVvD 2% 18/12 s (0.35%) at 2% [170]
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Ref. | Sensor Operating Method Low Response/Recovery Time | Literature
Nr. | Material Temperature Detection | (Response) at Hz %
Limit

13 | Ni/znO/rGO 150 °C Hummer‘s 1 ppm 28/320 s (63.8%) at 100 ppm | [171]
method

14 CuO/rGO RT Thermal 50 ppm 80/60 s (12%) at 1500 ppm [172]
heating from
GO at 180 °C

15 | TiOA/G 125 °C Hummers’ 5000 ppm | 16/61 s (18%) at 5000 ppm [173]
chemical
method

16 MoS2/rGO 60 °C Modified 200 ppm 261/260 s (15.6%) at 200 ppm | [174]
Hummers
method

17 Pd/SnO./rGO RT Modified 100 ppm 600 s/>2000 s ** (55%) at [175]
Hummers 10,000 ppm
method

18 | Sn0O/rGO 60 °C Modified 200 ppm | 119.6 5/265 s (19.6%) at 1000 | [176]
Hummers ppm
method

19 | Pd/WOa/rGO 100 °C Modified 100 ppm | 52/35s (150 *) at 500 ppm [177]
Hummers
method

20 | Pd/WO3/G RT CVD-Method | 0.1% 13/43 5(90%) at 4% [177]
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Figure 5. a) At 80°C when only humid N is passed through the sensor, then the change in resistance with time,
b) at 21°C, when 25% H, gas is passed through the sensor, maintaining the humidity at 5.4% then the change in
resistance with time, c) at 120°C when 25% H, gas is passed through the sensor maintaining the humidity at

5.4% then the change in resistance with time. Image adapted with permission from [161].

3.4.3. GO as nitrogen dioxide gas sensor.

NO: gas is toxic, and the production of this gas is high due to the increase in the use of
fossil fuels in this era of urbanization and industrialization[178,179]. NO. is an air
pollutant[180,181]. Some recent findings show that SnO,, CuO and ZnO can be used as a
sensor layer[182—-184].0n the other hand, the same kind of resistive sensor structure using GO,
investigated by T. Pustelny et al., was used for Hz sensing and NO> sensing. NO> is a very toxic
environmental gas that can be detected using this sensor. The resistance (electrical) of the
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device reduces in the presence of NO> gas. Still, it requires more time to detect in comparison
to Hz because the sensor only senses NO. when the sensor structure is affected by NO». The
detection of NO: also depends on temperature. When the temperature is set to 50°C, then
resistance changes in wider ranges, but when it is set to 120°C, the gas atmosphere changes at
a shorter time range; thus, resistance change is not as wider as in the previous case, as shown
in Figure 6[161].

entration of NO;, ppm

Resistance, Q

ncentration of NO, ppm

Conc:
Co

0 2000 4000 8000 8000 10000 12000
Time, s

(a) (b)

Time,

Figure 6. (a) at 21°C when 25% NO; gas is passed through the sensor maintaining the humidity at 5.4%, then
the change in resistance with time;(b) at 120°C when 25% NOzgas is passed through the sensor maintaining the
humidity at 5.4% then the change in resistance with time. Image adapted with permission from [161].

Using paper substrates, low-cost gas sensors based on rGO were reported by Hassinen
et al. to detect NO> at a smaller scale (ppm levels).The sensing behavior of rGO is affected by
the thickness and shape of the r-GrO flakes[185,186]. One major disadvantage of using rGO
in gas-sensing systems is its piteous specificity. However, it has been demonstrated that
functionalizing rGO with metal or metal oxide nanoparticles improves its sensitivity[186,187].
Recently Jang Joo et al. asserted that the combed form of Au electrodes sputtered on the surface
of silicon substrate were modified with narrow graphene oxide nanoribbons (GONR), and
MoSznanospheres exhibit improved ability to detect NO, gas. The MoS; nanospheres were
synthesized via the hydrothermal method and then deposited over the thin layer of GONR to
decorate it. At room temperature, the unmodified and MOS; decorated GONR thin films can
detect 10 ppm of NO, with 33% and 250% sensitivity, respectively[188]. Park et al.reported
chitosan anchored rGO (rGO-CS) as a flexible and disposable paper-based gas sensor to detect
toxic gas like NO2. The chitosan molecules, which serve as a dispersion and reduction agent
and support material, are responsible for the composite's ability to be easily bent and molded
into various shapes as it is created. Due to its adhesive features, this composite can also be
applied to paper, making it useful in various disposable activities. They reported that the above-
mentioned composites could detect NO>. in a concentration range of 0-100 ppm with a detecting
limit of one ppm[189].

3.4.4. GO as mass gas (NO2, SO, NH3 and CO) sensor

GO can make another exciting mass-type gas sensor for different features of the 2D
nanosheet as it contains various functional groups. Thus, it can easily detect NO, SO, CO,
and NH3[35,190-195]. Ultrasound dilutes and disperses GO nanosheets in simple deionized
water (DIl)at a controlled concentration. On quartz crystal microbalance (QCM) electrodes,
dispersion is deposited. Then the substrate is added using a spray coating process maintaining
a distance of 30cm at a fixed temperature of 170°C. Finally, it is hard-baked for the production
of the mass-type gas sensor. All the gases, like NO2, NHs, SO», etc., are diluted in N2, and
finally, the frequency shift is measured. At first simple N2 gas is flushed through the device at
a rate of 200 sccm then any one of the test gas is flushed at the same rate, and now the frequency
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shift is measured, and the process is repeated two more successive times. At first SO, gas was
taken for the experiment, and it was checked with different concentrations of 2.5, 7.5, 10, 12.5,
and 15 ppm, and the respective shift of frequency was found at 2.9, 4.3, 7.4, 10.1, and 15 Hz.
It is also found that with an increasing concentration of SO», the frequency shift increases along
with response time. As an example, when the concentration was kept at a range of 5-15ppm,
the response time range was between 65 to 80s. The same kind of procedure was followed for
other gases like NO2, NHs, and CO, which all showed excellent results with the same range of
concentration, where they give the same frequency change[196]. Another study revealed that
hydrothermal treatment of graphite and HAuUCl4 yields rGO/Au hybrid-nanocomposite that
exhibits excellent NO2 sensor at 50 °C, as shown in Figure 7 [197]. This above-mentioned
nanocomposite is more sensitive, faster, and more reproducible than pure rGO.
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Figure 7. (a) Dynamic NO; sensing transients curve of the rGO/Au-based sensor to 0.5-5 ppm NO2 at 50 °C; (b)
The responses of the rGO/Au-based sensor to 0.5-5 ppm NO2 at 50 °C, (c) The responses of rGO/Au based sensor
to 5 ppm of different gases at 50 °C, (d) The reproducibility of the rGO/Au sensor on successive exposure (3
cycles) to 5 ppm NO; at 50 °C. and (e) The scheme of the proposed gas sensing mechanism: the adsorption
behavior of NO2 molecules on the rGO/Au nanocomposite. All the figures and captions are reprinted with
permission form [197].

Hydrothermally deposited ZnO nanorods on the surface of GO-form composite
(GO/ZnO-NR) were proven as a superior sensor to detect H2 and SO2 at room temperature
with a linear response below 100 ppm. The SO2 sensor's delayed response and recovery
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durations are caused by firmly adhering SO3 species. A detailed mechanistic approach is

shown in Figure 8 [198].
GO-ZnO NR sensor structure in absence of target gas

0,fG
ZnO NR
\ *
’anN: GO film a\
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Glass substrate

GO-ZnO NR sensor structure with underlying Pt/Ti electrodes

ZnO NR: Zinc Oxide nanorods
0, FG: Oxygen functional groups on Graphene Oxide surface
Pt/Ti: Underlying Platinum/Titanium electrodes in the Graphene Oxide film

GO-ZnO NR sensor interactions in presence of H, and SO, gases
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Figure 8. Graphical representation of the gas sensing mechanism of GO-ZnO-NR composite sensor (a) in the
absence of H, and SO- gases (b) in the presence of H; and SO, gases. Reprinted with permission from [198].

Figure 9 shows that nano composites based on Pt-anchored reduced GO exhibit an

excellent radio frequency identification (RFID)-based wireless smart-sensor for sensing
hydrogen gas at concentrations as low as 1 ppm.
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Figure 9. A presentation of an RFID-based wireless system to sense hydrogen gas by using Pt/rGO as a sensing
material Reprinted with permission from [199].

Researchers[194] reported the manufacture of Hosensors for practical purposes based
on one-dimensional multi-walled carbon nanotubes (MWCNTSs) adorned with noble
nanomaterials and 2D graphene produced through a straightforward drop casting method. For
example, Pt-anchored functionalized-graphene nano-sheets (Pt/f-G) and Pt-anchored
functionalized MWCNTSs(Pt/f-MWNT) were used to study as Hz sensors. Analyses performed
on (Pt/f-G) for the purpose of hydrogen sensing at a low sensitivity level of 4 vol% hydrogens
in air demonstrate a reaction time that is comparable to that of (Pt/f-MWNT) but with a twofold
improvement in sensitivity at room temperature.

Figure 10. Graphene-based ultrafast sensor systems for wearable electronic devices. Reproduced with
permission from [201].
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Over multiple hydrogenation and dehydrogenation cycles, these sensors were likewise
found to retain their initial sensitivity.

Researchers[200]have made a stretchy, translucent gas sensor from a hybrid composite
of Ag-Graphene (Ag-G) composited. Owing to its excellent tensile and opto-electronic
properties, the sensor is durable even under significant mechanical distortion (up to 20%
strain). Bluetooth or an inductive antenna enables wireless sensor functioning. The system may
be placed onto nonplanar substrates, such as a wristwatch, a light bicycle, and living plant
leaves, attributable to the materials' resilience, advancing toward the forthcoming generation
of sensor technologies to be used in “the Internet of Things" [200].

A schematic representation of graphene and its composite materials was depicted in
Figure 10 [201] as an ultrafast sensor to construct wearable electronic devices.

The most concerning feature of graphene/graphene oxide derivative-based sensing
operations for hazardous sensing applications is that the higher working temperature cannot be
reduced. Furthermore, moisture is vital in the sensor module, as the sorption of H>O molecules
would alter the target analyte's sorption and response on the sensor's surface, diminishing the
sensor's responsiveness. The long-term focus could be on improving moisture responsiveness
to prepare a harmful gas detector with superior performance, and humidity resistance
appropriate for potential implementation, particularly in areas where the humidity level is very
high. Future advancements in rGO-based sensitive information are anticipated to serve a crucial
function as a gas-sensitive material, making it even more valuable for various studies.

Many types of Graphene derivatives are used as gas sensors, and hybrids and
composites are currently of great interest. However, the feasibility of scaling up technical
processes must be thoroughly examined based on effectiveness. It is crucial to incorporate
fabrication techniques into the analysis of sensors. Though there are several approaches have
been employed to sense various gas like NH3, Hz, H2S, SO2, NO>, etc., at room temperature by
graphene and its derivative-based sensors, the sensitiveness, scale-up, response along with
recovery time of the sensors are the major issue for its commercialization.

3.5. Graphene-derived membrane for surface stress sensors (G-MSS).

Graphene's huge surface area and chemical modification capabilities make it ideal for
gas detection. In this section, we have articulated G-MSS as a sensing platform. GO's viability
as a gas-detecting material for static mode nanomechanical sensors and its water vapor
selectivity have been published [202], as displayed in Figure 11, which illustrates the
implication of G-MSS as a sensing platform. After a comparative analysis of GO, rGO, and
graphite powder sensing responses, they examined the MSS sensing process. GO can be used
in static mode nanomechanical sensors for gas sensing; GO-coated MSS responded clearly to
solvent vapors, especially water vapor. Oxygen-containing functional groups improve GO's
ability to absorb oxygen, as shown by comparing GO, rGO, and graphite structures, resulting
in its high selectivity and sensitivity to water with gas detection at 100 ppm. Using GO-coated
MSS components may facilitate the creation of handheld instruments for determining water
and hydrophilic gas concentrations. As a sensing material, GO has also been demonstrated to
have promise in static nanomechanical sensors.
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Figure 11. MSS as a sensing platform and GO as a gas sensing material. As a gas-detecting material, chemically
modified graphene with low conductivity has been employed, and five distinct gases have been measured.
Reproduced with permission from [202].

3.6.Bio sensors.

Biosensors are increasingly being used to detect biochemical molecules in the human
body, food products, and other relevant fields. Using new nanomaterials’ chemical and
electrical features, biosensors are being made more sensitive and efficient[35]. In addition,
biosensor applications benefit greatly from selectivity, exactness, and a minimum detection
limit.

Graphene is superior to other materials for biosensing fields for its many advantageous
properties. The existence of ripples and folds boosts the chemical adaptability of graphene
materials. This means that more detection or analyte components can be added to the surface
of graphene [203]. Graphene's sp?-hybridized carbon atoms and monolayer structure make it a
unique material that can be changed in many ways to improve its performance. This means that
it can be made to fit the needs of each biosensor. Graphene's monolayer structure and the
attraction sites created by its bonds make it a good candidate for these sorts of changes[204].
Attaching organic groups like chromophores to graphene’s surface is one way to modify its
electrical properties, while tampering with graphene's extended character is another[205].

Graphene and its derivative-based systems are also great for biosensing since they can
immobilize a variety of bioreceptors, either covalently or non-covalently. Noncovalent
interactions, like stacking, hydrogen bonding, and electrostatic repulsion, allow single-stranded
DNA to bind on the surface of graphene from its ring-structured nucleobases. Amine protein
groups serve as chemical "glue” that binds proteins to graphene oxide's carboxylic groups[206].

The electrical characteristics of graphene for their sp? hybridized structure include free-
moving bonds. As a result of the rapidity with which electrons may be transferred between a
bioreceptor and a transducer manufactured from graphene, electrochemical biosensors can
achieve a very high level of sensitivity[202].

Strong C-C bonds contribute to its high mechanical strength, making it harder than
diamonds. Furthermore, the material's softness and pliability are enhanced by Van der Waals
forces. Graphene's unique ability to be both rigid and malleable has made it a popular choice
for use in wearable-flexible biosensors [130].

Due to their enhanced signal output, graphene and its derivative are becoming
increasingly significant in nano-sensor applications[202]. DNA, lipids, peptides, viruses,
antibodies, and heavy metal ions are just some of the many chemical and biological entities
that graphene can successfully detect (Figure 12) [202].
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Graphene can detect ions, chemicals, nucleic acids, and cells [202].

A bio-receptor is the component that makes up a biosensor that recognizes the analyte,
and a transducer turns the chemical signal into an electrical signal[207-208]. Aptamers, DNA,
cells, and antibodies are bioreceptors. Biosensor transducers employ graphene. An analyte
binds to a bioreceptor, generating a signal (temperature, light, or pH change). Bioreceptors on
a transducer transform a chemical stimulus into an electrical signal (e.g.,
graphene).[200,209,210]Graphene transducers boost the electrical conductivity of biosensors,
electron transfer kinetics, and better surface area.[211].

Electrochemical, Fluorescent, Optical, particularly Surface-Plasmon-Resonance (SPR),
along with Surface-enhanced Raman-Scattering (SERS) biosensors, are the most common
applications of graphene and graphene-based materials, e.g., GO, rGO. In Table 4 [212] several
examples of biosensors based on graphene are reported.

Table 4. Biosensors based on graphene[212].

Sensor Type Target Detection Method Reference

Electrochemical Glucose Graphene/Nafion/Pt NPs/Chitosan/GOD [213]

Electrochemical Glucose Graphene/GOD/chitosan [72]

Electrochemical Prostate Specific Graphene sheet/Methylene blue/ [214]
Antigen Chitosan/Antibody

Electrochemical Prostate Specific Graphene sheet/Quantum dot functionalized [215]
Antigen graphene/antibody

Electrochemical Pb(1l) Graphene field effect [216]

transistor/DNAzyme/Pyrene

Surface Plasmon 3-nitro-L-tyrosine Graphene/Nickel [217]

Resonance

Surface Plasmon Folic acid Graphene [218]

Resonance

Surface Plasmon ssSDNA Graphene/Gold nano urchin/ssDNA [219]

Resonance

Surface-enhanced Raman | Aristolochic acids Graphene/Ag NPs/Fe304 [220]

spectroscopy

Surface-enhanced Raman Rhodamine B N-doped graphene [220]

spectroscopy

Surface-enhanced Raman Rhodamine 6 G/crystal | Graphene/Ag NPs/CuF [221]

spectroscopy violet/thiram

Optical DNA Graphene-MoS2/BK7 prism/Ag/SiO2/Au [222]

Optical Nitrate Graphene/Optical fiber tip [223]

The principle of bio-sensors is based on the interaction between the target analyte with

senor material to produce noticeable signals. It was reported that the biomolecules such as
glucose, DNA, RNA, and antibodies are quickly immobilized on the 2D flat surface of
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graphene to facilitate interactions with the targeting molecules[60,224-226]. For instance, Dey
et al. employed ferrocene-anchored GO sheet-based biosensors to detect cholesterol. The
above-said sensors have better linear response and sensitivity[76]. Bagherzadeh et al.
Constructed Pyrenebutyric acid NHS ester bonded armchair graphene nanoribbon
(PBANHSE-ACGNR) derivative-based biosensors to ameliorate DNA hybridization sensing.
Pyrenebutyric acid NHS ester (PBANHSE) impediment to the surface of graphene via the
stacking of the pyrene group of PBANHSE through noncovalent interaction. The single-strand
DNA (ss-DNA) was a trap on the surface of PBANHSE-GO via covalent interactions with
PBANHSE. After the amine group in the probe DNA nucleophilically substituted 1-
Hydroxysuccinimide, an amide bond was formed that allowed the probe DNA to be attached
to PBANHSE. It was determined that functionalizing AcGNR with PBASE enhanced the
sensor's conductivity. The above-mentioned sensor displayed 10% sensitivity at zero bias
voltage and increased sensitivity when an appropriate gate voltage was used[227]. To detect
large concentrations of artificial sweeteners like sucralose, Bathinapatlaet al. created GO-
modified glassy carbon electrodes assisted by laccase immobilized, p-amino thiophenol ZnO
based biosensors (L/ZnO-thiophenol-GO/GCE). In Phosphate buffer (0.1 M) at pH 5, the
aforementioned biosensors exhibit an eight-fold improvement in differential pulse
voltammetry signals compared to the standard GCE. The strong binding of laccase to the
surface of GO through high isoelectric point and nanodomain ZnO, which displayed enzymatic
catalytic activity towards the oxidation of sucralose, was responsible for the signal
enhancement[228].

Though GO and its functionalized derivatives have potential applications in the
advancement of futuristic biosensing like glucose oxidase, cholesterol DNA, RNA, and so on,
the substantial possibility to be explored in the long term is the increasing demand for the
engineering of GO-based biosensors that allow monitoring and designed to detect analytes with
high specificity and sensitivity to a great extent for little expense. GO-based biosensors should
also be devised as point-of-care diagnostic devices or as an in-situ sensing platform for
environmental assessment.

4. Conclusions

This mini-review articulates the synthesis and applications of graphene oxide,
emphasizing its use as gas, electrochemical, and membrane-type surface stress sensors.
Undoubtedly, graphene's future in the realms of gas detection and electrochemical sensors is
Brobdingnagian. Graphene nanosensors have a promising future in industrial production as
well as environmental remediation due to their benefits in sensitivity, selectivity, and
compactness. Nonetheless, graphene's present large-scale exploitation still faces obstacles.
There are two major challenges. First, there isn't any technology for preparing graphene sensing
devices on a large scale. Second, graphene must be modified in various ways to make it more
responsive to specific gases. Based on the current state of affairs, response time might be
enhanced by: 1) boosting the high surface area by modifying the surface and integrating it with
various nanomaterials; and 2) developing the optimal structure. As research continues,
enhanced graphene-based gas-sensitive materials will hold an important place in the future of
gas-sensitive materials and provide increasing advantages. Graphene-based systems arise as
viable platforms for sensor implications, requiring continued collaboration within scientific
groups such as chemistry, physics, and biology to facilitate their implementation.
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