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ARTICLE INFO ABSTRACT

Keywords: Carbon based 2D materials, specifically those of the graphene family, recently gained considerable interest in the
Graphene study of sensors. It is emerging as a novel and potent material with tunable physicochemical properties such as
Raman spectroscopy ballistic conduction, high mechanical strength, a broad spectrum of chemical stability, high surface-area-to-
Electrochemical . . s s . : . .

FET volume ratio, ease of surface functionalization, and the possibility of mass production. This review provides

insights into recent advances in graphene-based materials for field-effect transistor-based sensors, electro-
chemical sensors, and Raman spectroscopy-based sensors. Among the sensing methodologies, those utilizing
field-effect transistors demonstrate a high degree of specificity and ultralow sensitivity and are relatively easy to
manufacture in large batches with a repeatable sensitivity. Over the last decade, multiple types of sensors based
on various graphene-family materials have been researched to detect various types of targets, ranging from
biomolecules to heavy metals and chemical pollutants. Owing to their ability to integrate into a portable and
rapid test platform, both at the laboratory scale and for point-of-care testing, the graphene family of materials
(GFM) is a significantly viable base for sensor fabrication. Electrochemical and Raman spectroscopy-based
sensors can provide a robust platform for detection at high-stress environments including fluctuating pH, tem-
perature, and other possible disturbing conditions. The strategies used by researchers to detect specific and
ultralow concentrations of analytes in a diverse mixture of targets are elaborated in detail. This review chro-
nologically presents details regarding the GFM ranging from their synthesis to specific application possibilities.

Analytes and biosensors

1. Introduction which are 1D cylinders composed of carbon sheets, quantum dots,

nanomaterials, nanowires, and nanoscale objects. Since the first free-

A sheet of carbon atoms with sp2 bonds is called graphene, which is
ideally organized in a honeycomb lattice, creating a monolayer of car-
bon atoms that is only one atom thick. This new material has gained
significant interest in many disciplines, including nanoelectronics,
elevated electronics, energy conversion and storage, field emission dis-
plays, and transparent conductors, owing to its remarkable physico-
chemical and morphological properties. This review focuses on the
fabrication and use of graphene for biochemical and physiological
sensing. The major driving force behind the creation of new and
improved sensors over the last 10 years has been a variety of zero-
dimensional (0D) materials, which are also categorized as one dimen-
sional (1D) nanomaterials. These include carbon nanotubes (CNTSs),
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standing graphene was successfully isolated in 2004, this 2D carbon
crystal has been anticipated to introduce novel options for sensor
technologies. Considering the recent developments, graphene is signif-
icantly promising for several innovative sensors that utilize its extraor-
dinary electrical properties (high carrier mobility and capacity),
electrochemical behavior (elevated electron transfer rate), optical
characteristics (quenching fluorescence), structural properties (one-
atom cross-sectional area and extremely high superficial area towards
the volume ratio), or mechanical behavior.

Graphene is unique considering its assortment of properties owing to
its defect-free structure; monolayer graphene is another promising ma-
terial for fabricating highly sensitive devices for sensing and energy
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storage. Considering another variation of monolayer graphene, crum-
pled graphene [1,2] (Fig. 1) can be employed to further amplify the
sensitivity of graphene-based devices. Crumpling induces variations in
the wettability of the devices as the solvents interact differently with the
surfaces consisting of corrugations [3]. Consequently, this leads to op-
portunities for fine-tuning the graphene layers for functionalization,
fabrication of the devices, and doping strategies. The interaction of the
graphene layer with the substrate over which the device would be
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fabricated occurs via the n—n interaction, which has been established by
Novoselov et al., [4]. Researchers have been evaluating monoaxially-
and biaxially-crumpled graphene layers to obtain a better sensitivity
from the defect-free graphene monolayers [5].

Graphene has attracted considerable attention as a desirable choice
for biosensors owing to its outstanding electrochemical properties,
adsorption efficiency, mechanical characteristics, and flexibility. Gra-
phene, which is formed when a carbon atom hybridizes with a sp?
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Fig. 1. Representation of the simulation studies by Hwang et al. [1] for compensating DNA on graphene: (a) flat, (b) crumpled concave, (c¢) crumpled convex, (d)
over the crumples. Plot of the molar concentration of ions (sodium and chloride), the backbone of the DNA strand, and screening factor of ions for the following
various types of graphene: (e) flat, (f) crumpled concave, (g) crumpled convex, (h) over configurations of DNA. (i) CNT model (2.45 nm diameter) used for a narrow

trench in crumpled graphene technique.
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electron orbital, is required to build biosensors with a high surface area,
good electron transport behavior, and significant mechanical properties.
The classification and attributes of graphene are thoroughly described in
this review, as well as the application of various graphene family ma-
terials (GFM)-based methods with various signal-output strategies to
achieve the quantitative detection of various types of biomarkers,
including DNA, microRNA, small molecules, and proteins. The recent
detection mechanisms, target compounds, detection constraints, and
sensing ranges of several graphene-based sensors are discussed and
compared. These graphene-based biosensors are expected to be signifi-
cantly promising for clinical treatment and biological analyses. Thin
layers of graphite have been manually exfoliated over silicon oxide pits
[6] to create single and layered graphene sheets for nano-
electromechanical systems. Interferometry is used to visually recognize
vibrations with basic resonant frequencies in the megahertz region that
are either electronically or optically triggered. We demonstrate charge
responses lower than to 8 x10"4 electrons per root hertz at an ambient
temperature. The narrowest resonator is the limit of two-dimensional
nano-electromechanical devices and comprises a hanging sheet of sin-
gle atoms.

Large-scale graphene sheets created by chemical vapor deposition
(CVD) and set up as solution-gated transistors are capable of electronic
and label-free sensing of DNA hybridization to a single-base precision.
DNA hybridization is detected using a gate voltage that produces the
smallest device with a low conductance, which is responsive to the
charge transfer between the graphene and DNA molecules. Instead of the
electrostatic gating or contaminant screening effects, DNA identification
is attributed to n-doping from DNA to graphene [7]. Considering health,
ecological, and security issues, the identification of physiologically
active compounds is crucial. These monitoring methods include bio-
sensors and bioanalytical methods. A chemical sensor numerically or
semi-quantitatively transforms information regarding the existence of a
chemical species into a signal that can be used for analysis. The trans-
ducer and receiver are the two components of a sensor. Any organic or
artificial substance with a particular association with one analyte or a
collection of analytes can be a transmitter. A compound serves as a
detection component in biosensors. A sensor that transforms molecular
information into a quantifiable indication is the second crucial compo-
nent of a detection device. Bio-analytical methods frequently involve
multiple processing steps. In this review, we discuss biosensors and
bioanalytical devices that use graphene as a crucial component [8]. The
ability of graphene oxide (GO) to detect significantly low levels of
organic and biological pollutants makes it a viable material for elec-
trochemical detection, which is reproducible and relatively easier than
other methods [9,10].

Other applications of GFM include corrosion prevention [11,12],
batteries [13], use in heavy industries for sensing strain [14], as coatings
for steel specimens to incorporate self-healing behavior [15], and for the
decomposition of organic matter for metal-free catalysis [16]. GFM is
widely utilized in biomedical applications, ranging from being used as
nucleotide sensors [17] to scaffolds for the growth of stem cells [18,19].
The extremely uniform atomic arrangement enables a defect-free
structure and consequently renders graphene an extremely tough ma-
terial in terms of tensile strength with a significantly high Young’s
modulus. The yield strength (c) and elastic modulus (E) of the materials
is defined with respect to the equation of density scaling, E « Ebpn as
well as 6 « ocbp'm, where p’, Eb, and ob indicate the relative density,
Young’s modulus, and yield strength of the parent material, respectively
[20,21].

Furthermore, graphene is highly conductive, thus it can serve as a
suture or permanent implant for different roles in cancer theranostics as
well as nerve tissue replacements in the body [22—24]. Graphene has
also been used as an energy generator for miniature devices [25] from
sunlight along with hydroelectric sources. Research regarding GFM has
recently focused on their use for the fabrication of wearable sensors
owing to their lightweight and highly repeatable signal detection [26].
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(Fig. 2).

This review presents the significance of GFM, which has an excellent
scope in the advancement of several niche avenues in science and
technology. Furthermore, the literature regarding GFM and utilization
of field-effect transistors (FETSs), as well as their potential applications in
sensors are summarized herein. This review is divided into eight sec-
tions. Section 1 introduces graphene and its derivatives, along with the
scope and significance of this review. Section 2 describes the synthesis of
GFM and surface functionalization strategies. Section 3 elaborates on
surface-enhanced Raman scattering (SERS), which is adopted for the
amplification of the Raman signal and identification of the analytes.
Section 4 presents the basic details of various types of FETs and the
fabrication of devices for real-time measurements. Section 5 emphasizes
the significance of pH Sensors on GFM and defines their conductivity,
surface properties, stability, and resistance, as well as their annual
development from 2013 to date, (in graphene and its derivatives) in the
design of specific target applications. Section 6 extends the potential
application of GFM to the environment by describing various analysis
techniques of sensing (CO,, H20,, heavy metals, volatile biomarker
gases). Section 7 discusses the potential applications of GFM in health-
care (biological sensors, sensing of biomolecules). Finally, Section 8
presents the conclusions regarding the state of technology that will be
impacted by GFM and highlights the promising future developments of
GFM. This review highlights the use of graphene, graphene oxide (GO),
and reduced graphene oxide (rGO) for applications in biomolecule
sensing, pollutant detection, gas sensing, and biomedical applications,
and aims to provide a comprehensive and in-depth overview of all
technical aspects, in contrast to previous reviews that have concentrated
on a specific subarea within this field, as shown in Fig. 3.

2. Synthesis methodologies and surface functionalization
strategies

The variety of graphene and carbon-based nanomaterials is closely
linked to the manufacturing process. Various processes, including the
mechanical flaking of graphite or graphite oxide CVD, can be used to
create graphene [27]. However, graphene composed by CVD or manu-
ally exfoliated graphene has numerous flaws that lead to degenerated
outcomes/properties of the intended application. However, many gra-
phene materials are typically fabricated using various techniques. For
example, the thermal exfoliation of graphite oxide can result in a sub-
stance called thermally reduced graphene (TRGO), or sono-assisted
exfoliation of graphite oxide, which results in GO undergoing addi-
tional chemical or electrical reduction. Compared with the flawless
honeycomb lattice structure of pure graphene, TRGO has numerous
defects. However, the uneven electron transfer owing to the electro-
chemistry with respect to the sp? carbons does not occur at the basal
plane of graphene sheets but at the margins and defects. Owing to the
architecture of the sp? carbon network, GO is not entirely flat and
contains many oxygen-containing compounds that can facilitate func-
tionalization via biomolecular action for bio-recognition events during
biosensing. Chemical and electrochemical methods can also be used to
reduce GO. These materials have a partially recovered sp? structure that
includes certain oxygen-bearing groups. Electrochemically reduced
graphene oxide (ERGO) or Chemically reduced graphene oxide (CRGO)
are the common end products. The morphologies of GO, CRGO, TRGO,
ERGO, and graphite oxide, indicate that these materials are chemically
modified graphene. To select the appropriate variety of graphene for the
application and transmission process, a large graphene "toolbox" may be
required. The variations in the structural behavior are apparent; for
example, sheets versus play a significant role in the design of
nano-architectonic biosensors when compared to CNTs. Functionally,
CNTs are formed from metallic fragments that may influence sensor
reactions, whereas graphene is frequently manufactured using a variety
of processes. The use of various graphene-based nanostructures in
various sensor and analytical systems has been discussed in the
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Fig. 3. Analytical evaluation of GFM for different sensor applications.

literature [28].

2.1. Methods to synthesize graphene

Broadly, both bottom-up and top-down approaches can be used to
synthesize graphene, as shown in Fig. 4.

2.1.1. Top-down approach

The top-down approach utilizes exfoliation, electrochemical depo-
sition, laser ablation, and chemical synthesis to either exfoliate or
transform graphite-producing graphene.

2.1.1.1. Mechanical exfoliation. This technique utilizes a sticky tape to
peel or remove graphite layers from a SiO, substrates. In 2004, Novo-
selov and Geim developed their first version of exfoliation, for which
they were awarded the Nobel Prize [29]. Furthermore, Dasari et al. [30]

demonstrated the exfoliation of graphene sheets using sticky scotch
tape. As shown in Fig. 5(a-c), the graphite was peeled off using adhesive
tape until a single sheet of graphene was formed. Although this process
is simple and is often employed in laboratories, the resulting graphene
has poor productivity and minor structural flaws. Fig. 5(d) presents the
various methods used for large-scale production of graphene for optimal
quality, size, and price for any application.

2.1.1.2. Electrochemical exfoliation. A graphite electrode is used for
electrochemical exfoliation under the impact of several electrolytes in
the electrochemical device to obtain pure graphene. Multiple films of the
graphene sheets can be exfoliated to produce graphene from graphite.
Composites can be incorporated during the platform design of the
sensing device, considering its various benefits to the system. Factors
such as enhanced sensitivity, permeability, and accessibility of the an-
alyte to the sensor surface can be considered during the design.

Chemical
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Deposition

Graphene

Plasma
Synthesis

Graphene

Starting Materials
(Graphite or Gas Precursors)

EC
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1
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1

Fig. 4. Schematic of graphene synthesis.
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Experiments have been performed with different electrolytes, with
outputs varying in the graphene size, thickness, and chemical and
electrical characteristics. Parvez et al. [31] used graphite as the anode,
and platinum or another metal as the cathode, to create an electrolytic
cell. After 10 min, the electrodes were submerged in a sulfuric acid
electrolyte solution with a potential of +10 V. This technique produced
more than 60% of its yield, and the graphene that was produced con-
tained several layers. Similarly, Liu et al. [32] produced nonhomoge-
neous graphene with imperfections in the thickness and size distribution
by using pencil graphite both together the electrodes and 1 M H3PO4 as
the electrolyte. Consequently, the electrochemical exfoliation of
graphite has gained attention as a rapid and environmentally friendly
means of creating the most excellent graphene. Fig. 5(e) presents the
fabrication process of the patterned exfoliated graphene with source and
drain electrodes.

2.1.1.3. Liquid phase exfoliation. As shown in Fig. 5(f), an alternative
top-down technique, liquid-phase exfoliation (LPE), employs sonication
to exfoliate graphene sheets. Researchers have transformed graphite
into graphene using LPE sonication by utilizing several solvents
including hydrogen peroxide, sulfuric acid, and acetic acid. Typically,
sonication was performed for 50-55min at a source power of
280-500 W. Graphene nanoribbons with widths of less than 10 nm were
created using the LPE approach. Green and Hersam used sodium cholate
as a surfactant to exfoliate graphite [33]. LPE is a dependable and
scalable process for producing better-quality graphene; however, its
high-energy utilization and poor yield must be resolved.

2.1.1.4. Laser ablation technique. In this method, a high-power LASER
beam ablates the surface of a carbon target to create singular carbon
atoms that are arranged to form a graphene sheet. During the synthesis
process, numerous factors such as the wavelength, pulse duration, and
repetition rate of the LASER beam must be optimized. Furthermore, the
substrate separation, processing temperature, and gas pressure must be
optimized. Cappelli et al. [34] selected a silicon substrate. Fig. 5(g)
presents the production of high-quality graphene using the NdYAG
LASER at various temperatures. Additionally, Koh et al. [35] employed
ultrashort-pulse laser technology to synthesize graphene on variety
substrates, including nickel, copper, cobalt, and iron. The extracted
graphene demonstrated an excellent quality, with a few imperfections
that were significant in size.

Compared to the aforementioned top-down approaches, there are
few other synthesis routes such as chemical methods, hydrothermal
synthesis, and microwave-assisted techniques. In addition to the two
primary processing approaches, exfoliation, and other CVD procedures,
several alternative techniques have been to produce graphene, including
chemical-based methods, a few of which were previously discussed as
liquid-phase exfoliation in Section 2.1.1.3. Without requiring exfolia-
tion, graphene films can be chemically extracted from graphite by other
techniques. For example, Horiuchi et al. [36] synthesized carbon
nanofilms (CNFs) from natural graphite and demonstrated the viability
of this method for producing graphene. To remove the thinnest sheets
from the dispersion, natural graphite was subjected to several oxidation
and purification procedures, dilution in methanol, and centrifuged. One
to six graphene layers were present in the product, and the dilution
factor and thickness of the CNF were directly correlated. A distinct
chemical process included intercalating sulfuric and nitric acids be-
tween the graphite layers, then rapidly heating the mixture to 1000 °C to
cause the acid molecules to explosively evaporate and form thin
graphitic sheets. Following sonication in a surfactant solution, oleum
and tetrabutylammonium hydroxide (TBA) were used in the second
stage of intercalation to create single- and few-layered graphene. In this
study, the selection of intercalants guaranteed a small disruption of the
sp? network in graphene, resulting in high-quality graphene. Choucair
et al. [37] demonstrated the reaction of ethanol and sodium at a 1:1
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molar ratio to create a graphene precursor, which was then quickly
pyrolyzed. A high manufacturing yield of 0.1 g graphene per 1 mol of
ethanol was obtained by identifying graphene in the suspended solid.
The method demonstrated the capacity to produce graphene in large
quantities. Graphene was prepared by chemical exfoliation, which is a
completely different method. After quickly heating the graphite oxide to
1050 °C, it underwent a two-stage reduction process using hydrogen gas
and N-methylpyrolidone. The research also asserted that the lateral di-
mensions and crystallinity of the input graphite determine the number
of layers in the graphene. Thus, a potential method for regulating the
number of graphene layers was presented, which may have a significant
influence on electronic applications.

Furthermore, regarding the hydrothermal synthesis technique, a
thermochemical transformation process called hydrothermal treatment
effectively hydrolyzes, pyrolyzes, dehydrates, polymerizes, and aroma-
tizes organic precursors, providing the end products with condensed
aromatic molecules having numerous functional oxygenated groups.
Huang reported a low-cost, low-impact, and effective technique for
producing few-layered GOH via basic hydrothermal synthesis with HA
as the base substance. This method is expected to be a viable substitute
for Hummer’s approach. Undissolved HA was partly dissolved in water
and GOH solutions under hydrothermal conditions, although no tiny
molecular component were simultaneously produced. The morphology,
crystal structure, and chemical composition of the as-prepared GOH
were thoroughly described. Krishnamoorthy et al. [38] reported the
synthesis of graphene nanosheets using a one-step hydrothermal treat-
ment, where the hydrothermal destruction of GO resulted in graphene
nanosheets in a single step. To convert GO into monolayers, 0.05 g of the
as-produced GO nanosheets was mixed with 50 mL of deionized water
and exposed to ultrasonic irradiation for 30 min. KOH solution was
added to the mixture to reduce the pH to 10. The solution was then
moved into a Teflon tank and maintained at a constant temperature of
90 °C for 10 h while being covered with a stainless-steel reactor.
Following the hydrothermal process, the resultant graphene nanosheets
were thoroughly washed in distilled water before centrifugation for
10 min at 12000 rpm to remove any remaining material. This process
was repeated until the synthesized product was devoid of any remaining
contaminants. To eliminate the water content, the graphene nanosheets
were further dried for 2 h at 150 °C in a hot air oven.

Regarding microwave-assisted techniques, Al-Hazmi et al. [39]
developed a new method based on a microwave-aided solvothermal
approach that uses methanol as a less expensive solvent to exfoliate and
decrease graphite oxide in a single step under microwave irradiation.
This process produces large quantities of high-quality graphene. Guru-
nlu et al. [40] suggested that the production of graphene in a regulated
shape is possible by facilitating graphene exfoliation using microwave
(MW) radiation treatment, which eliminates the need for high pressures
and temperatures. The interplanar length and degree of disorder of
graphite may be improved by using MW for the LPE of graphite. The van
der Waals connections between the various graphite layers are weak-
ened or broken by MW radiation. Consequently, the solvent molecules
intercalated between the two graphite layers violently exfoliated and
transformed into graphene. The spaces between the graphite layers can
be penetrated by solvents with minimal surface tension. This causes a
sudden expansion and creates a force that helps graphene exfoliate in a
liquid. The intercalation of solvent molecules into the graphite layers is
facilitated by the microwave treatment applied to graphite, which
weakens the interlayer contacts for exfoliation. The solvents used for the
experiment had surface tensions between 40 and 50 mJ m™2, which is
the ideal range for graphite exfoliation with MW assistance.

The liquid-phase exfoliation of graphite is a noteworthy approach for
producing graphene on an extensive basis at an extremely affordable
price. The development of a cost-effective process for the large-scale
manufacturing of functionalized single- and few-layered graphene
sheets is another major problem. This technique has several advantages
and disadvantages. Considering the advantages, the technique is
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potentially up-scalable, demonstrates excellent quality, is simple, and
occasionally nonoxidative. Considering the disadvantages of this
approach compared to other methods, although this technique is safe
and environmental-friendly, it obtains a lower concentration of gra-
phene (poor yield), demonstrates microscopic flakes (<5 pm), has a
restricted dispersibility in graphene that is not functionalized, restricted
processability, substantial fixed and with different expenses compared
to other top-down methods [41,42].

2.1.2. Bottom-up approach

This approach typically employs four sub-techniques, namely tem-
perature pyrolysis, arc discharge, CVD, and plasma-enhanced CVD to
self-assemble or deposit nanoparticles. The context of these sub-
techniques, pressure, environment, and flow rate are directly propor-
tional to the quality of the graphene material that can be deposited. The
subsequent product is of the highest quality, demonstrating no defects,
and usually exhibits highly promising electrical features. However, the
yield of the processed graphene is relatively low and only suitable for a
limited number of rudimentary applications.

2.1.2.1. Chemical vapor deposition. As shown in Fig. 6(a), the basic CVD
apparatus comprises substrates, a tube furnace, gas circulation, and tail
gas treatment. The most popular catalysts are based on Group B ele-
ments, which provide a low-energy method for the production of gra-
phene by creating intermediate molecules. Owing to their high
availability and affordability, the first row of d-block metals, such as
nickel, cobalt, copper, and iron, have gained significant attention [43].
Copper demonstrated the smallest carbon dissolution, whereas iron
showed the greatest. This makes copper an ideal metal for creating
monolayer graphene, compared to nickel and cobalt, which often result
in several layers of graphene. By subjecting the precursors to intense
heat, where a copper or nickel substrate is placed in a reactor at tem-
peratures of 1000 °C [44], it is possible to create graphene with a large
surface area. Additionally, several experts have indicated the large-scale
production of graphene using Group B metals. In this manner, the syn-
thesis of graphene is controlled by the substrate effectiveness, pressure,
and temperature applied to the graphene surface. The optimization
procedure for the performance of graphene using this method is highly
challenging owing to the large number of interconnected factors.

2.1.2.2. Arc discharge. The arc discharge was originally used by
Krastchmer and Hoffman. As illustrated in Fig. 6(b), in this approach, a
direct-current arc voltage is applied between two graphite electrodes
immersed in an inert gas in an electric arc oven that has two graphite
electrodes and a steel chamber chilled by water. Wu et al. [45] suggested
the use of an arc-discharge technique to create graphene in a gaseous
atmosphere, where hydrogen and nitrogen gases were combined to
produce high-quality graphene. The created graphene had fewer struc-
tural flaws compared to the chemical processes, and it was simple to
disperse in organic solvents, which increased its potential uses.
High-quality graphene can also be produced using other gas mixtures
including helium and carbon dioxide. Kim et al. [46] demonstrated bi-
and tri-layers of graphene with excellent quality by using the same
procedure. Additionally, Cheng et al. [47] coupled vacuum arc
discharge with the CVD process to synthesize graphene because arc
discharge is cost-effective and environmentally friendly process that
produces high-purity graphene.

2.1.2.3. Plasma-enhanced chemical vapor deposition synthesis (PECVD).

For copper and nickel specimens, PECVD is often used to generate gra-
phene using a combination of hydrogen and methane gas. This is a
different approach for producing graphene that is on par with the
thermal CVD procedure. Direct current (DC) arc discharge [49], radio
frequency [50], and microwave (MW) [51] are a few examples of plasma
drivers that may affect the process. Although other substrates have also
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been utilized, nickel and copper are often recognized as the main sub-
strates for manufacturing PECVD graphene. The distinctive circum-
stances for the foundation of PECVD graphene on the substrate of a
metal surface include the following: methane in hydrogen (5%-10%),
substrate temperatures between 500 and 800 °C, and plasma power of
900 W. Compared to thermal CVD, the main advantage of this technique
are the requirements of minimal time and low temperature. A schematic
representation of the inductively coupled RF PECVD system for the
deposition of a carbon nanosheet is shown in Fig. 6(c). The scanning
electron microscopy (SEM) images of the carbon nanosheets grown on
the Si substrate at CH4 concentrations of 10%, 40%, and 100% are
shown in Fig. 6(d-f).

2.1.2.4. Pyrolysis. The thermal decomposition of substances at elevated
temperatures in an inert environment is termed as pyrolysis or de-
volatilization. The precursor is altered according to the expected
output. Carbon atoms are deposited over metallic boats that act as
thermal hotspots to create few-layered graphene. The thermal inter-
ruption of the silicon carbide (SiC) remains a reliable method for
fabricating graphene [52]. Silicon withdraws at the maximum temper-
atures, releasing carbon at its site. The resulting graphene sheets can be
up to 10 m thick. This method is both cost-effective and reproducible.
Fig. 6(g) presents the technique used for the CO5-laser induced epitaxial
growth of graphene on the SiC wafer; the SEM image demonstrating the
development of epitaxial graphene at Region 1 and the area under high
magnification is shown in Fig. 6(h-i).

2.2. Surface functionalization strategies for GFMs

There are various types of surface functionalization approaches, such
as covalent, noncovalent, surface modification with nanomaterials, and
plasma hydrogenation methods, as discussed in Fig. 7(a).

2.2.1. Functionalization of covalent organic groups (polymer, DNA,
proteins)

A stable graphene dispersion is required to fabricate composite ma-
terials with GFM [54]. The primary step requires enhancing the dis-
persibility and stability in solvents via the attachment or
functionalization of specific organic groups to the GFMs. To enhance
biocompatibility in bio- applications, GFM are modified or covalently
functionalized with proteins, DNA, and polymers, leading to excessive
things for a definite purpose in biological activities. For example, for the
treatment or diagnosis of a disease, a specific target is directed towards
particular organisms or cells in the body [55,56]. In most cases, the
surfaces of GFM are attached to organic functional groups; the organic
molecules that functionalize graphene through covalent bonding follow
two main routes: a) between the organic functional group and oxygen
groups of GO via the formation of a covalent bond, or b) between the
free radicals or dienophiles and the C—=C bonds of perfect graphene via
the formation of a covalent bond [54]. By using reactive intermediates
such as nitrenes, arynes, carbenes, and radicals, the GFM are normally
functionalized; these types of reactive intermediates can also covalently
transform GFM by a combination of free radicals via CH-insertion or
cycloaddition reactions. Perfluorophenyl nitrenes are more efficient
than alkyl nitrenes or phenyl compounds. Nitrenes are more commonly
used than carbenes because nitrenes undergo CH-insertion and C=C
cycloaddition interaction via GFM. Moreover, to simplify the Diel-Alder
reaction with GFM, arynes act as dienophiles [57]. Compared with the
graphene surface, GO has oxygen-holding groups that help simplify the
formation of the covalent bond; furthermore, the presence of numerous
epoxy, carboxyl, and hydroxyl groups at the top of GO facilitates certain
common reactions such as isocyanation, carboxylic acylation, epoxy
ring opening, and diazotization, among others [58]. For sensor and bio-
applications, Jin et al. [59] developed a flexible and convenient
approach for functionalization by producing 4-propargyloxyphenyl
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Fig. 6. Graphene synthesis via bottom-up route. (a) Schematic illustration of the CVD method, (b) arc discharge method [48], (¢) schematic view of inductively
coupled RF PECVD system for the deposition of carbon nanosheet, (d-f) SEM images of carbon nanosheets grown on the Si substrate at CH4 concentrations of 10%,
40%, and 100% [50], (g) schematic representation of CO»-laser-induced epitaxial growth of graphene on the SiC wafer, and (h-i) SEM image demonstrating the
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Fig. 7. (a) Types of functionalization possibilities and ssDNA functionalization of graphene, (b) Sufo-NHS esters on carboxylated graphene form an amide bond with
amine-terminated ssDNA probes, resulting in (c) ssDNA functionalized graphene and (d) hybrid formation after incubation with ¢cDNA. A:G:C:T [53] and (e)

hydrofluorinated graphene synthesis. [69].

graphene (GC=CH), which is further functionalized by azido poly-
ethylene glycol carboxylic acid via an addition reaction. The other sig-
nificant technique for covalently modifying graphene is via hydroxyl
functionalization, where the existence of several OH" groups at the top of
GO enables hydroxyl-based functionalization by the reaction of esters or
amidation produced by the GO, which are then further modified with
other functional groups [60]. GO-containing edges with carboxyl groups
are extremely reactive; therefore, they can be wused for GO

functionalization [61]. The deficiency of amino and hydroxyl groups on
graphene facilities the production of ester or amide bonds by the effect
of certain groups such as the carboxyl group, which is related to the
activation of the reaction [62,63]. GO is widely used for sensing appli-
cations owing to its high surface area, aqueous stability, varied func-
tional groups, and electrical and optical properties. The DNA probes
covalently involved with the GFM are significantly resistant to nonspe-
cific movement, thus increasing the constancy of biosensors [64]. In
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EDC coupling chemistry, the GOs containing carboxyl groups are com-
bined with DNA, which are amino-functionalized via the covalent
attachment (Fig. 7(b-d)) [65]. A yield of approximately 50% is observed
for this type of conjugation reaction after the necessary washing step for
the eradication of the unwanted DNA from the surface of graphene,
which typically provides an incorrect signal by the noncovalently
attached and physisorbed probes. Bonnani et al. [66] developed a pro-
ficient method for covalently bonding single-stranded DNA (ssDNA)
with graphene using the chemistry of carbodiimides and extended their
usage in the geo-sensing. However, DNA functionalized by covalently
bonding to graphene utilizing EDC has certain drawbacks, as well as the
removal of physisorbed DNA from the surface of graphene materials,
which not only indulge in reactions such as coupling. To solve this
problem, Sharma et al. [67] demonstrated an ultrasensitive, label-free
aptasensor for the detection of cardiac myoglobin using poly-
ethylenimine (PEI)-functionalized rGO films via covalent modification.
For advancing the miRNA sensing detection limit, Shin et al. [68]
attached a dsDNA containing fluorescence-labeled probes on the surface
of the GO using reactions such as covalent coupling for the detection of
picomolar concentrations; the hydrofluorinated graphene synthesis is
shown in Fig. 7(e) (Table 1).

2.2.2. Functionalization of noncovalent approaches, with self-assembly
The biocompatibility, high area of surface, and chemical stability are
important features of GFM, making them useful for bioimaging, drug
deliver, antibacterial, and gene delivery applications [83]. Graphene
enables surface modification via n—r stacking interactions. These types
of noncovalent interactions are generally observed in various materials,
in which the force of repulsion and/or attraction occurs, and are found
in many synthetic and natural entities. The surface of the GO sheet can
be functionalized by hydrogen bonding and electrostatic interactions
owing to the presence of oxygen-containing functional groups on the
edge. As, Omidi et al. [83] revealed that the surface of rGO and graphene
are loaded with a series of Schiff bases comprising azo pyridinium as

Table 1
Functionalization strategies for graphene, GO and rGO.
Graphene Types  Type of Functionalization References
Graphene Used Strategy Used
Graphene Monolayer Hydro fluorination [69]
Graphene Single layer Non covalent [70]
Graphene Sheet Covalent [71]
Graphene Sheets Non covalent [72]
Graphene Sheets Non covalent [73]
Graphene Sheets Nanoparticles [74]
Exfoliated Monolayer Covalent [59]
Graphene
Graphene Oxide Single layer sheet ~ Covalent [75]
Graphene Oxide Sheet Covalent [64]
Graphene Oxide Sheet Covalent [76]
Graphene Oxide Sheet Nanoparticles [65]
Graphene Oxide Sheets Covalent [77]
Graphene Oxide Sheets Covalent [61]
Graphene Oxide Sheets Covalent [78]
Graphene Oxide Sheets Nanoparticles [79]
Graphene Oxide Sheets Nanoparticles [80]
Graphene Oxide NA Covalent [68]
Graphene Oxide Multilayer Covalent [66]
stacked
Reduced Sheets Covalent [60]
Graphene
Oxide
Reduced Sheets Non covalent [81]
Graphene
Oxide
Reduced Multilayer Covalent [67]
Graphene
Oxide
CVD grown Monolayer Plasma Hydrogenation [82]
graphene
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well as chromene sections via noncovalent interactions. Various ad-
vantages of GFM involve their dispersion into the polymer matrix;
however, owing to the existence of n-n collaborations in graphene, it is
difficult to achieve a homogenous combination that leads to the
restacking of the layers. To overcome this issue, an approach for
achieving a similar dispersion in polymer matrix via a covalent- or
noncovalent-based superficial alteration of graphene was proposed. A
stable dispersion in organic solvents is accomplished via the covalent
functionalization of graphene materials using aliphatic amines, aro-
matic compounds, and isocyanates molecules [84,85].

Alternatively, covalent functionalization degrades many of the
beneficial characteristics of GFM, including their electrical, barrier, and
mechanical properties. Layek et. al., [86] demonstrated that a polymeric
matrix facilitates better interactions with the functional groups that exist
on the basal-plane pyrene edge of graphene. The structure design and
inherent characteristics of the self-assembled graphene facilitate its
effective use in biosensors. For example, Luo et al. [87] demonstrated
that self-ledged graphene with polyalinine composites can been used to
construct supercapacitors and achieve a high electrochemical capaci-
tance. Similarly, graphene self-assembled structures improved via
glucose oxidase were utilized for the detection of glucose and achieved a
sensitivity detection limit of up to ~20 uM [88]. Zhang et al. [89] re-
ported that the self-assembled morphology of graphene can prove useful
and stable 3D structures for sensor applications. Georgakilas et al. [90]
demonstrated that noncovalent functionalization approaches have
many significant advantages over covalent functionalization methods
owing to a smaller amount of damage to the graphene structure along
with respect to the intrinsic material properties. Several methods are
used for achieving the noncovalent functionalization of GFM, such as n-n
interactions and polymeric grafting by the small molecules containing
surfactants or by aromatic rings [70,72,82]. Cho et al. [73] synthesized a
noncovalent functionalized graphene using composites such as poly-
ketones and pyrene derivates with improved barrier properties and
graphene dispersion. A noncovalent functionalization approach is
shown in Fig. 8(a-b), which improves the interfacial interactions and
dispersibility of graphene in polymer matrices, thereby increasing the
potential usage of GFMs in barrier film applications. Marcia et al. [91]
synthesized noncovalent functionalized graphene using pyrene de-
rivatives to overcome the cluster and enable superior compatibility be-
tween the polymer matrix and GFM. Jung et al. [92] utilized
ss-DNA-modified graphene probes for the significantly precise exami-
nation of NH3 and H,S in blow-out breath tests despite the presence of
excessive humidity.

2.2.3. Surface functionalized with nanoparticles

For most heterogeneous catalysis, the binding of nanoparticles (NPs)
to support surfaces with diverse properties is critical. A 2D carbon
network with a flat basal plane creates graphene as the ultimate external
support for the binding of metallic NPs and facilitates the study of in-
teractions between the metallic supports. AuPd NP-based nano-
composites and polydopamine (PDA)-functionalized rGO nanosheets
was synthesized using the chemical reduction method [79]. Xin et al.
[74] studied the interfacial interactions between NPs and graphene
using a 2D model. The p-phenyl SO3H or p-phenyl NHj can be covalently
attached to the graphene surface by promoting the uniform spreading of
platinum NPs on the surface of graphene, as well as by reducing the size
of NPs. The interface of the Pt NPs is significantly high with the func-
tional groups, which helps reduce the migration and coalescence of the
NPs. Therefore, the durability and activity of the Pt NPs were signifi-
cantly improved by using this type of interface, as shown in Fig. 8(c).

For the NP-functionalization of graphene, the most frequently uti-
lized method is metallic salt reduction by using ethylene glycol, sodium
borohydride, and sodium citrate, among others [93,94]. The growth of
NPs on the surface of the GO conspicuously occurs from the negatively
charged functional groups on the surfaces of GO, thus enabling a
nucleation interaction by attracting the positively charged metal salts.
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Fig. 8. (a) Hydrogen-based functionalization and the (b) interaction mechanism with the polyketone matrix [73], (c) nanoparticle functionalization with graphene
via n—n stacking or C-C covalent coupling [103], and (d) Birch-type wet-chemical hydrogenation of graphene [108].

This type of reaction is similar to that of the conventional route of
synthesizing metal oxide NPs, such as nucleation, growth, and reduc-
tion. The addition of a reducing agent reduces the cationic metal ions,
resulting in the growth of NPs on the graphene surface [95]. Although
this method appears simple for obtaining a good yield, controlling the
size and morphology of the NPs is significantly challenging, and the
chances of forming polydisperse NPs are high [96]. Xin et al. [74] used
three different graphene supports to deposit Pt NPs. Gold NPs (AuNPs)
were deposited on polydopamine-improvised graphene using a simple,
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green, and environmentally friendly method [97]. Chauhan et al. [80]
has functionalized GO surfaces in the presence of folic acid and syn-
thesized an AuNP GO composite for active tumor targeting.

The hydrothermal method is the main technique used by the scien-
tists to avoid calcination or post-calcination after the synthesis of NPs
and to succeed in achieving a small dispersion with a high crystallinity
on graphene [98]. Metal oxide NPs such as SnO,, TiOs, and ZnO are
commonly used for making graphene-metal oxide hybrid NPs via the
hydrothermal method. Depending on the structure, size, and
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crystallinity, there are various benefits in functionalizing metal oxide
NPs onto graphene. This routine restacks the graph and reduces
clumping [71]. Metal-oxide-functionalized graphene compounds are
superior to individual graphene owing to the increased electron con-
ductivity, condensed ion paths, and improved surface area [99]. Park
et al. [57] described a one-pot synthesis via a hydrothermal process
using hydrazine to completely synthesize rGO and SnO; nano-
composites. Zhang et al. [100] synthesized CdS NP-graphene nano-
composites with controlled density and size, leading to promising
photoinduced photocatalysis and photoactivation. Rani et al. [101]
demonstrated that the quantum confinement effect of the quantum dots
(GQDs) less than 10 nm in size differed from that of graphene sheets.
The band gaps of the hexagonal GQDs were studied by examining their
HOMO and LUMO energies. With the help of electron-withdrawing
substituents, optical properties such as emission and absorption
spectra were obtained, and the resulting absorption spectra were
redshifted. The size of the GQDs and type of atomic passivation (H or F)
will result in absorption, which is useful information for optoelectronic
devices and solar cells, respectively. Gebert et al. [102] synthesized
ultrathin amorphous GasO3 on liquid Ga metal and demonstrated the
formation of large passivation layers of graphene via a mechanical
transfer. The author compared the temperature-dependent electrical
measurements of bare graphene on SiOy/Si; the millimeter-scale
passivated graphene indicates its continued high field-effect mobility,
which is desirable for applications. Electrical measurements and Raman
spectroscopy showed that the passivation of GayO3 safeguards graphene
from additional handling, such as the plasma-enhanced atomic layer
deposition of Al;O3.

2.2.4. Plasma hydrogenation of graphene

Researchers widely use the hydrogenation of graphene as a new
superficial functionalization method, and there are various ways for
synthesizing hydrogenated graphene. Moreover, the activation of
hydrogen (H activation) or the graphene lattice (C activation) is
required for the reaction to proceed. The hydrogenation of graphene
generally utilizes a synthetic route via plasma, in which the graphene is
exposed to hydrogen plasma or argon gas [104]. Jones et al. [105]
demonstrated that the hydrogenation of graphene in the presence of
energetic electrons in plasma accelerates the breakup of water molecules
assimilating on the surface of graphene. Wojtaszek et al. [106] deter-
mined that argon plasma did not increase the surface defect density of
graphene, except when graphene was widely exposed to hydro-
gen/argon plasma, signifying that argon caused the fragmentation of
water molecules. The role of physisorbed water with sufficient energy
was further investigated. Felten et al. [107] suggested that the main
species involved in hydrogenation include H*, H2*, H3*, as well as their
abundance and energy distribution, which differ at various locations in
the plasma chamber, resulting in dissimilar reaction chemistries. A key
advantage of plasma hydrogenation over other conventional methods is
the ease of the chemical reactions; the interaction comprises hydrogen
and carbon, which reduces the possibility of impurities including un-
wanted elements and molecules during the functionalization of gra-
phene (Fig. 8(d)) [108]. Son et al. [69] indirectly exposed hydrogenated
graphene to xenon difluoride to fabricate novel hydrofluorinated gra-
phene. Moschetta et al. [83] described the monolayer graphene devel-
oped by CVD and treated with hydrogen plasma to obtain the
hydrogenated graphene indicated by Betti et al. [109].

3. Surface enhanced Raman scattering (SERS) for GFM

High-performance and noninvasive analytical techniques, such as
Raman spectroscopy, are employed for the precise fingerprinting of
analyte molecules that are harmful to the environment, such as toxic
pesticides [110]. However, certain factors such as an inferior signal
conversion efficiency, significantly low signal scattering cross-section,
and high fluorescence interference of the analyte, resulted in poor
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Raman signals with low intensity and sensitivity. Therefore,
surface-enhanced Raman scattering (SERS) was adopted for the ampli-
fication of Raman signals and to identify the chemical footprints of the
analytes [111]. The SERS process involves metal-based systems such as
gold, silver, and platinum, which possess plasmonic properties [112].
The electromagnetic and chemical reactions occurring between the an-
alyte molecules and metal surfaces are the major driving forces behind
the SERS enhancement of the Raman signals. The direct photon-induced
charge transfer from the analyte to the substrate is a chemical mecha-
nism, whereas the photon-induced excitation of surface plasmons (hot-
spots) on the metal surface is an electromagnetic mechanism [113].
These two mechanisms typically participate simultaneously to signifi-
cantly enhances SERS by up to 108 in some cases [114,115].

The evolution of SERS first occurred in the late 2000 s, with the
utilization of graphene as a functional SERS substrate for analysis (Fig. 9
(a)). The graphene-induced enhancement of Raman signal platform is
referred to as GERS, in which the graphene layer often acts as a sub-
strate, or it is conjugated with metals to serve as a functional SERS
substrate. Fig. 9(b-c) portrays the following: (b) surface passivation of
metal substrate like Au and Ag in the absence of graphene, demon-
strating dissimilar SERS features of R6G, which are highlighted by
downward red arrows, and (c) presence of a graphene layer decorated
with Au and Ag showing the exact Raman features of R6G [116]. The
interlinked sp? architectural build-up of graphene or its different forms,
such as GO, rGO, exhibit different adsorption sites for analyte molecules
via electrostatic and p-p interactions [117]. These adsorption sites are
vital for the chemical mechanism. The fluorescence-quenching ability of
graphene-based composites as substrates is noteworthy, which enhances
the signal-to-noise ratio of the obtained Raman spectrum and enables
achieving a good limit of detection (LOD) [118]. The Fig. 9(d-e) shows
the difference between the interaction of the normal SERS substrate (a)
and GERS substrate (b) with the analyte molecules. The GERS-based
plasmonic metal composite substrate provides an ideal arrangement
for Raman signal enhancement owing to its superior chemical
enhancement provided by the graphene, as well as the electromagnetic
enhancement by the plasmonic metals. Fig. 9(f-h) displays the modules
of a G-SERS tape, scalable production (8 x 8 cm? G-SERS substrate
before the copper removal), AFM images showing the roughness of flat
substrate in the range of + 2 nm, (i) analysis through a G-SERS(Au) tape,
areal time and reversible G-SERS characterization of R6G directly ina 1
x 107> M aqueous solution (in which I, II, III are the raman spectra),
self-assembled monolayer (SEM) of p-aminothiophenol on a flat gold
surface measurement is shown in G-SERS (black line) and pristine (red
line), cauliflower surface with adsorbed CuPc.

Jian et al. [119] recently decorated the surface of GO with Ag NPs,
forming an efficient GERS functional substrate for environmental ap-
plications. The GERS (GO-Ag)-based sensing platform was tested using
paraoxan, a toxic commercial pesticide. The SERS investigation revealed
that the GO-Ag substrate exhibited an impressive enhancement factor
(EF) of 10° and a LOD of up to 107 M for paraoxan detection. An
efficient charge transfer process was achieved via the GO layer, and
plasmonic Ag nanoparticle clusters on top of GO acted as hotspots,
enabling an electromagnetic mechanism. These two processes were
combined to provide a higher Raman signal enhancement for the par-
aoxan pesticide. Furthermore, to analyze the practicality of the GO-Ag
GERS probe, it was tested in real water samples (mineral water),
revealing significantly positive results with a LOD of 10~ M. The GO-Ag
GERS probe demonstrated superior stability until 240 days by repro-
ducing the Raman signals of paraoxan. The fabrication and utilization of
the GO-Ag-based SERS probe for paraoxan sensing are illustrated in
Fig. 10(a). In another study, Li et al. [120] fabricated an economical,
flexible, and rapid-sampling SERS swab substrate for on-site pesticide
detection in fruits and vegetables. The flexible SERS swab substrates
were prepared using cellulose paper, on which GO and Ag nanoparticles
were printed using a screen-printing technique. One of the major ad-
vantages of the fabrication of SERS swabs by screen printing is that they
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adsorbed CuPc (by soaking ina 1 x 107> M CuPc solution in ethanol for 10 min). “*” specifies the enhanced G-band and G’-band features of 1LG [116].

can be prepared in bulk batches for on-site pesticide analysis, which is
economical compared to the conventional chemical fabrication of sub-
strates. Screen-printed ink containing GO and Ag nanoparticles is peri-
odically printed on the cellulose paper (Ag NP/GO SERS swabs), which
helps achieve highly controlled and optimized SERS-active substrates
for pesticide analysis. Three different pesticides including thiram, thia-
bendazole, and methyl parathion were investigated using Ag NP/GO
SERS swabs, which revealed that the p-p-stacking electrostatic interac-
tion arising from the GO and analyte molecules is a vital factor for the
enhancement of the Raman signals of pesticides. The Ag NP/GO SERS
swabs were further used to detect the pesticides in real samples such as
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apples, oranges, tomatoes, and cabbage. The multipesticide residues
were spiked and analyzed using the Ag NP/GO SERS swabs, which
demonstrated an excellent LOD for all the pesticide residues upon
analysis: 28 ng cm ™2 for thiabendazole, 7.4 ng cm 2 for methyl para-
thion, and 0.26 ng cm™2 for thiram. Fig. 10(b-c) shows the fabrication
and application process of the Ag NP/GO SERS swabs. This study pre-
sents a compelling case for the utilization of graphene-based SERS
substrates in environmental monitoring applications. A ternary hetero-
junction nanocomposite based on a g-C3N4/Ag/GO multifunctional
composite membrane was employed by Zhao et al. [121] for SERS
detection and the photocatalytic degradation of hazardous pesticides. A
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Fig. 10. (a) Construction of the GO-Ag GERS probe for paraoxan detection, (b-c) fabrication of Ag NP/GO SERS swabs for pesticide detection [121], (d) preparation
of g-C3N4/Ag/GO multifunctional composite membrane, and (e) application process using g-C3N4/Ag/GO composite membrane [120].
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multifunctional composite membrane was fabricated by the
self-assembly of GO nanosheets with g-C3sN4 and intercalated Ag nano-
particles. The fabrication strategy is shown in Fig. 10(d-e).

Fig. 11(a-g) shows the morphologies of the fabricated composite
membranes. The SERS capability of the g-C3N4/Ag/GO multifunctional
composite membrane was investigated using a hazardous pesticide
(paraoxon-ethyl) at a concentration in the sub-nanomolar range. The
detailed SERS analysis revealed a superior EF in the range of 107 for
paraoxon-ethyl detection. Monodispersed silver nanoparticles on GO
nanosheets apparently aid in the formation of localized surface plasmon
resonances (LSPR), which is a significant factor in achieving a good EF,
along with the enrichment ability of the GO nano sheets. Furthermore,
the composite membrane displayed an exceptional LOD of 10~° M for
paraoxon-ethyl detection. Table 2 presents a comparison of the various
pesticide detection methods using graphene-based SERS substrates.

4. Field effect transistor (FET)-based sensing

FET biosensors are composed of two essential elements; namely, a
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semiconductor based sensitive film for recognizing biomolecules and a
conventional FET component for signal conduction, indicating its sig-
nificance in a FET device [135-137]. The fabrication of a FET biosensor
device mainly involves organizing the source (S) and drain (D), which is
followed by placing the silica gel rubber in the middle after the
engraving process, and finally organizing the gate (G) in the middle of S
and D [138,139]. A sensitive film is prepared amongst the S and D of the
FET, which is followed by attaching biological functional constituents to
its surface; a measurement circuit is attached to the device to complete
the FET biosensor [140,141]. Fig. 12 demonstrates that once a fixed
biological functional substance encounters the material to be verified, a
unique interaction occurs, prompting the movement of electrons in a
delicate membrane, thereby revealing the quantity of the material to be
verified. Generally, the techniques used to detect bias voltage in FET
biosensors are classified as either back-, top-, or solution-gate.

4.1. Biosensor design via the back—gate technique

For a back-gate biosensor, the surface is occupied with an extreme

Element Weight % Atomic %
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776k | E N K 18.83 21.55
oK 18.32 18.36
AgL 20.06 2.98
5.82K

3.88K
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Ag

Fig. 11. g-C3N4/Ag/GO multifunctional composite membrane: (a-c) photograph, (d-e) SEM images, (f) EDAX spectra, and (g) elemental mapping investiga-

tion [121].
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Table 2
GFM-based substrates for the detection of various analytes.
S.No.  SERS Substrate Choice of Pesticide Enhancement Factor (EF)  Limit of Detection (LOD)  References
1. GO-Ag Nanoparticles Paraoxon 10° 107 M [119]
2. GO/g-C3N4/Ag Nanoparticles Paraoxon — ethyl 107 107°M [121]
3. Ag nanoplate/graphene sheets Thiram - 107°M [122]
4. Ag nanoplate/graphene sheets Methyl Parathion 108 10°°M [123]
5. Graphene-Au film-Au nanorods Azinphos — methyl - 10°°M [124]
6. Au@Ag nanoparticles/GO/Au@Ag nanoparticles Dithio - carbamate 107 10°°M [125]
sandwich
7. Graphene wrapped Ag array Malachite Green 108 107 m [126]
8. PMMA/Ag/Graphene Thiram - 108 M [127]
9. Ag nanocubes/GO 4-chlorobiphenyl 108 10°12M [128]
10. Au-Ag-porous GaN/Graphene monolayer Lead 3.85 x 10° 107 m [129]
11. Au-Graphene-Cu Glucose 39-74% 2 mM - 33.82 mM [130]
12. GO/Au Ap protein 1-42 - 0.45 mM [131]
13. GO-Au Crystal Violet & Rhodamine 6 g 2.73x10° - 1.04x10° 5x 10 "' M [132]
14. Au-Graphene monolayer Rhodamine 6 g 2.12 x 107 1072 M [133]
15. Au-Ag-Graphene Cyanide and Pyocyanine - 50x107° M [134]
,_\S.uurcc. drain and gate introduction

Sensitive Membrane

Si0, @

: Linker molecules

: Biological functional substance

: Test substance

Fig. 12. Schematic representation of a FET biosensor.

recognition area on which a silicon substrate is commonly considered as
the back gate, and silicon dioxide is used as the gate dielectric layer for
this type of FET biosensors [142]. Through sputtering deposition,
patterned metal layers such as titanium are designed as a source and
drain on the substrate. Subsequently, CNTs must be cultivated in an
environment in which oxygen plasma triumphs; the growth of electrode
sections via vapor deposition requires photoresist coating and
patterning. At that juncture, the organic solvents are used for the
elimination of the photoresist. The device was annealed in vacuum, as
shown in Fig. 13(a) [143], and the Debye shielding consequence in the
back-gate graphene FET is shown in Fig. 13(b) [144], where the channel
of the FET attracts the positive ions that are present in the solution using
back-gate FET channel for the detection of antibodies. If the analyte is
larger than the Debye length of the biosensor, it attracts the receptor,
and the recognition reaction is reduced if the antibodies are large.
Compared to other testing details, the maximum detection area is rela-
tively simple using the back-gate biosensor method.

4.2. Biosensor design via the top-gate technique

The top-gate (T-G) biosensor is generally used for remarkably
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effective detection, and the groundwork process for the fabrication of
biosensors is relatively simple compared to other fabrication methods.
The signal emitted by the FET can be improved by using a piezoresistive
effect, and the top gate can be employed as the sensing component.
Accordingly, the cantilever strain minimizes the movement of the base
electrons by reducing the current leakage. As shown in Fig. 13(c),
Chalklen and Wang et al. [145] used a T-G biosensor to study the
adsorption of the analytes and to detect the deflection of the cantilever.
Bungon et al. [146] used a T-G biosensor to investigate the adsorption of
the analyte, detect the deflection of the cantilever, sputter gold ona p™™
SiO9/Si substrate, and illustrate the use of evaporated chromium. The
T-G FET biosensor was designed by using metal lift-off and contact
lithography patterning for the detection of the clusterin protein
biomarker of Alzheimer’s disease, as shown in Fig. 13(d-e). Jeseung
et al. [147] used a CNT film to develop a metal-semiconductor FET
biosensor. The probing antibody is stationary to the gold top-gate by an
Escherichia coli outer membrane with the Z domain of protein A, or an
antibody that is a binding protein G and the gold top-gate is engaged at
the center of the CNT channel. The sensitivity of this biosensor is rela-
tively high, as shown in Fig. 13(f); different designs such as MESFET-G,
MESFET-Z, FET-C are shown in Fig. 13(g-i).
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Fig. 13. (a) Back-gate NW-FET sensor, (b) sensing schematic, (c) schematic of the top-gate FET biosensor, (d) schematic showing the change in the MOSFET drain
current upon probe-target binding, (e) variation in the drain current with respect to time owing to the deflection of a microcantilever [148], (f) (a) schematic of
top-gate FET device, (b-e) FET device fabrication, (g) representation of MESFET-G, (h) MESFET-Z, and (i) FET-C [149], (j) Schematic of the solution-gate FET
biosensor [152], (k) schematic of the Ag/AgCl electrode measurement configuration [154], (1) schematic of the (a) side and (b) top views of a solution-gate FET

biosensor without an Ag/AgCl electrode [155].
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4.3. Biosensor design via the solution-gate technique

The most prominent procedure results in a solution-gate FET
biosensor that further eliminates the physiological background of
human beings. Silicone was utilized as a substrate, on which a reaction
chamber fabricated with polydimethylsiloxane (PDMS) was attached.
For sample functionalization in the reaction chamber, a miniaturized
Ag/AgCl electrochemical reference electrode acting as a gate electrode
was submerged, as shown in Fig. 13(j). Solution-gated FETs employing
graphene or rGO as active materials are better than that employ
different active materials [150]. Aiming to fabricate device biosensors
that employ graphene or reduction, gate-source voltage (Vg) and
drain-source voltage (Vg4s) were applied to the device [151,152]. In
addition, this device demonstrated a maximum sensitivity for numerous
analytes as well as functions at minimum potentials owing to the
nano-electric double layer (EDL) at the edge of the graphene solution
and the Ag/AgCl liquid gate electrode most commonly used in the
process [153]. As shown in Fig. 13(k), Zeimpekis et al. [154] used
Ag/AgCl as the gate electrode and provided a detailed assessment of the
pH and protein sensing. Under water-based conditions, FETs are mostly
unstable owing to their low sensitivity, and traditional Ag/AgCl elec-
trodes must be used for gating. Han et al. [155] obtained real-time ob-
servations of a micro-scale loop-mediated isothermal DNA amplification
by projecting a solution-gated graphene FET and using gold electrodes
as the source, drain, and gate of the sensor, as shown in Fig. 13(1).

5. Significance of pH sensors on GFM
5.1. pH sensors based on graphene

The aforementioned application of graphene has several advantages
as a pH-sensitive material in pH-ISFETs when compared to glass elec-
trodes owing to its configuration; pH-ISFET is smaller in size and has a
longer durability compared to a glass electrode, which has a weaker
package compared to that of pH-ISFET. Moreover, the pH-ISFET does
not consist of any bulb-like part that must be stored wet with a sufficient
amount of electrolyte solution, thus it can be stored in a dry condition
and there is no extra electrolyte solution needed for storage compared to
that of the glass electrode. Furthermore, in exclusively biological mea-
surements, such as the pH of cells, owing to their noncontact (optical)
measurement and small size, GQDs have become a viable option.

5.1.1. Solution-gated ISFETs

5.1.1.1. Effect of different electrolyte solutions. The mechanisms related
to the response of graphene to the pH of the different electrolyte solu-
tions were further investigated for a better understanding. Heller et al.
[156] used a constant pH (i.e., pH = 7) and different concentrations of
KCl solution, which were normalized to 1 M KCl within a range [1 mM —
1 M1, demonstrating a linear dependence between log(KCl) concentra-
tion and Vpjp, shift. At pH = 3, similar results were achieved via LiCl;
the surface potential decreased, and the double-layer capacitance on the
surface, as well as the buffer of the graphene, increased at a high ionic
strength. Considering the concentration of the buffer solution with
respect to pH = 7, the shift of Vpj,. altered near —42.7 mV/decade.
However, at pH = 3 the Vpjzac shift inversed with respect to the con-
centration by +18.9 mV/decade, which was most likely owing to the
supporting SiO layer. In reality, groups such as silylamine and silanol
are ionized by SiOy; for example, SINH3, SiOH3, and SiO™ can positively
or negatively charge the surface. For the pH measurement, the effect of
different ions was confirmed such as tetraethylammonium (TEA™), Li,
K". However, the authors did not explain this effect. Conversely, Heller
et al. assumed that the specific adsorption or ionic radius of graphene
may play a major role. Fu et al. [157] related the pH to a range of
graphene sensitivity and indicated that it was significantly large (i.e.,
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12-99 mV/pH). Consequently, the author set up a three-electrode
experiment, as shown in Fig. 15(a). Using the CVD method, graphene
was exfoliated or developed on a copper foil and then relocated to the
top of a SiOy/Si substrate. For Vg € [0.1, 0.8] V and Vpg € [10,50] mV,
the leakage current was 1 nA, which is negligible when compared with
the measured Ips. From pH values ranging from 5 to 10, the observed
sensitivity was nearly 6 + 1 mV/pH, with respect to a previous study,
where Vpirae positively shifted as the pH increased. Subsequently, by
adding fluorobenzene for 35 s, the graphene surface became more hy-
drophobic and dried the FET. However, for pH values ranging from 4 to
10, the sensitivity of graphene was nearly zero. Conversely, for pH
values ranging from 3 to 8, the sensitivity of the graphene increased to
17 mV/pH by depositing a significantly slim Al;O3 layer (below 2 nm),
as confirmed by atomic layer deposition at 100 °C. The author indicates
that by depositing AlyOs3, the OH functional groups transformed gra-
phene into a moderately hydrophilic material. Fu et al. indicated that
flawless graphene is inefficient for pH sensing and that the presence of
defects such as carbonyl and hydroxyl groups will upsurge the graphene
response towards the pH. The reported values sensitivity values such as
20 and 99 mV/pH [158,159] correspondingly have a maximum leakage
gate current.

Lin et al. [160] demonstrated the growth of graphene on nickel and
copper foils. The author used the CVD technique, and before transferring
it onto a SiO9/Si substrate, it was suspended on an arrangement of Pb/Cr
drains and sources; the width of the channel was approximately 20 pm.
The author correlated both the nickel and copper growths of graphene
and indicated that the graphene spread on copper foil (GrCu) consisted
of a single crystal monolayer and was quasi-continuous, whereas the
graphene developed on the nickel (GrNi) consisted of a significantly
small amount of defects, and was a continuous film entailing less than 10
years. The response measured owing to the exponential decay with
respect to the time of Ipg is expressed as (Ips-Ipsin)/Ipsin, Where Ipsin is
the initial value. A linearly increasing response was observed when GrNi
was tested at different pH values including 7, 10, 11, and 13; considering
an increase in the pH, the reaction values at a pH of 7 and 13 were 4.75%
and 45.1%, respectively, and the resolution was approximately a pH of
0.1. At different pH values, the Ipgj, was not constant and fluctuated; for
example, at pH values of 7 and 13, the Ipgj, values were approximately
250 pA and 1.5 mA, respectively, at Vps = 0.1 V and Vg = 0 V. This
indicates irreversible ion adsorption on graphene. Experiments with
another type of graphene such as GrCu was tested, for which the sen-
sitivities were found to be 34.5% at a pH 7.35, 47.6% at a pH 7.59,
57.4% at a pH 7.86; the pH resolution was 0.01. The author did not
report error bars on the plots or the number of measurements obtained.
Lee et al. [161] investigated the Vpjrac shift when an SGFET interacted
with hydrochloric acid (HCl), potassium hydroxide (KOH), and sodium
hydroxide (NaOH). A graphene film was grown on a copper film in the
presence of a Hy and CHy4 gas mixture at 1000 °C. Before transferring the
graphene onto the SiOy/Si wafer after complete etching of the copper,
the graphene was coated with PMMA, which was dispersed in chloro-
benzene. The wafer already comprises of drain, Au/Cr electrodes, and a
source; the coated PMMA was completely separated by soaking the
fabricated chip in an acetone solvent followed by deionized water. The
graphene was patterned using standard photolithographic techniques.
The range of pH values was altered (pH = 6, 7, and 8), and different
concentrations of K™, Na™, Cl” solutions were obtained in a 0.05 M so-
lution of phosphate (Tables 3 and 4). Depending on the ionic strength
and composition of the buffer solutions, the author demonstrated a
negative shift in Vpj,c, Whereas other studies regarding SGETs have
reported a positive shift in Vp;.ac as the pH increases. The pH sensitivities
were —78.5, —38.5, and —7.5 mV/pH in the buffer solutions containing
diverse concentrations of K*, CI,, Na™ ions, respectively, for buffer so-
lutions with pH values of 6, 7, and 8 at Vg € [0,1] V as well as at Vpg =
50 mV. However, in the reference buffer (0.05 M), the reported sensi-
tivity was approximately +69 mV/pH. Consequently, the observed shift
for the commercially available reference buffers was towards the
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Table 3
Implications of different electrolytes by using various solutions.

Electrolyte pH Concentration (M) Ionic Strength (M)
K* 6 0.0556 0.1225
7 0.0779 0.2116
8 0.0963 0.2852
Na* 6 0.0056 0.1224
7 0.0279 0.2116
8 0.0463 0.2852
cr 6 0.0444 0.2112
7 0.0221 0.2558
8 0.0037 0.2926

positive side, whereas for the buffers with the electrolytes, upon
increasing the pH, the shift was towards the negative side. Although the
ionic strengths of the potassium and sodium buffers were identical, the
results described herein cannot be explained by the strength of the ions.
Here, the Vpj,c sensitivity shifted towards the Na™ ionic concentration
because it played a more significant role than the concentrations of K* or
Cl'. The author assumed that the Vpj,. shift was owing to the signifi-
cance of ionic charge screening, as it depended on the proportion of
hydration, ion size, and attraction approaching the surface of graphene.
Because the ionic charge shield is more important at higher concentra-
tions, the authors suggested that pH measurements should only be
performed in diluted solutions. In this experiment, the sensor sensitivity
observed was greater than before (from —7 to —27 mV/pH) with respect
to the 0.1 M potassium solution owing to the dilution of the sodium
solution by 5-10 times, the Vpj,. shift observed was toward the positive
direction for as the pH increased.

Kwon et al. [162] prudently examined graphene-mesh FETs
(GM-FETs) and the role of defects in sensitivity. To reduce the
contamination and disorder of the carbon atoms, silica spheres were
used to synthesize the graphene mesh structure and to avoid photo-
lithographic patterning. The copper foil was protected by a hexagonal
close-packed monolayer of silica spheres; the separation of the carbon
atoms was stimulated as a graphene mesh at the copper-silica interface
(Fig. 14a). A single layer of graphene was grown on the top of the copper
for an FET comparison (Fig. 14b). The resultant mesh had an average
interspacing and diameter of 600 and 300 nm, respectively, with
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circular holes arranged hexagonally. The sensitivity of the monolayer
graphene FETs and GM-FETs were 16 and 90 mV/pH, respectively.
considering the different pH values ranging from 6.50 to 8.25, and Vps =
50 mV (Fig. 14(c-f)). Kwon et al. proposed that owing to the numerous
unsaturated carbon atoms due to the edge flaws, they might bind or
adsorb the H' ion, on which the GM-FETs super-Nernstian sensitivity
may depend. Although the sensitivity increases owing to the develop-
ment of the bonds, the use of GM-FETs is limited owing to the irre-
versibility of this reaction. After five 3-min testing cycles for pH values
including 8.25, 7.85, 7.40, 6.95, and 6.55 with respect to the GM-FETs,
the sensitivity of the mixtures decreased approximately 7 mV/pH.
Graphene defects should be minimized for reliable and reproducible
results.

Parizi et al. [164] demonstrated a significant improvement in an
ion-sensitive field-effect transistor (ISFET) sensor under the circum-
stances of pH sensitivity. Based on the investigation of the authors
regarding the theory and simulations, the sensor exhibited a remarkably
enhanced sensitivity, which can exceed the Nernst limit when utilizing
pH buffer solutions that contain counter-ions larger than a certain size.
Using an extended-gate ISFET pH sensor, the author confirmed the
theory by studying the response of the pH. With stable operations and no
hysteresis, the results of the measurement were consistent and repro-
ducible. To confirm the validity and accuracy of the investigation re-
sults, the author tested various conditions, such as using dissimilar oxide
dielectrics as a layer for sensing, numerous solutions, and IC versus
off-the-shelf transistors as the foundation of the ISFET sensor. Yawson
etal. [165] investigated the retreat of the active layer and systematically
studied the improvements in the movement of electrolyte-gated organic
field-effect transistors (OFETs) by utilizing polymer solid-state electro-
lyte gate insulators (SEGIs). Here, the SEGI consisted of a P(VDF-HFP)
[poly(vinylidene fluoride-co-hexafluoropropylene] polymer
solution-ion gel at 1 Hz composite and large areal capacitance of >10 puF
em™2. Ultraviolet photoelectron spectroscopy studies have revealed that
the downward vacuum-level shift causes a substantial hole injection
barrier that originates from the formation of numerous interfacial dipole
layers while scaling up the P3HT [poly(3-hexylthipehen)] semi-
conducting layer by an order of magnitude ranging from to 5-50 nm.
The ultrathin size of 5.1 nm is better than most of the devices by

Table 4
Various sensors composed of GFM and their respective applications, analytes, and concentrations.
S. GFM used Sensing modality Analyte Concentration References
No.
1. ZnS:Cu,Cl phosphor layer and drop- Resistance based gas sensor ~ Coz 100-1000 ppm [202]
coating of graphene
2. Graphene Chitosan composite Electrochemical Hemoglobin 6.5 and 230 M [204]
3. CMP/poly(lactic acid) (PLA) - Graphene  Electrochemical Nitroaromatic, benzoquinone vapors and oxidizing of Mm Hg [205]
sandwich metal ions DNBa-
4.55x10°°
TNBb-
6.44x10°°
BQc- 0.1
4. Graphene FET Hg?t 10 pM [206]
5. AgNW-graphene hybrid electrodes FET Dimethylmethyl phosphonate 5-25 ppm [207]
6. Au/SnO,/RGO Electrocatalysis Ethanol, toluene, ammonia, formaldehyde, methanol, 1-1000 ppm [208]
butanol, Npropanol and acetone
7. Graphene Fluorescence spectroscopy HIV DNA 50 nM [216]
8. Graphene FET DNA 0.01-500 nM [217]
9. Graphene-Chitosan Electrochemical Glucose 3-10 mM [218]
10. Graphene Quantum Dots Photoluminescence Protein Kinase 0.01 - 0.34 yM [219]
11. Graphene FET Insulin 1.3nM [220]
12. Graphene nanoribbon Electrochemical HIV gene 100 aM [212]
13. Graphene nanoribbon FET Interlukin 6 0.2nM - [213]
2.083 uM
14. Graphene quantum dots Electrochemical Glucose 10nM - 1.9 M [214]
15. Graphene quantum dots Photoluminescence Metal Ions and dye 90-800 uM [215]
Spectroscopy
16. Graphene-Gold SERS Bilirubin protein 0.436 pM [221]

hybrid
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Fig. 14. SEM (top) image of the (a) graphene mesh and (b) monolayer graphene; (c) cross-sectional and (d) 3D view of electrolyte-gated Gr-FET, (e) measurement
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nanoribbons, (h) source-drain current density I of various pH buffer solutions, (i) dirac point shift at various pH values and the standard deviation of the pH
response [163], (j) FET with a fixed gate under the HfO,, (k) Graphene-foam 3D-FET layered with a 20 nm HfO, layer.

expressing its excellent stability, demonstrating a maximum field-effect
suppleness of >2 cm? V! s71; namely, a device generating active sup-
pleness of 0.83 + 0.05 cm? V! 57, small threshold voltage of less than
—0.6 V, on/off ratio of ~10°, and a low gate-leakage of current levels
(~10°) below the on-current levels in a 10-pm channel length device.
The author reduced the semiconductor thickness and observed a positive
shift in the threshold voltage for the P3HT/SEGI FETs, which was 10
times higher than that of the neat P(VDF-HFP) devices, revealing an
outstanding approach for the reliability assessment and carrier mobility
enhancement in low-voltage-functioned electrolyte-gated OFETs. Awais
et al. [166] explored the transport properties of silicon carbide nanowire
field-effect transistor (SIiCNW-FET) with respect to the pH effect by
considering key factors such as the resistivity, transconductance,
repeatability, and stability of the fabricated device for sensing
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applications in harsh environments. The author used various pH solu-
tions ranging from 5 to 9 for the study of transport properties; a pH 5 and
a 2 V bias voltage demonstrated a minuscule resistivity of 0.065 mQ cm
and a high trans conductance of 4.5 mS. Awais et al. reported that the
conductivity improved from 2.66 to 4.5 mS at a pH of 5 but significantly
declined from 4.5 to 0.15 mS at a pH of 9; this device achieved
repeatability and good stability after being rinsing with DI water
demonstrate a full recovery. Consequently, fields such as biomedicine,
biosensing, and environmental sensing can effectively contribute to the
development of cost-effective and low-power 3 C-SiCNW-based FETs.
Ranjan et al. [167] examined the nonideal behavior around the iso-
electric point for the first-time using MATLAB and commercial Silvaco
tools for the analytical model of the B-MIS-(AlGa),03 /GazOs
ion-sensitive FET, and studied the electrical double layer with the
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electrolyte using the Gouy-Chapman-Stern theory. In this study, the
dielectric in between electrolyte and (AlGa);03 was Al,Os3; to examine
the sensitive parameters such as the charge density, surface potential,
Bint> Cpr, Alpha and Cgjsr for various pH values, they used various con-
centrations of electrolyte solutions such as 1 mM, 0.01 M, and 0.1 M in
aqueous solution. The intensity of 2DEG at the interface of Ga;O3 and
(AlGa);03 in p-MIS-(AlGa)203 /Gaz03 HEMT undergoes changes owing
to the sensitive parameters and surface potential; in the aforementioned
study, they observed that higher electrolyte concentration demonstrated
a low sensitivity and vice versa. The Ipy /Iopr ratio of B-MIS-(AlGa),03
/Gag0O3 HEMT, threshold voltage, and transfer characteristics were
further examined with dissimilar pH values; when the pH increased from
being acidic to basic medium, the threshold voltage has also respectively
increased.

5.1.1.2. Chemical reactivity of graphene edges. Based on the aforemen-
tioned experiments, graphene boundaries are chemically reactive.
Zhang et al. [168] fabricated suspended GNR-ISFET for assessing cancer
markers and the pH of a solution; aiming to improve the sensitivity of
the graphene towards the pH, the author has further investigated the
ideas of Cheng et al. [169]. In this experiment, the GNR-ISFET was
driven with Vg € [-1.8, 1.8] V and Vps = 1V, and the thickness of the
GNRs was approximately 50 nm. Zhang et al. presented the equation (Ipg
—1Ip)/Ip at a pH of 9, where Ipg is stabilized by the current Iy. Compared
with the normal SGFET, unsuspended GNR FET, and suspended GNR
FET, the sensitivity increased, which was nearly 1.5 times more sensitive
and approximately 25 mV/pH at pH values ranging from 5 to 9.

Conversely, Ristein et al. [159] reported that the voltage values in
the foundation of defects, which are proficient in varying the measure-
ment during the experiment. To improve the number of hydroxyl groups
on the graphene layer, Tan et al. [166] decorated its surface using
electron beam lithography (EBL), followed by exposing it to oxygen
plasma to obtain 4 columns of 5.5-um long and 99.14+1.5-nm wide
graphene nanoribbons (GNRs). This decoration is illustrated in Fig. 14
(g). At pH values ranging from 6 to 8, owing to the decoration on the
layer, its sensitivity improved from approximately 6.5 to 23.6 mV/pH at
a constant Vpg = 10 mV. Unlike the basal plane defects, an advantage of
edge defects is that they cannot affect the current flow with respect to
the graphene channel. The author reported that this improvement of
sensitivity does not depend on the impurities such as hydrogen silses-
quioxane (HSQ), which was used in the photoresist and residual PMMA
used in the photolithographic process (Fig. 14h). The SGFETs were
characterized, any variation in the solution can affect the response of the
sensor, as shown in Fig. 14(i). The dielectric layer sandwiched between
the graphene channel and gate is an additional FET configuration that
deals with the fabrication of the solid gate above the graphene, which is
attached above the SiO5 substrate (Fig. 14j). This improves the micro-
fabrication and integration, and a bulky gate electrode is not required,
compared to the transistor dimensions. The arrangement of the 3D
graphene FET is shown in Fig. 14(k).

5.1.1.3. Epitaxial graphene over 6H-SiC. A solution-gated FET (SGFET)
is a well-known ISFET, in which graphene is used as a conduction
pathway. The SGFET consists of a 3-electrode cell, in which the elec-
trolyte is in direct contact with a Pt counter electrode, a reference
electrode (Ag/AgCl, Pt, or calomel) to pass the gate voltage Vg, and a
graphene (working) electrode that concludes the device. Although the
counter electrode is frequently absent, the source and drain of the TG-
FET with Cr/Au or Ti/Au are common for pH measurements
(Fig. 15a). CVD synthesis and exfoliation of graphite are the most
common procedure for the fabrication of graphene [170-174].

In the CVD process, graphene is deposited over a copper foil, which
acts as a supporting material; however, during fabrication process, the
film is protected with poly(methyl methacrylate) or poly(dimethylsi-
loxane), and copper is selectively etched in a solution containing sodium
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persulfate and then deposited over ISFET substrates composed of 6 H-
SiC or SiOy/Si. Ang et al. [176] deposited a graphene layer over 6 H-SiC
for pH sensing. The author assumed that the conductivity (c) of the
graphene will be modulated by the adsorption of the hyroxonium
(H30™) and hydroxyl (OH") ions. In a p-type doping, they observed that
the hydroxyl moiety linked with the inner Helmholtz plane of the sol-
ution/graphene in the negative Vg interface attracted their counter ions
in graphene by using a Vg € [-1, 1] V, in addition to a stable drain-source
voltage (Vpg) value such as —1 V. Conversely, the adsorption of the
H30™" ions induced a positive Vg or acidic pH in n-type doping. For
example, considering an increase in the pH from 2 to 13, Vpjzac (Dirac
voltage) is a voltage where the channel conductance is minimized by
balancing the electrons and holes, which demonstrates a positive shift
(Fig. 15b and c), hence allowing the investigation of the pH. However,
with respect to a negative Vg, graphene with three out of four layers
with a sensitivity of approximately 99 mV/pH was reported, which is
higher than the Nernst limit of 59.16 mV/pH. The solution-gated field
effect transistor (SGFET) was fabricated on few-layered graphene (FLG);
the gate potential versus conductivity of the SGFET fabricated on (a) 1-2
and (b) 3-4 EG layers is shown in Fig. 15(d). The measurement was
obtained in 10 mM KCl/10 mM PBS using a pH 2 and 12 at a constant
source-drain voltage of —1 V, with 3 x3 nm? STM images of the (i)
monolayer, (ii) bilayer, and (iii) trilayer graphene epitaxially grown on
6 H-SiC(0001) with Vi = 0.1V (Fig. 15e(a-c)). By considering a
structure similar to that shown in Fig. 15(a), Ohno et al. [177] addressed
the leakage of current that was lower than 10 nA in a graphene mono-
layer. At this juncture, the conductance of two FET configurations was
measured: back-gate and top-gate, for which the T-G demonstrated three
times the capacitance of the back-gate with an n-doped silicon wafer as a
result of endorsing the preference of T-G for sensing applications. When
the pH increased from 4 to 8.3, the Vpjr,c shifted positively and linearly.
Here, a sensitivity of 30 mV/pH was observed at Vg € [-50, 50] mV.
Notably, the author reported that owing to the scattering of charged
impurities at different pH values, Vp;,. may shift in the opposite di-
rection, which may be owing to the graphene defects or residues from
the fabrication step.

A ~1-um shorter graphene layer was suspended between the Au/Cr
contacts of the source and drain on the SiO; etched substrate by Cheng
et al. (Fig. 15f) [178]. The author observed a high conductivity at Vg.,
that is, the majority of holes when compared with the Vg, and majority
of electrons from the FET were directed to a Vpjgac of 0.1+ 0.2 V. The
suspended graphene led to a significant positive inference in the FET
features compared with the standard configuration. The sensitivity
increased by 2 and 1.5 times for the electrons and holes, and the SNR
was elevated by 14 dB at frequencies less than 1 kHz for a prominent
symmetric 6-Vg curve. The complete details of this experiment are
lacking owing to reduced scattering; furthermore, when tested with
various buffers between pH values ranging from 6 to 9 and V¢ € [-50,
50] mV, the FET sensitivity was near 17 mV/pH. Ristein et al. used a
monolayer graphene on a 6 H-SiC single crystal [159]. At pH values
ranging from 3 to 12, Vg versus the source drain current (Ipg) was
investigated at Vpg = —50 mV. Here, the outflow current was lower than
1 nA in a solution-gated FET (SGFET) and the linear I-V features up to
IVpgl = 0.1 V. Therefore, the sensitivity obtained in this study was as 19
+ 1 mV/pH for the Vpjrac shift per unit pH. As the transistors were
similar with respect to Ang et al. [176], the potential for the obtained
value of the graphene channel, such as 3.5 x 107> S, was compared to
that of the reported value (3.5 x 10~4S). The difference of one order of
magnitude in the conductivity was possibly owing to the defects trig-
gered by the creation of holes that led to a significant Nernstian sensi-
tivity, as Ang et al. confirmed an SGFET at Vg > 0.3 V.

Lei et al. deposited a graphene sheet onto a SiO»/Si substrate that
was exfoliated from graphite and designed a chemiresistor, which was a
gate-free FET [179]. The sensitivity of the device was measured for pH
values ranging between 4 and 10 with an initial resistance of 86 kQ and a
constant current flow of 10 pA was approximately 2.13 kQ/pH. The
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Fig. 15. (a) Three electrode FET configuration for a pH analysis, (b) Vpjrac shift during pH change presents excess electrons towards the right and excess holes
towards the left channel [175], (¢) distribution of donors or ions (electrons or holes) in the electrolyte solution at various pH values, (d) solution-gated field effect
transistor (SGFET) fabricated on few-layer graphene (FLG), (e) gate potential versus the conductivity of the SGFET fabricated on (a) 1-2 and (b) 3-4 EG layers; the
measurement is obtained in 10 mM KCl/10 mM PBS with pH values of 2 and 12 at a constant source-drain voltage of —1 V; (c) 3 x3 nm? STM images of the (i)
monolayer, (ii) bilayer, and (iii) trilayer graphene epitaxially grown on 6 H-SiC(0001) with Vi, = 0.1 V [176], (f) enhanced concert of suspended graphene field
effect transistors (Gr-FETs) as sensors in aqueous solutions [178], (g) concentration-dependent change of the molecular orientation of F4-TCNQ on BLG, (h) Raman
spectroscopy setup, (i) Raman spectra (unpolarized) of the pristine BLG on SiC(0001) (black line), after the deposition of 0.3 mL F4-TCNQ (red line), G, 2D, and D

peaks of the graphene [184].

ratio between the sensitivity of the device and the maximum standard
deviation of the resistance values for repeated trials was considered in
the resolution calculation. Here, the author reported the resolution for
acid acidic pH as well as basic pH as 0.97 and 0.33, correspondingly.
This is mainly due to the assumption that OH" ions are well-organized in
the internal Helmholtz plane to that of H3O" ions. This sensor was
reusable regardless of the hysteresis of approximately 2 kQ. Despite the
lack or reporting any further explanation or specific value regarding the
reusability, the author suggested that considering the extremely small
thickness, this will undoubtedly useful for the facile removal of elec-
trolytes form the top of graphene. Lee et al. [169] proposed another
model of a gate-free FET based on a paper substrate. In sodium dodecyl
sulfate (SDS) solution, graphene was first dispersed and sonicated, and
subsequently transferred on top of the paper substrate under a vacuum
using a metal mask. A total of 6 U-shaped graphene sensors were
designed after rinsing with deionized water and letting it dry for 20 min
at 80 °C. A paraffin pen was used to define the area for the closed
measurements around each sensor. The deposition of 0.5 mg of gra-
phene between the vacuum filtration resulted in the greatest fabrication
repeatability and electrical stability at a sensing layer thickness of
approximately 100 um. Approximately 10-uL drops of various solutions
with pH values ranging from 1 to 10 were used to measure the responses
in each of the six measurement areas. The association with respect to the
pH and resistance resulted in a recession line with a coefficient of
determination R%> = 0.93 at Vps € [-1, 11 V, with a sensitivity of
approximately 30.8 Q/pH.

Yang et al. [180] reported the growth of graphene on the Si face of
6 H-SiC using an inner and external carbon synergy (IECS) technique,
which combines traditional epitaxial growth (EG) on the silicon carbide
and CVD for a realistic approach of the graphene grown on the SiC
substrate; the process required only 3 min, which is significantly faster
than the traditional EG technique at a temperature approximately
200 °C lower than that used for the traditional technique. The author
reported that the directly-grown graphene is compatible with the
semiconductor method and is significantly useful in the approach for
graphene-centered microelectronic devices. Kotousova et al. [181]
examined the epitaxial graphene structure achieved by the thermal
desorption of a silicon carbide layer in an Ar medium and under a
vacuum synthesis by reflection electron diffraction. Consequently, the
author achieved a uniform buffer-layer coating of the SiC layer by the
epitaxial graphene while developing a passive intermediate on the sur-
face of the 4 H- and 6 H-SiC(0001) polytypes, in comparison to the
graphene grown under a high vacuum. Thus, the degree of perfection of
the original single crystal influenced the performance of the coating.

Yang et al. [182] investigated the epitaxial growth of graphene on
SiC and the thermal transport at a 6 H-SiC/graphene buffer layer/GaN
heterogeneous interface, from which the graphene buffer layer (GBL)
was epitaxially grown using the annealing method, illustrating that the
Tersoff-Erhart-Albe potential (TEA) is higher than that of the
environment-dependent interatomic (EDI) potential based on the
assessment of the average atomic binding energy, nucleation tempera-
ture, bond length, atomic structure, and radial distribution function. The
author also stated that the interface thermal resistance (ITR) can be
minimized by defect engineering by using the thermal relaxation
method at the 6 H-SiC/GBL/GaN heterogeneous interface with an
extreme reduction of 9.6%. Moreover, the ITR exhibited a maximum
decline of 17.9% by increasing the nucleation areas, which further
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clarifies that the energy is tranquil for passing through the interface,
demonstrating the reliability of graphene for an interfacial heat transfer.
Therefore, Yang et al. concluded that the ITR is sensitive to temperature
(300 K to 1100 K), with a large decrease of 19.6% as the temperature
increased. The thermal design of graphene-based semiconductor devices
was determined based on the selection of the potential and analysis of
the heat transfer of the three-materials heterogeneous interface. Leb-
edev et al. [183] grew the graphene films on semi-insulator 6 H-SiC
substrates at approximately 1700 °C via the thermal decomposition of
SiC. The presence of single-layer graphene on the surface of the SiC was
confirmed via Auger and Raman spectroscopy. The author presented a
theory of adsorption on epitaxial graphene using the Green'’s function
method to obtain analytical results with simple substrate models for the
transfer of charge between the substrate and adsorbed molecules. The
sensor structure was molded onto the graphene film by using a laser; the
developed sensor was sensitive towards NOy gas concentration levels
ranging from 1 to 0.01 ppb. This method was also tested for the detec-
tion of protein using an immunochemical system consisting of mono-
clonal antibodies (mAbs) and fluorescein, which bind to the dye.

Chattopadhyay et al. [184] used the thermal deposition of the mo-
lecular electron acceptor tetrafluoro-tetracyanoquinodimethane
(F4-TCNQ) to grow bilayer epitaxial graphene (BLG) on 6 H-SiC(0001)
(EG/SiC), which was modified as shown in Fig. 15(g). The
surface-modified system was investigated by angle-resolved polarized
Raman spectroscopy (ARPRS) and X-ray photoelectron spectroscopy
(XPS). The XPS analysis revealed that the concentration bonding of the
deposited F4-TCNQ molecules agreed with the Raman spectroscopy, as
shown in Fig. 15(h-i). Consequently, the variation in the sum of the
layers with respect to the graphene as well as the concentration of the
acceptor further control the doping and charge, which is suitable for the
applications in the device. Ichou et al. [185] used an ultrahigh vacuum
environment (UHV) for combining Kelvin probe microscopy (KPFM) and
noncontact atomic force microscopy (nc-AFM) to directly measure the
work function and height of monolayer graphene on the Si-face of
6 H-SiC(0001), enabling the distinguishment of the following three
types of graphene structures with a good precision: Quasi free-standing
monolayer graphene (QFMLG), bilayer graphene (BLG) and zero layer
graphene (ZLG). The work function and height of QFMLG are 4.63 +
0.05 eV and 4.09 £+ 0.11 /o\, the work function of BLG is 4.83 & 0.05 eV,
and the work function and height for ZLG were 4.42 + 0.05 eV and 2.62
4 0.22 A, respectively. Compared to the various techniques, the nature
of nanometer-sized graphene islands, which have an early nuclei of
monolayer graphene grown on 6 H-SiC(0001), can be identified by CVD
using a local nc-AFM/KPFM dual probe.

Solution-gated graphene transistors (SGGTs) were recently devel-
oped and improved for a variety of biosensing applications, including
the detection of bacteria and biomolecules and the monitoring of cell
activity. Compared to other sensing approaches, SGGTs may attain an
equivalent or greater sensitivity to bacteria, DNA, proteins, and other
substances after undergoing certain modifications. SGGTs have
demonstrated to be significantly promising as high-throughput, ultra-
sensitive, and highly selective biosensors for various applications
because they are readily miniaturized and incorporated into micro-
fluidic systems.
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5.2. Electrochemical pH sensors based on graphene oxide

Although there are several means for restoring electrical conduc-
tivity, GO is one of the most prominent methods for generating electrical
insulators owing to its disordered sp? bonding network, unlike graphene
[186]. However, its detailed chemical structure is currently under
investigation [150]. The most extensive conventional model was
developed by Klinowski and Lerf in 1998 [187,188], in which the au-
thors described GO as graphitic platelets categorized by carbonyl groups
on the edges, and hydroxyl and epoxy groups on the basal plane.
Therefore, GO is highly hydrophilic owing to its numerous polar groups,
making it an excellent material for measuring the pH of solutions. In-
vestigations regarding the pH-dependency of GO in a liquid solution
indicate that the protonation and deprotonation of carboxyl groups is
responsible for the change in the hydrophilicity of GO [189-191]. The
hydrophilicity is highly improved at higher pH values, at which point
the GO behaves as a surfactant but softens in an aqueous solution as a
regular salt owing to its lower surface tension. Conversely, the degree of
protonation is weak at low pH values, and GO forms floating clusters
such as GO-water-GO sandwich structures, which are bounded by water
molecules.

Sun et al. [192] investigated hydrogels containing GO and poly
(N-isopropylacrylamide) for the ionization process of carboxyl groups,
which occurs mainly as the pH increases, and simultaneously reduces
the number of hydrogen bonds. Qin et al. [193] synthesized and
disseminated approximately 25-55 mg of GO in 1 mL of filtered water
without preprocessing to obtain a self-assembled GO hydrogel, similar to
another revised description of the Hummers method [194]. The GO
nanosheets were approximately 0.607- and 0.911-nm thick, with an
average size of approximately 500 nm. At the lowest GO concentration
of 30 mg/mL, a hydrogel was achieved during the synthesis process. The
gel formed only at an acidic pH and was pH-dependent, which may be
owing to the fact that the hydrophobic interactions and the n-n stacking
inhibited the pH-response, and the formed GO hydrogel was stable when
the concentration exceeded 5 wt%.

Wang et al. [195] modified the existing Hummer’s method to syn-
thesize GO colloids for the formation of a hydrogel and investigated the
role of pH by adjusting it with aqueous ammonia for basic solutions and
HClI for acidic solution. At pH values of < 5 or > 10, the GO colloid is
accumulated into a cylindrical hydrogel; it was converted into a black
dispersion. The obtained results depend on the following three factors: i)
concentration of GO, ii) use of ammonia and HCI to reduce the GO sheets
thickness of the electrical double layer, and iii) the degree of dissociation
of the carboxyl groups of the GO sheets for controlling the
attraction-repulsion by the charge state. Hosseinzadeh et al. [196]
extended the work of Sun et al. by mixing hydrogels consisting of GO
and starch-based superabsorbent nanocomposites with Fe3O4 nano-
particles and starch-g-poly(acrylic acid-o-acrylamide) to investigate the
ionization of the carboxyl groups as the pH increased by reducing the
number of hydrogen bonds.

Melai et al. [197] demonstrated a gold 3-electrode screen printing
set-up as an electrochemical GO pH sensor, which included the
following 3 electrodes: 1) Ag/AgCl was used as the reference electrode
(RE), the 2) working electrode (WE) was coated by a 400-nm layer of
GO, and the 3) counter electrode (CE) was short-circuited with the RE.
The author suggested that the sensitivity of the WE and RE was
approximately 32 mV/pH, and the potential of the open circuit between
the two electrodes of the WE and RE was directly proportional to the pH
values ranging from 4 to 10 in buffer solutions. During the course of a
four-day testing period of human exudate, the fluid was generally ob-
tained from the swelling area as well as from multiplication segments of
the wound; this sensor was designed for monitoring the pH of the
wound, and the deviation of the pH unit recorded values were limited to
<0.1 compared to a typical pH meter available in the market [198]. Liu
et al. [199] designed a GO/cysteic acid combined film following the
same methodology of Melai et al. by using a three-electrode
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configuration. The addition of sulfonated and carboxylate pH-sensitive
groups to the structure of GO was the main advantage of using cysteic
acid. The oxidation of L-Cysteine (CySH) measured by cyclic voltam-
metry in a 0.04 M HCI solution with 2.5x1073 M CySH at a scan rate of
200 mV s~ ! over the range of [-0.8 m to +2.2] V produced cysteic acid,
and 0.15 mg mL~! was the optimum GO concentration. For pH value
ranging from 2 to 12, a sensitivity of approximately 50 mV/pH was
obtained, and a linear response (R? = 0.997) was observed for the
GO/cysteic acid electrochemical sensor, indicating that the response of a
sensor is <1. The relative standard deviation obtained from the stability
test at a pH of 5 at 25 °C for 11 h was approximately 0.8%, which can be
stored for one month. Liu et al. measured the pH value of tap water as
well as Coca Cola by using GO/cysteic acid sensor for a comparison with
that of a commercially available pH meter, the results of which
demonstrated a relative deviation of 0.7% and 1.6%, respectively.
Reagent-less pH electrodes that are sensitive to changes in their sur-
roundings and have longer durability are required, such as for usage in
sewage, industrial effluents, and the food industry. Carbon-based ma-
terials have been extensively studied for electrochemical applications
owing to their low cost, easy of availability, and adaptability. The
GO-based electrochemical sensor utilizes a simple technique to monitor
the pH and is fabricated using GO-modified carbon electrodes. In an
earlier study, Salvo et al. [200,201] developed a pH-responsive film
within the desired range using GO dispersion (4 mg/mL). When tested in
human plasma over a month, the performance of the resultant sensor
was comparable to that of a commercial pH meter (error = 0.14 +
0.09 pH units) with a sensitivity of approximately 40 mV/pH, consis-
tency of £ 4 mV, and strong linearity (R2 = 0.99). The proposed pH
sensor was evaluated in human blood over a week, and the mean dif-
ference between it and a commercial pH meter (glass electrode) was
approximately 0.1 + 0.1 pH units. The standard deviations of the GO
sensor and pH meter were 0.1 and 0.05 pH units, respectively. This GO
pH sensor demonstrated a hysteresis of 0.15 pH units and a temperature
dependency of approximately 0.01 pH/°C at temperatures ranging be-
tween 25 and 45 °C. Under a broth medium containing human fibroblast
cells (MRC-5 (p33)) and 10% fetal bovine serum (FBS), the biocom-
patibility of the GO film was satisfactory.

6. GFM for environmental usage (analysis of toxic gas using GO)
6.1. Gas sensing

Seekaew et al. [202] indicated that graphene can be used as a sensor
material, particularly for detecting carbon dioxide (CO3) at room tem-
perature. CVD was used to create the graphene substance, which
demonstrated high repeatability, precision, and consistency. Addition-
ally, the sensor performance of the graphene for COy concentrations
ranging between 100 and 1000 ppm was 25.12%. Regardless, the
composition of the sensing materials, and operational temperature
impact the effectiveness of gas sensors. The most frequently investigated
metal oxides include ZnO, Cuy0, SnO,, NiO, WO3, and TiO,. The inte-
gration of modified graphene and various metal oxide materials has
demonstrated enhanced sensor responsiveness. However, n-type semi-
conductors constitute the majority of experimental metal oxide com-
pounds. Zhang et al. [203] indicated that the substitution of graphene
with TiO3 may enhance the performance of sensors for the measurement
of acetone, including sensitivity, effectiveness, and response dura-
tion/recovery time. The adhesion and diffusion of gas molecules may be
enhanced by combining graphene and metal oxide. Temperature has a
significant impact on the performance of gas sensors composed of metal
oxide composites because it results in ionized oxygen species, such O3,
0, and Oy, developing on the surface of nano-oxide materials.

Owing to the processes that occur on the electrodes, the production
of this species has a significant impact on the effectiveness of the sensors.
Fig. 16(a) demonstrates the fabrication of TiOo/Fe304/GN-SO3H nano-
composites dispersed in water; Fig. 16(b) presents the TEM image of the
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Fig. 16. (a) Digital photographs of the TiO2/Fe304/GN-SOsH composites, (b) TEM images, (c) (i) methylene blue solutions; (ii) Photocatalytic degradation and XPS
spectra of the nanocomposites [203], (d) schematic illustration of Hb-graphene-chitosan/GCE [204], (e) I-V curves of the graphene aptasensor before and after
introducing the aptamer, (f) schematic illustration of a liquid-ion gated FET for the aptamer on the top of the graphene, (g) I4s-V4s output of the graphene aptasensor
at various Vg from 1 to —7 V in a step of —1 V [206], (h) FET-based sensor for detecting DMMP via n—r stacking interactions amongst graphene and PPy, (i) schematic
and microscopic image of the sensor; scale bar = 50 pm, (j) wireless and real-time sensing of a graphene-based sensor integrated with an antenna on a leaf, (k) images
of graphene gas sensors connected with an antenna on a wristwatch, leaf, bicycle light [207].

26



R.S. Perala et al.

TiO5/Fe304/GN-SOsH nanocomposites, demonstrating the typical
microstructure along with wrinkled and ultrahin sulfonated graphene
nanosheets with sizes ranging from 15 to 25 nm. The author selected
methylene blue (MB) as a model dye owing of its wide industrial usage;
here, TiOy/graphene strongly interacted with the delocalized n-bond of
the aromatic functionalized graphene basal plane via n-n interactions
and successfully removed MB (6 mg/L) from aqueous media, demon-
strating a removal rate of 99.99% as shown in Fig. 16(c). The immediate
electron transfer reaction of GOD at the enhanced electrode and its
electrochemical behavior at the graphene-chitosan enhanced electrode
are presented. These findings suggest that graphene supports direct
electron transport at the electrode surface and offers an enzyme-friendly
atmosphere. Chitosan is crucial for creating a suspended state of well-
dispersed graphene and for immobilizing enzyme particles. This
graphene-based enzyme sensor exhibited outstanding sensitivity and
long-term stability for glucose detection. The development of a unique,
extremely sensitive, and stable electrochemical sensor may provide a
new method for this purpose.

H0, is a metabolic byproduct of several biological processes;
therefore, HoO5 detection is crucial. Bunch et al. [6] created an HyO-o
sensor (Fig. 16d) by employing an rGO-chitosan composite film with
hemoglobin (Hb) molecules trapped inside. Compared to the traditional
H0; detecting techniques, this sensor has a significantly low limit of
detection (LOD; 0.51 mM) and a larger linear range (6.5-230 mM). This
enables the preservation of the enzyme in its natural form, and the
rGO-chitosan matrix densely supplied with hemoglobin particles pre-
sents a friendly environment. Additionally, rGO allows the transport of
electrons from the matrix to the electroactive center of hemoglobin, and
the percolating 3D network of rGOs offers multiplexing pathways for the
rapid conductivity of charges. Horseradish peroxidase (HRP) was
employed in another H,O5 detector to hydrolyze HyO», and the elec-
trodes were upgraded with highly ordered mesoporous carbon
(1.61 mM), CNT/silica/Au/Pt hybrid nanomaterial (0.5 mM), and tiny
graphene sheets that were noncovalently exfoliated by the electrode
(10.3 mM). Additionally, an extensive spectrum of linear responses
(1-500 mM) was attained. Platinum nanoparticles may be evenly coated
on rGO nanosheets, demonstrating significant solidity; furthermore, a
rapid charge transfer is guaranteed via the close connections between
the metal nanoparticles and rGO, which are extremely electrical in na-
ture. All these factors contributed to the outstanding performance of this
sensor. The same team also fabricated a sensor with an identical layout
based on a hybrid gold nanoparticle/rGO. Here, rGO was combined with
AuNPs and an enzyme (microperoxidase-11); the AuNPs not only act as
catalysts in this arrangement but also cooperate with the rGO layer to
facilitate charge transfer. The rGO thin film was decorated with in
situ-generated Prussian blue, which is a better electrocatalyst (artificial
peroxidase) for HyO» elimination, to achieve the maximum sensitivity
(45 nM) in all HyO- sensors [204].

6.2. Heavy metals sensing

Furthermore, the inhibitory effects of graphene for the detection of
harmful heavy metal ions including Cd**, Hg", and Pb%" are outlined.
Conjugated microporous polymers (CMPs) and polylactic acid (PLA)
were included in the light-emitting nanofibrous films via electro-
spinning, as suggested by Yuan et al. [205]. The cutting-edge chemical
sensor demonstrated excellent porosity, outstanding adaptability, and a
high surface-to-volume ratio, which improved its capacity for identi-
fying nitro aromatic and oxidizing heavy metal ions. A liquid-gate
FET-type and transparent graphene-based hazardous Hg?>" sensor was
proposed by An et al. [206], which demonstrated significant adapt-
ability and specificity for Hg2" despite the presence of various chemical
contaminants. The I-V curves of the graphene aptasensor demonstrate
the before and after overview of the aptamer; a schematic illustration of
a liquid-ion gated FET for the aptamer on top of the graphene with its
measurement is shown in Fig. 16(e-g) [206].
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6.3. Industrial volatile organic chemical-sensing

Although the identification of electrolytes and metabolites is signif-
icant, volatile biomarker gases constitute important data. For example,
measuring exhaled NO may indicate asthma, whereas detecting
ammonia from gases in the human breath can identify stomach diseases
caused by Helicobacter pylori. More than 2600 volatile organic com-
pounds (VOCs) from the blood, urine, skin, and breath are reportedly
essential auxiliary diagnostic indicators. Therefore, a new method of
clinical diagnosis that utilizes the accurate examination of VOCs pro-
duced by the human metabolism is being developed. Target gases have a
significantly high selectivity and sensitivity; they mix with thousands of
other gases, and only a few particles per billion gas particles can be
identified, which is the main barrier to the accurate detection of VOCs.
Volatile biomarker petrol sensors must also have a high degree of sta-
bility, repeatability, and rapid recovery time. Based on the aforemen-
tioned specifications, graphene and its derivative are demonstrated to be
promising as VOC sensors owing to their high strength-to-weight ratios.
Owing to these properties, graphene is highly sensitive to gas particle
detection. A novel DMMP gas sensor with outstanding adaptability and
visibility is shown in Fig. 16(h-k) [207,208], which was created by
drop-coating polypyrrole onto graphene. Large graphene-based biolog-
ical sensors distinguishing dimethyl methyl phosphonate (DMMP),
ethanol, NO, SO, and tumour indicators are currently available. This
gas sensor demonstrated high selectivity and exceptional straining
ability (up to 20%) in the presence of acetone, methanol, water, and
tetradecane.

7. GFM in biomedical and healthcare fields
7.1. Biocompatibility of graphene

For the advanced integration of graphene with human tissue, espe-
cially when inserted into the human body, it is critical to consider the
consequences of graphene and its byproducts on the well-being of
humans, including their biocompatibility, toxic effects, and potential
environmental risks. Graphene-based sensors have gained significant
attention for use in health surveillance and bio-applications. Several
studies regarding graphene-based nanomaterials (GBNs) have been
conducted. However, a comprehensive investigation regarding the
consequences on human health and the environment is currently lack-
ing. In-depth safety studies are a crucial component of innovative ma-
terials. Notably, “grapheme” refers to a group of GBNs encompassing GO
and rGO in experimental articles. Owing to the absence of standardized
definitions of GBNs, the number of layers, median lateral size, and
carbon-to-oxygen (C/O) ratio are important factors used for categorizing
graphene in various production processes. A biosensor is an analytical
tool used for detecting biological analytes that combines useful sub-
stances or biological components with a biophysical detector. This sys-
tem can transform biological data into another signal that is easier to
quantify. In biological systems, graphene exhibits outstanding biological
compatibility, environmental sensitivity, and equilibrium, all of which
are crucial for point-of-care and real-time sensing applications (Fig. 17).
Chemical sensing is a rapidly expanding discipline that is increasingly
reliant on innovative materials. As previously indicated, the intriguing
features of graphene enable it to meet the necessary conditions for the
development of highly active sensors. Implementing innovative sensory
systems that utilize the unique properties of graphene is a key challenge.
A single biochemical molecule or biomolecule on or near the surface of
graphene may change its electrical and optical characteristics by
transferring a charge or energy owing to a local deformation. A potential
signal can be easily converted into an event that can be monitored
electrically or optically using field-effect transistors (FETs), nanoscale
electrodes, or other essential transducers based on graphene. Consid-
ering their diversity, more than half of these sensors do not actually use
perfect single-layer graphene but utilize the various techniques
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Fig. 17. Schematic of graphene-based sensors [211].

available for creating graphene and their different levels of success.
However, the number of residual chemical groups, ripples, shapes, sizes,
and layers at the outermost boundaries of graphene significantly affect
the sensory functionality of these sensors. The sensitivity limitations of
these devices considering the recent intriguing discoveries are con-
cerning; however, the lack of selectivity is apparently a bigger issue. The
most current nanomaterial-based sensor applications are briefly out-
lined in this section [209,210].

7.2. Biological sensing

As the field of biological sensing is rapidly expanding, researchers
such as Swamy et al. [212] have proposed the possibility of using gra-
phene nanoribbons derived from multiwalled carbon nanotubes
(MWCNTSs) to detect the HIV-1 gene using electrocatalytic interactions.
Oxidative unzipping was used to unravel the MWCNTs into
atomic-layered nanoribbons, which were then deposited over a glassy
carbon electrode to fabricate the chip, over which the probe DNA of the
HIV gene was immobilized and evaluated for targeted DNA detection
using cyclic voltammetry. The setup was able to detect approximately
100 aM of DNA by using this novel chip. Hasler et al. [213] fabricated
clickable graphene nanoribbons for electrochemical sensor fabrication
to detect Interleukin 6, while also using nanoribbons as an interface
linker for rGO-based FET sensors. This resulted in the simultaneous
assessment of optical and electronic detection modalities. The concen-
tration of the analyte was in the nanomolar range.

Gholamalizadeh et al. [214] devised a flexible electronic platform for
glucose detection using N-doped graphene quantum dots via a
screen-printing technique. The sensitivity and LOD were 40.76 mA.
mM~!.cm~2 and 0.098 mM, respectively. Li et al., [215] hydrothermally
synthesized graphene quantum dots for detection of reactive red —2 dye,
as well as an array of ions including the following: Al**, Ni®*, Fe2*,
co?*, cr®t, pdClf’, Au®t, Rh®*, Fe?t, ca?*, zr**, Ru®*, Pt*t, Na*,
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cu?*, K™ and Zn?*. Photoluminescence spectroscopy was used to detect
the aforementioned analytes in the 90-800 pM range.

7.3. Graphene for sensing biomolecules

7.3.1. DNA sensing

Fig. 18(a) presents the use of water-soluble GO as an infrastructure
for the accurate and focused identification of DNA, demonstrating a
simplified representation of this novel detection equipment. We pre-
dicted that GO may bind dye-labeled ssDNA and completely quench the
fluorescence of the dye because the significant noncovalent binding of
GO with nucleobases and aromatic compounds has been documented
(step (a) in Fig. 18a). The connection between the dye-labeled DNA and
GO is disrupted when a target is present because the attachment of the
dye-labeled DNA to the target molecule changes its conformation. Such
exchanges of these interactions enable the release of the dye-labeled
DNA from the GO, which returns the dye fluorescence (step (b) in
Fig. 18a). Fluorescence-improved sensing, which is sensitive and focuses
on the targeted molecule, may be achieved by this approach. This study
demonstrated that similar to CNTs, GO can be used as a platform for
quick, sensitive, and targeted biomolecule detection; regardless, GO is a
more advantageous material than CNTs for creating biosensors than
carbon nanotubes owing to its low cost and wide manufacturing scale.
Between 1 nm and 1 mm, the fluorescence of this mixture was observed
after approximately 30 min, allowing it to hybridize at room tempera-
ture. The aptamer GO dyed with fluorescein reacts fluorescently with
thrombin. A fluorescein-based dye-labeled aptamer (50 nm) was pro-
duced in Tris-HCl buffer (20 mM, pH 7.4, containing 100 mM NaCl,
5mM KCl, and 5 mM MgCl,) and mixed with GO for 5 min before
thrombin was added. The final thrombin concentrations of the samples
varied between 5 and 100 nm. This type of combined fluorescence was
observed after approximately 30 min of bonding at an ambient
temperature.
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7.3.2. Glucose sensing

Chemically functionalized graphene can be easily combined with
polymers in a solution to produce a unique variety of electrically con-
ducting nanocomposites. The glassy carbon electrode (GCE) surface was
used to construct and modify the combined graphene-chitosan nano-
composite before GOD was absorbed onto the nanocomposite film.
Electrochemical and scanning electron microscopy techniques were
used to characterize the films. The nanocomposite film was able to
establish favorable surroundings for GoD to achieve DET. Compared to
well-studied carbon nanotubes-based glucose sensors, the GoD-
Graphene-Chitosan (GoD-GC) nanocomposite exhibited excellent
sensitivity. This provides new opportunities for the development of
outstanding electrochemical biosensors [217].

The Cyclic Voltammetry analysis of GoD-G-C on the electrode in the
solution with various levels of glucose and oxygen saturation is shown in
Fig. 18(b), which demonstrates that the initial level of reduction
decreased as the glucose level increased, suggesting an increase in ox-
ygen usage. According to research, the oxygen intake exponentially in-
creases as the level of glucose increases from 0.08 to 12 mM, with an R-
value of 0.9993, and a maximum sensitivity of approximately
37.93 AmM~! cm? (Fig. 18c). Consequently, this tiny combination of
GOD, graphene, and chitosan can be used as a glucose sensor. The fact
that glucose concentrations in diabetics are higher than 7.0 mM suggests
that this biosensor is practically appropriate for determining the con-
centration of human blood sugar. This linear range is substantially larger
than that of 0.08-0.28 mM for the immobilization of GQD on a granular
gold-enhanced carbon paste electrode and that of 0-7.8 mM for GOD on
the MWCNT-chitosan framework [6].

7.3.3. Protein sensing

Regarding the selective aggregation of phosphopeptide-graphene
quantum dot (GQD) complexes induced by the collaboration of Zr**
ions, a straightforward and accurate emission spectroscopy (photo-
luminescence) test for the expression of protein kinases was developed,
as shown in Fig. 18(d). Additional enzymes can be potentially detected
with a more intricate construction of the peptide substrate sequences.
Using a detection limit of 0.03 U mL™}, it is possible to develop a linear
connection between the reduced PL intensity of peptide GQDs and the
concentration of casein kinase II (CK5) under ideal circumstances. The
estimated value for CK2s EC50 (the enzyme concentration at which 50%
of the substrate was transformed) was 0.34 UmL™!. The proposed
technique was demonstrated to be promising for the study of kinase
inhibitors. The reduction of CKy phosphorylation activity by four
distinct inhibitors including quercetin, emodin, dichlorobenzimidazole-
1-d-ribofuranoside (DRB), and ellagic acid was examined in human
serum by comparing samples incubated with inhibitors and those
without. The following experiments were performed to demonstrate the
potential of these GQD-based platforms for the examination of kinase
inhibitors in biological environments. As anticipated, the severity of PL
improved in the presence of the inhibitors as their effectiveness
increased. The IC50 value of Ellagic acid (inhibitor concentration
causing 50% inhibition) was calculated to be 0.041 M. This developed
procedure provided researchers with a novel and highly effective in-
strument for studying both enzymes and their opponents [219]. Lerner
et al. [220] fabricated high-quality graphene transistors for large-scale
production using ceramic chip carriers (Fig. 18e). They fabricated a
liquid-gated FET that was able to detect insulin using reproducible
biomolecular interaction kinetics. The chip is shown in Fig. 18 (f)-(g).

Researchers have developed a quick and accurate PL test using GQDs
to measure the protein kinase activity. Kinase-catalyzed peptide phos-
phorylation was monitored using an innovative approach based on the
particular accumulation of phosphorylated peptide-GQDs triggered by
the Zr** ion coordination. This approach offers a fresh and alluring
replacement for the frequently employed FRET quenching mechanisms
in fluorescence-based enzyme experiments. This technique, which em-
ploys peptide-conjugated GQDs, has several significant benefits
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compared to other fluorescent kinase techniques, including rapid
detection (<5 min) and a simple investigational procedure that avoids
complex protein recognition procedures (Fig. 18d). The suggested
approach demonstrates the potential for use in the production of kinase-
related drugs and kinase inhibitor screening. GO was used to fabricate
hybrid paper-based sensors [221]. This study presents using a GO-gold
nanoparticle hybrid sensor for the label-free detection of serum bili-
rubin. SERS sensing was performed by detecting bilirubin signatures
controlled by using the GO hybrid nanostructures. An SPR-based gra-
phene-gold biosensor was fabricated [222]. The grating was designed to
be single-, double-, and triple-step for an increased sensitivity to detect
water, glucose, and blood, which have different refractive indices.
Furthermore, a MoS,-graphene hybrid was designed [223]; thus, a
highly sensitive platform is required for single-molecule detection. The
platform was designed with pores of different diameters and was
assessed to slow the translocation of a single BSA protein molecule via
the pores. A-DNA was also tested without significant variations.

7.3.4. Bio-electrochemical sensors

Owing of the massive pores, analyte transit increases, aiding in the
identification of binding partners. Direct detection methods using gra-
phene can detect relevant biological components at lower levels. Owing
to its distinct electrochemical and morphological characteristics, gra-
phene was developed as a material of interest for novel electrochemical
sensors. The ability to detect compounds with maximum oxidation or
reduction prospective, such as nucleic acids, is enabled owing to the
broad electrochemical prospective range of graphene (approximately
2.5V in a 0.1 mM phosphate buffer saline solution). Moreover, the
corners and flaws of graphene have a high electron transport rate [208],
suggesting that the rGO layers or tiny fragments of pure graphene
remain suitable for observation during electrochemical experiments.
Owing to the distinctive electronic structure of rGO, particularly the
significant solidity of the electronic states across a broad energy range,
the electron transfer rate from Fe3* /2% to rGO was approximately one
order of magnitude greater than that on a glassy carbon electrode (GCE).
In addition, directly connecting an electrode to the active centers of tiny
graphene flakes of the redox enzymatic agent may improve electron
transport.

rGO is intriguing because it displays inherent catalytic activity with
several minor enzymatic products such as H,O and NADH, which
makes it desirable for sensor-based enzymes. Electrodes grounded with
graphene offer a sizable operational reaction area and a high capacity
for enzymatic packing owing to their extraordinarily high surface-area-
to-volume ratio (theoretically 2600 m? g!). Its high strength-to-weight
ratio renders it suitable for functional composites, in which a small
amount of graphene may provide percolating charge conduction routes.
The majority of sensors based on graphene have used rGO for the
following reasons: (1) the numerous faults and chemical groups enable
the transfer of charge, ensuring good electrochemical action; (2)
chemical molecules above the rGO exterior offer suitability and sup-
pleness for numerous functions that improve the performance of the
sensor; (3) the electrical and chemical characteristics of rGO remain
extremely tunable; and (4) unlike nonconductive GO, rGO effectively
conducts electricity.

8. Conclusions

GFM have gained significant interest in modern scientific society
owing to the sheer value of their new applications and the improvement
of existing technologies such as sensors, coatings, and composite fillers.
Their high strength-to-weight ratios, increased surface areas, and unique
catalytic behaviors have revolutionized the fields in which they are
incorporated. The synthesis of GFM is relatively easy using CVD, exfo-
liation, and LASER ablation. Although yield properties are difficult to
obtain in the same spectrum, the synthesis conditions can be easily
optimized. Modification of the GFM surface is also simple using
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appropriate chemicals to treat the surface of the GFM to suit the inten-
ded applications. The GFM tends to be temperamental when introduced
into analytical techniques, with repeatability being a challenging issue
for multiple iterations of the same sample. Surface characterization
techniques such as SEM, TEM, LASER profilometry, and AFM are
traditionally used. This review focuses on the potential applications of
GFM in pH sensing, highlighting an important tool in healthcare and
environmental applications, where a shift in the pH is crucial for con-
trolling an industrial or bio-process.

The superficial adsorption of macromolecules to GFM via n-= in-
teractions has been sufficiently reported by researchers, demonstrating
their important role in ligand binding and targeting by GFM-based
sensors. Back-gate, top-gate, and solution-gated sensors based on GFM
have provided new perspectives for sensing molecules of interest with
higher transconductance and lower power requirements. Gas sensing
has always been a priority for heavy industrial activities by corporations
that deal with numerous toxic gases that are harmful to the environ-
ment; thus, a highly sensitive cascade is needed to assess the leakage of
spreading gases as early as possible. GFM-based gas sensors, which have
a high sensitivity, must be sufficient to prevent toxic gases or effluents
from reaching the environment outside industrial activity or effluent
treatment plants. In addition to sensing toxic gases and chemicals, GFM
can also be used to treat aqueous and gaseous effluents owing to their
excellent filtration properties. Catalysis is another area that this review
presents, providing insights into the augmentation of existing catalytic
processes as well as processes unique to the GFM. Considering the
emerging manipulative strategies such as the monoaxial and biaxial
crumpling of GFM, the sensitivity of biosensors is increasing and will
only improve over time.

With modern science, an increasing number of characterization
techniques will be used to evaluate GFM in different technological fields.
The defect-free, atomic-layered architecture of GFM-based sensors in-
dicates that the sensitivity achieved will be at an unforeseen level,
reaching zeptomolar (~zM) concentrations with the possibility of
having arrays of sensors integrated into a small setup. GFM-based sen-
sors have also enabled achieving multimodal sensing in a single platform
owing to their unique optical, electrical, and electrochemical properties.
This implies that a fabricated chip can be assessed using multiple in-
struments that can be operated using the layman approach. Although a
GFM can be highly advantageous in terms of sensing and multimodality,
the fragile nature of graphene renders it a highly sensitive component in
the sensor platform, which can be easily damaged if mishandled in
storage or during an erroneous production step. However, as demon-
strated by large-scale manufacturing, these difficulties will always be
optimized with sufficient input from researchers, making GFM-based
sensors a potent asset in the field of precision sensing.
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Fig. 8. (a) Hydrogen-based functionalization and the (b) interaction mechanism with the polyketone matrix [73], (c) nanoparticle functionalization with graphene
via n—=n stacking or C-C covalent coupling [103], and (d) Birch-type wet-chemical hydrogenation of graphene [108].
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