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Abstract: The essential disadvantages of conventional glucose enzymatic biosensors such as high
fabrication cost, poor stability of enzymes, pH value-dependent, and dedicated limitations, have
been increasing the attraction of non-enzymatic glucose sensors research. Beneficially, patients with
diabetes could use this type of sensor as a fourth-generation of glucose sensors with a very low cost
and high performance. We demonstrate the most common acceptable transducer for a non-enzymatic
glucose biosensor with a brief description of how it works. The review describes the utilization
of graphene and its composites as new materials for high-performance non-enzymatic glucose
biosensors. The electrochemical properties of graphene and the electrochemical characterization using
the cyclic voltammetry (CV) technique of electrocatalysis electrodes towards glucose oxidation have
been summarized. A recent synthesis method of the graphene-based electrodes for non-enzymatic
glucose sensors have been introduced along with this study. Finally, the electrochemical properties
such as linearity, sensitivity, and the limit of detection (LOD) for each sensor are introduced with a
comparison with each other to figure out their strengths and weaknesses.

Keywords: glucose detection; non-enzymatic sensor; cyclic voltammetry; graphene electrodes

1. Introduction

The conventional sensing methods in medicine and life sciences require expensive reagents,
high-precision instruments, and quantitative methods to achieve highly sensitive detection. Thus, many
novel nano-biosensors have been developed due to the need for early detection and diagnosis of the
disease, as well as minimally invasive detection approaches [1-5]. The integration of biosensors with
nanotechnology has facilitated the considerable progress of biosensor development. The nano-sized
nature of nanomaterials and their unique chemical and electrical properties have promoted the
enhancement of both selectivity and sensitivity at a very low concentration on the biosensors [1-3,6].
Generally, biosensors consist of three basic elements: Bioreactor, transducer, and detector. A bioreactor
is an element that reacts with the analyte (bacteria, complementary DNA, antigen, etc.) in the form of
(enzyme, DNA probe, antibacterial, etc.). The employment of enzymes is widely used in biosensors.
It is also responsible for binding the dedicated form to the object (sample). With respect to the bioreactor
elements and their interaction types, there are two types of sensors. Catalytic sensor—a signal that
converts the substrate to a product after binding the analyte with biological elements without any
chemical change A«<B where the transducer receives A or B input. Affinity sensor-biological elements
and the analyte interact with each other and their output is the detected complex event A*B— AB where
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the transducer reveals the complex interaction [7-9]. The transducer is an element which converts the
(bio) chemical signal to an electrical signal to be measured. The principle of detection depends on the
type of used transducer signal and biorecognition elements which lead directly to correlate with the
analyte concentration inversely or proportionally [10]. The electronic system (detector) is responsible
for receiving the transducer signal and amplifying it using a signal amplifier, and then sending it to be
processed by the computer. The computer could read the amplified signal and convert it to readable
data that have magnificent physical investigated parameters [7], as presented in Figure 1.

Biosensor('s)

; :> Transducer ::>
Bioreactor Detector

(Biomaterials that (Converting the (Readable Signal)
reacts with the analvte) biological signal)

Figure 1. Block diagram of biosensors in order.

Nano-biosensors can be categorized according to the basic detection principles of signal transduction
and biorecognition elements into three main types: (1) Electrochemical detection principles, (2) optical
detection principles, and (3) mass detection principles [6]. In comparison with other detection approaches,
electrochemical sensors for multiple analytes were the first scientifically proposed as well as successfully
commercialized biosensors. This stems from several remarkable electrochemical abilities including
the high sensitivity of electrochemical transducers (such as the cyclic voltammeter transducer),
their compatibility with modern technologies, simplicity, and low detection limit [6,11]. The fundamental
principle of electrochemical biosensors is that the chemical reaction between the immobilized
biomolecule and target analyte produces or consume ions or electrons, which affects readable electrical
properties of the solution such as electric current, voltage, and resistance. Each reaction can be
represented by a simple electric circuit model and the electrochemical signal produced is then used to
relate quantitatively to the amount of analyte [11,12].

The biosensors benchmarks depend on its linearity (maximum linear value of the sensor calibration
curve responding to the glucose. Good linear sensors would detect high substrate concentrations),
sensitivity (the value of the electrode response per substrate concentration. Highly sensitive sensors
could be detected at low concentrations), selectivity (interference of chemicals must be minimized for
obtaining the correct result), and response time (the necessary time for having 95% of the response).

The construction of electrochemical biosensors has been improved with the incorporation of
carbon nanomaterial due to their feature size (1-100 nm), large surface-to-volume ratio, and high
biocompatibility, thus contributing to the improvement of the analytical performance of such biosensors.
In addition, carbon nanomaterials are advantageous because they enhance interfacial adsorption
properties, increase electrocatalytic activity, and promote electron transfer kinetics compared to many
conventional electrochemical biosensor materials [13,14].

Graphene is a planar sheet with a two-dimensional (2D) carbon nanomaterial hexagonal pattern [13,15].
The atomic thickness of the graphene sheet and its high surface-to-volume ration allow all carbon
atoms to interact directly with the analytes, consequently making such material high sensitive towards
the change of local environment conditions, thus promoting higher sensitivity than carbon nanotubes
(CNTs) [5,14]. In opposition to CNTs, graphene has two main advantages regarding its application
in electrochemical biosensors. Firstly, graphene does not contain metallic impurities, which interfere
with the material electrochemistry and is considered the main drawback of CNTs. Further comprising,
graphene compounds can be easily incorporated in biosensor fabrication while it is difficult in the case
of CNTs due to its one-dimensional nature [5,14-16]. Moreover, graphene-derivatives nanocomposites



Appl. Syst. Innov. 2020, 3, 32 3 of 33

have the advantages of good stability, wide potential window, low reaction over potential, negligible
residual current, and excellent electro-catalytic activity which are beneficial for the construction
of high-performance electrochemical biosensors. Since the discovery of graphene was placed as a
champion for biosensors electrode development thanks to its superior performance enhancement
of the materials such as metals, metal oxides, etc. [5,13,17,18]. Carbonic nanostructures that include
various low-dimensional allotropes of carbon including fullerene (0D), carbon nanotube (1D), carbon
nano-onion, carbon nanohorn, nanodiamond, and graphene (2D) have unique electrochemical
properties. In comparison to other carbon nanostructures graphene has recently been used in
the construction of electrochemical biosensors due to its extraordinary characteristics including
electrochemical reactivity, conductivity, mechanical strength, and low toxicity [5,11,13,14]. Different
types of carbon allotropes crystalline have been presented in Figure 2.
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Figure 2. Different types of carbon allotropes crystalline. (a) Fullerene—C60, (b) graphene monolayer,
(c) carbon nanotube (CNT), (d) carbon nano-onion, (e) nanodiamond, (f) carbon nanohorn.

1.1. History of Glucose Sensors

Clark and Lyons developed the first-generation of glucose sensors using an electrochemical
method to monitor the oxygen consumed by the catalyzed enzyme. A thin layer of GOx enzyme,
immobilized over the oxygen electrode, had been developed for that purpose [19]. The reaction could
be described by the following equations:

Glucose + Oy — glucose acid + HyOy 1)

Reductive detection of oxygen consumption could be calculated by applying a negative potential
to the cathode electrode:
Oz +4H + +4e— — 2H0 ()

In second-generation glucose sensors, mediators (soluble redox-active molecules have abilities of
rapid and reversible redox reactions in which closure of the electrons between the redox center at the
enzymatic active site and electrode surface) are developed to be used [20,21]. The following equations
describe the second-generation glucose biosensors:

glucose + GOx(FAD) — gluconic acid + GOx(FADH,) 3)

GOx(FADH,) + 2M(ox) + 2¢~ — GOx(FAD) + 2M(red) + 2H* @)
2M(red) — 2M(ox) + 2e~ )
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where M(ox) and M(red) are the oxidized and reduced forms of the mediator. The third-generation
glucose biosensors operated with a direct electron transfer between the enzymatic redox center
and electrode, which create high sensitivity and reproducibility without any mediators and at low
potential [22-24]. The mechanism of this biosensor can be understood by the following reactions:

glucose + GOx(FAD) — gluconic acid + GOx(FADH,) (6)

GOx(FADH,) +2¢~ — GOx(FAD) +2H™" )

Figure 3 shows a schematic of the three generations of glucose sensors.
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Figure 3. Summary of glucose electrooxidation mechanisms: Presented as enzymatic (first-, second-,
and third-generation sensors) and non-enzymatic (so-called herein “fourth-generation” sensors).

1.2. Advantages of Glucose Sensing without the Enzyme

Enzymatic and non-enzymatic electrochemical glucometers are the two mainly glucose-sensing
approaches. Enzymatic approaches, in principle, depend on the oxidation of glucose molecules by the
utilization of recognition enzymes such as GOx or glucose dehydrogenase (GDH), which results in the
generation of detectable compounds such as O,, CO,, or HyO;. The detection mechanism relies on
typical current values relative to the concentration of the original glucose when interacting with the
surface of the sensor. Although enzyme-based glucometers have dominated the industry of glucose
biosensors for decades, there are several critical challenges that prohibit their further advancement.
Particularly, they suffer from low thermal and chemical stability issues because of the enzymatic
protein nature. Even if GOx is more stable than other enzymes, it is highly vulnerable to environmental
factors such as pH (constrained to the pH range from 2 to 8), temperature (below 44 °C), and humidity
levels. Moreover, the easy deactivation of GOx in the presence of some detergents such as sodium
n-dodecyl sulfate at low pH and hexadecyltrimethylammonium bromide at high pH, leads to a quick
deactivated GOx [25,26]. The instabilities of GOx chemically and thermally stand as a barrier for
continuous monitoring during the fermentation process in the enzymatic biosensor. The stability of
the enzymatic biosensor is required, which means complex fabrication strategies of the enzyme within
the polymers, covalent cross-linking of the enzyme, sol-gel entrapment of enzyme, etc. [26-29].

Three generations of glucose biosensors suffered from the arising limitation of the performance
where the sensors depend on pH value, enzyme activity and interference, electrode surrounding,
(temperature and humidity), etc. The short-term stability of enzymatic glucose sensors creates a
problem for the users (single-time disposable usage), in addition, it is not possible to avoid the harsh
thermal and chemical conditions during the fabrication, storage, and usage of enzymatic glucose
sensors. The high-cost fabrication and short lifetime of enzymatic glucose biosensors are problems for
most diabetes patients, and this explains why non-enzymatic glucose biosensors attract extraordinary
research interest.



Appl. Syst. Innov. 2020, 3, 32 5 of 33

The non-enzymatic glucose biosensors are promising for the fourth-generation of analytical
GOx, in which the electrodes can oxidize the glucose in the sample without enzymatic needs [30,31].
However, the non-enzymatic glucose biosensor is based on the electrocatalysts activity to oxide the
glucose without enzymes, such as metals (Au, Ni, Cu, Pd, etc.), metal oxides (CuO, RuO2, etc.),
alloys (PtPb, PtRu, etc.), complex (nickel hexacyanoferrate, etc.), and carbon (graphene, diamond,
nanotubes, etc.).

Investigating the right material composition of the electrodes are the keywords to get a good output
of these types of biosensors such as high sensitivity, low cost, and stability. Recently emerging, a class
of graphene-based non-enzymatic glucose sensor electrodes with nanoparticles, metals, metal oxides,
alloys, and polymers would meet these scientific demands such as cost-effectiveness, synthesis
approach, biocompatibility, stability, electron-transfer kinetics, and sensitivity [32-37].

2. Electrochemical Properties of Graphene, Graphene Oxide (GO), and Reduced Graphene
Oxide (rGO)

Materials with extraordinary electrochemical properties of graphene have appeared because
of its bond structure (sp2 bonds) and the configuration (a hexagon configuration) such as a large
surface area of about 2630 m?¢~!, a controlled bandgap, and high conductivity theoretically about
0.96 x 106 ohm cm~1 (200,000 cri®v~" s71 electron mobility) [38,39]. While the graphene is a semiconductor
with zero bandgap, graphene oxide (GO) and reduced graphene oxide (rGO) have band gaps of about
2.2 and 1.00-1.69 eV, consequently [40]. The highly oriented pyrolytic graphene (HOPG) has an electron
transfer rate of the edged plane of graphene that is about 0.01 cm/s, while the basal plane is about
below 10~ cm/s. Since the graphene electrochemical properties could be controlled by its edge where
the heterogeneous electron transfer (HET) is fast, the graphene nanocomposites are good electrodes for
non-enzymatic glucose sensors [41].

A large 7 bond of poly atoms throughout the entire layer is due to the electrons in the ps2
orbitals that are perpendicular to the plane of the layer of each carbon, which makes graphene possess
excellent electrochemical properties such as high conductivity at room temperature and current-voltage
characteristics. Moreover, the m-7 stacking and hydrophobic interactions enhance the connection of
graphene to biomolecules [8,10,42].

Solution-processability of graphene is more suitable for biosensing applications, due to its
compatibility with biochemical systems and inexpensive cost [7,8,10,43]. In addition to the electronic
properties such as semi-metallic properties, a strong bipolar electric field effect with a high concentration
of charge carriers, a small overlap of band gaps, and a quantum hall effect, graphene also has unique
mechanical properties such as bandgap tenability, high elasticity, and excellent heat transfer [10]. Hence,
a variety of graphene-based materials were prepared and successfully used in designing electrochemical
biosensors such as graphene oxide (GO) and reduced graphene oxide (rGO) (see Section 5).

GO and rGO are widely used in non-enzymatic glucose sensors because of their electrochemical
properties. The basal plate of GO including the oxygenated groups (epoxy, hydroxyl) have an
electrochemical advantage that increase surface functionalization to attract the target, while the
decrease of electrical conductivity is due to insulation from oxygenated groups standing as a barrier.
The limit of the insulation directly depends on the oxidation level [44-47]. In fact, due to the
decrease in electrical conductivity, rGO replaced GO in many electrochemical sensors especially
non-enzymatic glucose sensors. By reducing the oxygen-containing groups using many approaches
such as electrochemically and hydrothermally, that makes the electrochemical properties much better.
Furthermore, the electrical properties of rGO are highly dependent on the reduction methods [48-51].
Table 1 introduces a general idea of the graphene, GO, and rGO properties.
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Table 1. Graphene, graphene oxide (GO), and reduced graphene oxide (rGO) properties in general.

Properties Graphene GO rGO
HH ~ " 2
Electron mobility @ room 200,0007125(3,1000 cm 01-10em?2 V-1 s-1 2200 em?2 V-1 s-1
temperature V7s
Surface area 2630m? g1 [38] 736.6m? g1 [52] 466-758 m* g1 [53,54]
_ -1 -1
Thermal conductivity ~5000Wm=1 K-1 [3854] 05-18Wm~ K-l [5556] 000 zz[ngggl? K
Carbon-carbon bond length 0.142 nm [54-59] N/A N/A
Specific capacitance (depends on 550 F g1 215255 F g1 210-425F g1
cyclic voltammetry) [60] [61] [60,62,63]
Electrical conductivity (depends ~6x 108 Sm™! 57x1070Sm™! 102-10° Sm™!
on reduction technique) [53,64] [62] [65-67]
Sheet resistance 200Q) sq’l [68] ~1010-1012 O sq’l [51] ~102-10° Q571 [51,67]

Owing to its advantage of the electrochemical properties as mentioned above a vast development
of biosensing applications has been recently discovered. Several proposals were established to use
graphene-based electrodes for different platforms which could be used to immobilize biomolecules to
create the best biosensing parameters. Since the graphene shows an enhancement of signal response
due to its electrochemical response, various biosensing applications have been explored [69-71].
The high biocompatibility of graphene-based electrodes for different types of molecules especially
glucose due to its high surface interaction area, electrical conductivity, and high electron transfer rate,
makes a great advantage to develop more biosensors which can detect various types of molecules,
as shown in Figure 4.

Cells and lons and

Microorganisms Molecul Muiclelc
I I olecules %

& Acids
Analyte:

lons, molecules,

nucleic acids,

cells

Bioreceptor:
DNA, Antibody,
Enzyme

Transducer:
Electrochemical,
Optical, Thermal,
Piezoelectrical

Figure 4. Schematic diagram of graphene-based biosensors for different biomolecules.

Considering the graphene-based electrodes biosensors, some aspects of electrochemical properties
influencing the detection limit of the target need to be studied. Different compositions, synthesis
methods, and synthesis batches of the graphene-based electrodes lead to different electrochemical
properties such as selectivity, detection limit, and sensitivity of the biosensors. While the orientation of
graphene and its diversity and bioreactors could be directly linked to the selectivity and sensitivity of
the biosensors, the electrochemical sensing performance could be affected by the redox states of the
electrode, and the type of the electrode compositions that leads to different interaction and detection
limits of the molecule. Taking into account all of these properties and limitations, graphene-based
electrodes for electrochemical biosensors (such as non-enzymatic glucose biosensors) are highly
stable/sensitive due to their significant response time [72-78].
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3. Mechanism of Cyclic Voltammetry Transducer

With consideration of all the advantages of the electrochemical properties of the graphene-based
electrode, electrochemical biosensors have been developed widely. The non-enzymatic glucose sensor is
defined as an electrochemical biosensor that uses its electrode as an electrocatalytic to measure glucose
concentration [79]. Electrochemical detection principles lie behind the measurement for physicochemical
properties of the bioreactor and target analyte to create a readable signal, such as electrical current, voltage,
resistance, etc. If the chemical reaction between the target analyte and bioreactors (electrode) happens,
the electrical properties of the solution changes due to the production of ion or electron [79,80]. In general,
electrochemical detection techniques could be categorized as amperometric-based, impedimetric-based,
potentiometric-based, or conductometric-based. An amperometric-based electrochemical biosensor is
most widely used for the non-enzymatic glucose sensor [81-157].

Cyclic voltammetry (CV) is considered as an amperometric detection method [82]. While the
electrocatalytic electrochemical properties of the electrode towards GOx could be characterized using
the CV method, the redox potential based on the applied voltage at the working electrode surface could
be analyzed [83,84]. In general, the cell contains three electrodes: Working electrode (WE—where
the electrochemical action happens), reference electrode (RE—as a reference point to measure the
potential for the other electrodes), and the counter electrode (CE—complete the circuit). A potentiostat
is connected between WE and RE to apply a different potential. The integrated three electrodes of the
CV cell work as the main components of the CV cell [85].

The applied voltage creates a potential for the chemical reaction at the electrode surface, where the
reactance molecule moves to the electrode surface for mass interaction, then the electrode receives the
chemical signal using the electron quantum tunneling concept (less than 2 nm of the electron tunneling
distance) that leads to generating a current flow through the electrode that could be measured in a
cyclic manner. This cyclic process gives information about the oxidation and reduction at the electrode
surface using the following chemical equation [86,87]:

O+ne =R ®)

Hence, the electrochemical reaction rate and redox potentials can be performed using single or
multiple cycles. The graph of current vs. the applied voltage is called the cyclic voltammogram curve,
where all the data of oxidation or reduction information is recorded at the working electrode [88].
Figure 5 shows a CV cell simulation and components with all the details of the electrical circuit scheme.

Potentiostat

Reference

E (controllea] Electrode
“ I i Working Counter
L - Electrode Electrode

ipaansE) |
—_—

e ®)
|j l - Product (R)
L O+ne” =R /4
J WE g Cuantum Tunnel .
- a
(A) — e 1 e e |
©

Figure 5. (A) A three-electrode cell with the utilization of cyclic voltammetry (CV) detection method—the
input is the applied voltage while the output is the electrochemical analysis through the cyclic voltammogram
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curve. (B) CV cell circuit—when the voltage applied to the electrochemical reaction starts on the
electrode surface then the current starts to flow. (C) Simulation of electrode reaction with the reactant
(glucose)—at a given applied voltage the reactant starts to move towards the electrode surface then the
quantum tunneling happens to the electron, as a result, the reaction occurs to form the product.

Table 2 shows the main equations of the CV cell with the basic definitions. The oxidation and
reduction at the graphene composites electrode surface could be understood using the Fermi-level
energy (FE). When the applied voltage to the graphene electrode increases, the FE increases. As a result,
the electron can jump from the electrode to the molecule due to being thermodynamically unfavorable
where the process depends on the electron transfer rate, thanks to the electrochemical properties of
graphene nanocomposites that make its electrodes very sensitive for different molecules with a very
good electron mobility [86,88].

During the cyclic voltammogram process, the potential is swept up to a maximum value (oxidation)
and then back down (reduction) again, which leads to a constant potential rate over time. The analytical
GOx could use this technique as a fourth generation of the glucose nano-biosensor [89]. When the
oxidation starts at the graphene nanocomposites electrode, the current starts to ramp up until it reaches
the maximum value while the oxidation peak is the key observation [88]. The oxidation peak is
proportional to the concentration of the glucose. If the reduction starts, the overall voltage starts to
decrease, as a result, the overall current starts to decline—where the reduction peak will be present.
Oxidation and reduction peaks are the key concepts of the voltammetry experiment [84]. Different
scan rates lead to different results [82,89-91].

Table 2. Basic equations of the CV cell.

Equation Definition
[_ 40 Current = the change rate of the negative charge
T ar (electron) per time unit in the CV cell
J= %“ Current density = the current flow through the unit area
E—F - R_}I InQr The Nerst and Butler equation = gives information about
n . . .
E = Cell potential, E* = Standard cell potential, Qr = Reaction the app%led .potentlal that c.ontrols .the concentration of
Quotient = oxidized species/reduced species, n = number of the oxidation and reduction species at the electrode
electrons surface and the rate of reaction

ﬁ =K {Coe‘”‘e — Cre(1-0)®

A = Electronic area, K = Heterogeneous Rate Constant, and Butler-Volmer equation = glvesa good relatlc.)n between
g FE—Ex] the current, potential, and concentration
=~ TRT__

[ 9Co
. . @ = —ADo 23 . Fick’s law = describes the diffusion of the reactance and
Do = Diffusion Coefficient of the reactance, x = the distance . .
product with respect to the distance from the electrode

from the electrode

Figure 6A shows the CV potential waveform. Att = 0 to t = 1—the potential increases and
the overall current increases (oxidation). Att =1 to t = 2—the potential decreases and the overall
current decreases (reduction). During the reversible process at a given point, the current is fully
determined according to the voltage. The peak potentials (Epa, Epc) and peak currents (Ipa, Ipc) of
the anode (where the oxidation happens) and cathode (where the reduction happens) are extremely
important as CV parameters, which lead to more information about the data of the glucose oxidation
and reduction [83]. Figure 6B shows the cyclic voltammogram (current vs. voltage), this is the way
that the current and the potential changes—swept from E1 to E2.
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Figure 6. Cyclic voltammetry curves for detailed oxidation and reduction data. (A) Scan rate and GOx
activity function with potential overtime. (B) The cyclic voltammogram.

The mathematical models of the CV analysis could be investigated for more understanding [83,87,92,93].
The peak current can be described mathematically through the following equation:

nFoD\'/?
ip = 0.4463 nFA
ip = 04463 nFAC ("= ©)
If the solution @ T = 25 °C, the peak current will be as follows:
ip = (2.69 x 10°)n®/2AD"/%p1/2C (10)

where,

ip = current maximum in amps

n = number of electrons transferred in the redox event

A = electrode area in cm?

F = Faraday Constant in C mol~!

D = diffusion coefficient in cm?/s

C = concentration in mol/cm3

v = scan rate in V/s

R = Gas constantin J K" mol™1, T = temperature in K

It is clear from the previous equation that the peak current depends on the scan rate, concentration,
and diffusion of the electroactive species.

The midpoint between the oxidation and reduction peaks is given by:

Epig = 5 = Ey+ —In (11)

Ep Cathodic T+ Ep Anodic RT (Dr; ]2
where,
Ey = redox potential
Dy = Oxidation diffusion coefficient
D, = Reduction diffusion coefficient
The capacitance can be approximately evaluated by the following mathematical expression:

Voltammetric Charge

- potential window X Mass (12)

Hence, the voltammetric charge is defined as the sum of anodic and cathodic charges, then the
specific capacitance can be written as:

Ep
B i (E)dE
€= fz(E2 — Eq)mo (13)
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where,

C = Specific capacitance

i(E) = Instantaneous current

(Ex—Eq) = potential window width

m = mass deposited

Due to the current equation that addresses the relation between the voltage sweep and the current,
the average capacitance can be understood through its mathematical definition:

_dQ v
I=—==Co (14)
dt
C=I% (15)

where,

I = faradaic current

dQ = change in charge

dV/dt = scan rate

The previous equation demonstrates the relationship between the capacitance, current flow,
and scan rate. The fast scan rate generates low capacitance. The overall current and capacitance could
be high due to the slow scan rate because the current has the time to flow.

The CV analysis is widely used in the non-enzymatic glucose biosensor to measure the
electrochemical properties of the electrode towards GOx [81,94,95]. Luan V. H. et al. [96] successfully
fabricated a silver nanowire (Ag NWs)/reduced graphene oxide (rGO) hybrid three-dimensional
nanostructure as a working electrode for the ultra-sensitive non-enzymatic glucose sensor. The work
is demonstrated at a scan rate of 100 mV/s, while the glucose concentration between 1 to 5 mM was
tested in a 0.1 M NaOH solution. The Pt and Ag/AgCl worked as a CE and RE, respectively. While
the cyclically applied voltage was between —0.1 to +0.7 V, the amperometric response was obtained
at +0.5 V for the consecutive addition of 1 mM glucose in a 0.1 M NaOH solution. Figure 7 shows a
scheme of the CV cell with the electrochemical characterization result.

AV, HTV
Potentiostat [+——

7
Gl
.—;5'_
[ [ e———Ag NWS/ 1GO hypride 3D electrode ‘;_-4 :
e | =4r
] ‘\\J\- AglAgCl electrode - 5 it
=P
H Result ot
@ i 1k
IT Pt electrode ) =
_H ,1'.|.|.r.|.
¥ Glucose, NaOH 02 00 02 04 06 08
Potential (V vs. Ag/AgCl)
(A) ®)

Figure 7. (A) The main component of the three-electrode CV cell utilized by Ag NWs/rGO hybrid
three-dimensional (3D) electrode as a working electrode, Ag/AgCl as a reference electrode, and Pt
electrode as a counter electrode, for glucose detection. (B) Results of the sensor with a full description
of the oxidation peak and reduction peak at a scan rate of 100 mV/s.



Appl. Syst. Innov. 2020, 3, 32 11 of 33

Another example demonstrated by M. Sreejesh et al. [97] synthesized the composition of reduced
graphene oxide (rGO)/zinc oxide (ZnO) for non-enzymatic glucose sensors. The group demonstrated
the results using the CV technique. The modified glassy carbon electrode (GCE) with ZnO and rGO was
used as a working electrode in a 1 M NaOH electrolyte, while the glucose is about 5 uM. The applied
voltage was cycled between —0.8 and 0.8 V with a scan rate of 50 mV/s. The electrocatalytic reaction
started when the peak was around —0.43 V. The electrochemical reaction could be understood from the
following equation:

ZnO (OH) + Glucose — Zn (OH), + Glutonic Acide (16)

Zn (OH), + OH™ — ZnO (OH) 4+ Hy + ¢ (17)

These examples can demonstrate that the oxidation and reduction peaks depend on the glucose
concentration, diffusion, and scan rate exactly as we discussed previously.

4. Synthesis of Graphene and Its Derivatives

As the phenomenal electrochemical, physiochemical, and mechanical properties of graphene, GO,
and rGO make it a superior material for electrochemical biosensors, the fabrication methods of the
graphene which affect its characterization also influence the convenient advancement and performance
of the electrochemical biosensors in terms of selectivity, sensitivity, and rapid cost-effective detection of
the analyte [98-100]. Thus, the synthesis of graphene must take paramount considerations. On the one
hand, it is vitally crucial to synthesize the controlled size (monolayer) and impurities-free graphene
with restrained morphology to achieve structure-property compatibility. On the other hand, it is
essential to design high yield, scalable, cost-effective industrial methods for their production [98,101].

For a clear explanation, the synthesis of graphene, GO, and rGO can be categorized into two main
methods known as bottom-up and top-down. Every method has its own strategy. While epitaxial
growth [102] (using thermal chemical vapor deposition strategy) and unzipping carbon nanotubes [103]
are considered as top-down methods, the isolation [102] and (mechanically or chemically exfoliations)
and reduction strategies [104-109] are considered as bottom-up methods as shown in Figure 8.
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Figure 8. Bottom-up and top-down approaches for graphene, GO, and rGO synthesis methods.
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The exfoliation method is originally based on isolation of a few layers from the bulk of graphene
sheets by breaking the weak van dar Waals bonds and overcoming the attraction between adjacent
layers. The number of mechanically and chemically approaches that depend on the exfoliation
phenomena have exhibited promise for bulk and large-scale production [99,110]. The scotch tape
technique is employed to peel atomically thin layers from a slab of HOPG flakes using adhesive tape to
get individual crystal planes. Micromechanical cleavage is then applied by rubbing large crystal flakes
against each other [99,111,112]. This method can obtain pristine structured graphene crystals without
repeating defects in the structure of 2D graphene layers [99,110]. Although the mechanical exfoliation
method provides a millimeter-sized graphene with electronic quality, their usage is restricted for
biosensor applications because of the low yielding of mono-layer graphene sheets with a relatively
high lateral dimension up to hundreds of micrometers besides the time consuming, making it only
suitable for fundamental research and laboratories applications [98,99,101].

Liquid phase exfoliation (LPE) is another process of the same concept, it ordinarily includes
dispersion of bulk graphite in an aqueous media, exfoliation, and purification. In principle through
this concept, the presence of solvent applies external forces to overcome the interaction of van der Waal
bonds as well as avoid substantial interruption of the plane of graphene. Thus, this method depends on
the selection of optimum solvents that lower the interfacial tension between the solvent and graphene
layer [113]. Recently, the usage of urea-based aqueous media shows greater capability superior to
conventional toxic N-dimethylformamide (DMF)-based exfoliation [99,101,110]. Moreover, LPE can be
improved by sonication, sheer mixing, or ball milling as well as by the addition of surfactants and
intercalation with chemical species [101].

Sonication-assisted exfoliation via chemical wet dispersion involves the formation of shear
forces and cavitation that act on the graphite bulk material and induce exfoliation followed by a
solvent-graphene interaction that balance the interlayers attractive forces. However, this route involves
the usage of high-boiling point solvents, e.g., N-methyl-pyrrolidone (NMP) and a long-time sonication,
as well as, leads to the aggregation of graphene [113].

To circumvent graphene-sheet aggregation due to sonication, the surfactant-assisted liquid-phase
exfoliation route is carried out using surfactants and biosurfactants as a dispersant and stabilizer that
overcomes aggregation by steric and electrostatic repulsion. It involves reducing the high surface
tension of water to be compatible with the hydrophobic graphene flakes by the separation of graphite
into few-layered graphene flakes, which are coated with surfactant molecules [114].

In 2013, Ou et al. successfully validated the preparation of few-layered graphene dispersion from
graphite powder, in a comparatively short-time sonication by combining liquid-phase exfoliation with
heat-treatment attempts, which increase the interlayer surface of graphite and facilitate the access of
organic molecules to graphite lattice. The pristine graphene was heat-treated in (NMP) and stabilized
by adding polyvinyl pyrrolidone (PVP), which leads to the formation of a well-dispersed few-layered
flakes by sonication for up to 20 h [114,115].

Moreover, Gomez et al. demonstrated in 2019 a novel approach to produce stable and well-dispersed
few-layered graphene dispersion by the exfoliation of hydrothermally expanded graphite through sonication
for 3 h and centrifugation. The selected cationic surfactant, hexadecyltrimethylammoniumbromide (CTAB),
is a precursor for constructing graphene nanocomposites, which are utilized in promising electrochemical
sensors and biosensors. The concentration of the graphene dispersion ranged from 40 to 60 pg mL™!,
as well as, presented lower (edge/basal) defects of few-layered graphene, up to five layers [114].

Recently, the solution-based chemical exfoliation of graphite is the most promising approach for
the construction of biosensor devices including electrochemical biosensors due to its large scale and
facile technique besides low cost and high-quality production [98,99]. Graphene derivatives (GO, rGO)
can be produced from graphite by chemical oxidation. For instance, Hummer’s method is used to
produce graphite oxide. In this method, potassium permanganate is added to a mixture of graphite,
sodium nitrate, and concentrated sulfuric acid. During oxidation, small ions embed to bulk graphite
oxide and weaken the interaction between the layers. Sonication grants exfoliate GO flakes from
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graphite oxide sheets and produce a reduced graphene oxide consecutive reduction that can be utilized
to enhance electrical properties [99].

In addition, the electrochemical liquid-phase exfoliation of graphite is a method that involves
applying an electric current, where commonly HOPG is used as a working electrode in liquid
electrolytes such as ammonium sulfate. It has been considered that the electrochemical potential
leads to sufficient ion intercalations between graphene flakes to break van der Waals forces and
expand their interlayer spacing. Subsequently, gas eruption expands the graphite and results in its
exfoliation. Then, flaked-off graphene sheets are collected by vacuum filtration and dispersed in
organic solvents such as (DMF) [101,116]. Radical species that are generated by electrolysis of water
and ruin the graphene yield can be reduced by the usage of radical scavengers. The electrochemical
exfoliation method is advantageous because of the high yield (75% of one layer and few layers
with a lateral scale, 5-10 um) besides the stability of the dispersible yield for several weeks without
precipitation. Moreover, the fabricated graphene sheets exhibit high quality features with minimum
defects, high C:O ratios of ~25.3, and electronic mobility values of 405 cm? V-1 S~1. Furthermore,
the production rates can be increased by utilization of a dual graphite electrode (cathode and anode)
and applying an alternating current [101]. In situ functionalization of graphene can be induced during
the electrochemical exfoliation to give variant graphene-based composite materials [116].

The copper-oxide graphene composite was synthesized by electrochemical exfoliation and used
for the fabrication of a functionalized non-enzymatic glucose biosensor. Mono-layered graphene flakes
were synthesized by this method, in which graphite electrode acts as the anode and platinum electrode
acts as the cathode. The electrochemical biosensor fabricated using the CuO-rGO composite exhibited
potential advances such as high selective response towards glucose in the presence of other interrupting
species, high sensitivity of 2182 nA mM~' cm™!
Paramasivam Balasubramanian et al. [118] introduced very desirable glucose detection results using
modified electrode-based copper nanoparticles that decorated reduced graphene oxide ERGO/CuNPs
using the modified Hummer’s method for GO preparation, followed by an electrochemical reduction
for rGO preparation. However, the electrodeposition method was highly desired to deposit the copper
nanoparticles for electrode modification.

Unzipping/opening of the CNTs process for graphene fabrication can be attributed under the
top-down approach. It can be achieved by a solution-based oxidative treatment with an oxidizing
agent such as hypermanganate as well as through the way of plasma etching of multi-walled CNTs
(MWCNTs) with PMMA films to produce graphene nanoribbons [41,101,119,120]. In this method,
the utilization of the produced graphene from MWCNTs is restricted in the electrochemical applications
due to the presence of intercalated metallic impurities that alter the electrochemical properties of
graphene as well as toxicity [119].

Graphene can be epitaxially grown on electrically insulating surfaces such as silicon wafers
through withdrawal of Si atoms from silicon carbide (SiC) and consequent graphitization of the carbon
atoms, depending on the high-annealing temperature and the ultrahigh vacuum. The produced
graphene sheet exhibits a variable charge carrier mobility depending on the substrate face on which
the graphene sheets are grown. The carrier mobility ranges of the graphene sheet on Si-terminated face
and C-terminated face are 500-2000 and 10,000-30,000 cm? V-1 S71, respectively [120]. The Georgia
Tech team developed a confinement-controlled sublimation (CCS) process which involves the enclosure
of graphite with the SiC growth crystals, thus, segregating the evaporated silicon and enhancing the
equilibrium process. This (CCS) method leads to the production of nano-patterned graphene structures
with high mobility on both surfaces of the SiC substrate [121].

The epitaxial graphene (EG) is mainly applicable for laboratory studies and slot applications,
such as high-frequency transistors due to the dependence on the high temperature, limitation of EG

, and better linear response up to 22 mM [117].

size with the size of wafers in the technique, as well as the high cost of silicon carbide wafers [120].
In general, both strategies, unzipping CNTs and epitaxial growth on SiC, require the involvement of
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high temperature and vacuum conditions, expensive gases, highly defined microfabrication devices,
thus, hampering the utilization in a large industrial scale [121].

Chemical vapor deposition (CVD) has been sighted as the most up-and-coming approach to
growing large-scale graphene films with a high quality. The graphene sheets are assembled by the
thermal decomposition of hydrocarbons, such as methane, and the self-organization of the composed
carbon atoms on transition metal substrates, mostly Cu and Ni, followed by segregation of the graphite
layer on a metal substrate through CVD [122-125]. Among the various transition metals used, the
copper substrate is ideal to produce a single layer of graphene sheets with high electrical properties
due to its controlled catalytic activity and low solubility of the formed carbons; however, the crystalline
nickel substrate is still used in this method but it is challenging to provide monolayer films with
adequate electrochemical properties [99,101].

In this method, as presented in Figure 9, hydrogen gas is mixed with methane during the growth
to eliminate the undesired impurities of carbon. The formed graphene monolayer is transferred to
another substrate. Due to the tight bond between the carbon and copper substrate, the graphene films
are covered with a protective polymethylmethacrylate (PMMA) using a technique called spin coating,
then the copper substrate is etched away with FeCls.
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Figure 9. Graphene synthesis via chemical vapor deposition (CVD): (a) Chemical vapor deposition
reactor. (b) Growth mechanism of graphene on the copper substrate via deposition. (c) Schematic
illustration of the transfer process of the graphene sheet; spin coating with a polymethylmethacrylate
(PMMA) polymer, etching copper with FeCls, graphene on a PMMA support is transferred onto the
5i/SiO, target substrate, and PMMA is removed by acetone.

To proceed, the graphene on a polymer support is transferred onto the Si/SiO, substrate and
PMMA is polished with acetone. In addition, CVD graphene films commonly acquire defects during
formation due to the subsequent merging of multiple-crystalline domains and the formation of
grain boundaries, which hinder the mechanical and electronic properties of graphene. Thus, several
approaches occurred including the addition of surface oxygen to graphene and the predefined
orientation on a single-crystalline Ge substrate [101,125]. Earlier, chemical vapor compositions (CVD)
were introduced to produce a 3D graphene-cobalt oxide electrode for glucose detection. The group
used a sample hydrothermal process in which the cobalt oxide nanowire grows up on a 3D graphene
foam prepared by CVD [126]. In comparison with the exfoliation methods, chemical vapor deposition
can synthesize larger graphene films with high mobility up to 10° cm? V=! S71; however, the structural
defects or corruptions that originated during the etching and transfer process possess limiting factors
for high-performance graphene-based electronic and optoelectronic sensors [99,101].

In addition to the previous top-down methods, 2D nano-graphene materials can be synthesized by
wet chemistry methods, which are advantageous in low cost, scalable high yield, and uncontaminating.
This method is used to prepare MoS; nanoplates, which are disorganized graphene-like sheets with
about 30 nm thickness, by the introduction of Mo(O)4 and S as a precursor in the one-step hydrothermal
reaction as well as used to synthesize flower such as MoS, nanostructures by the usage of MoOs3
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nanorodes as a precursor in the two-step hydrothermal method. However, it is still challengeable to
control the size and thickness of 2D nanomaterials by chemical synthesis methods [127].

In recent years, the functionalization of graphene has gained significant attention due to the
sensitivity of graphene to a reproducible, effective, and homogenous functionalization in comparison
with other carbon materials; thus, enhancing its sensing capabilities for different electroanalytical
applications [100,128]. Numerous modification techniques have been utilized to incorporate
biorecognition molecules in graphene that are capable of finely detecting the target biomolecules and
improving the dispersion of graphene. Two major functionalization methods are the peer-reviewed
covalent and noncovalent functionalization [110].

Covalent functionalization is formed on sp2-hybridized carbon atoms of the m-conjugated crystal
which alter the electronic characterization and physical structure. The grafting of molecules can
occur either at the edges and/or on the basal plane by two methods of heteroatom doping and by a
reaction with the unsaturated double bond of graphene [128,129]. Graphene is very stable thermally
and chemically, thus, the covalent functionalization method needs high energy procedures and is
established by converting sp? r-conjugation into sp®. The rehybridization of one or more carbon atoms
by condensation, addition, nucleophilic substitution, and electrophilic addition reactions leads to the
installation of scattering sites in graphene [128].

Several functional groups such as alkyl, amino, and hydroxyl groups can be covalently bonded onto
graphene, where it acts as chemical switches to introduce other functional molecules such as polymers.
In addition, this method has a control on the carrier density and bandgap engineering according to the
type of the added functional groups and the degree of functionalization. For instance, the binding of
acceptor functional groups or donor functional groups gives rise to the p-type semiconductor and an
n-type semiconductor, respectively [128].

In contrast to the covalent functionalization method, the noncovalent approach is achieved through
dispersion and electrostatic forces, van der Waals, and hydrophilic and hydrophobic interactions,
which do not affect the intrinsic and electronic properties of graphene but can adjust the morphology
while providing new chemical groups on the graphene structure [128,129]. In this method, surface
functionalization with various molecules is achieved in several ways, such as surfactant adsorption,
wrapping of polymers as well as interaction with biomolecules and metal nanoparticles. For instance,
noncovalent functionalization of graphene with nanoparticles and nanowires is used in non-enzymatic
glucose sensing with remarkable detection limits [128].

In brief, several reduction strategies are used for the synthesis of rGO, through three main
simultaneous procedures: (1) Oxidation methods, (2) exfoliation techniques, (3) reduction process.
The oxidation methods, Brodie, Staudenmaier, and Hummer’s (improved or modified) methods,
produce graphite oxide from bulk graphite. Recently, the modified Hummer’s method is mainly
used, considering the low reaction time (<3 h), while the other mentioned methods take up to (12 h)
or several days. Consequently, the exfoliation by ultrasonication is carried and then followed by
reduction strategies including (a) thermally, (b) chemically, (c) electrochemically, (d) photocatalytically,
(e) hydrothermally, (f) solvothermally, (g) voltage-inducely as well as microwave irradiation
methods [98].

Moreover, the hydrothermal method is a simple strategy for the reduction of graphite oxide to
rGO, where the degree of the reduction is dependent on the reaction temperature due to the effect of
temperature on the interlayer distance, thus, as the temperature increases the reduction of graphite
oxide increases to synthesize more rGO. The solvothermal process is advantageous because of the high
yield, relatively low C:O ratio, and mild synthesis conditions as well as the produced graphene-like
sheet that exhibit highly resistive properties, considering the high amount of residual functional groups
that are produced; however, the produced yield expressed irreversible defects, besides an ample
number of oxygen-containing functional groups [130]. For instance, Sang et al. used the hydrothermal
method for the fabrication of reduced graphene oxide/CuO, which is utilized in non-enzymatic glucose
sensors. In 2017, a novel ultrasensitive non-enzymatic glucose sensor was fabricated by an in situ
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layered 3D CuS/RGO/CuS nanocomposite on Cu foam by the one-step hydrotherm-assisted process.
The electrochemical properties of the produced composite, CuS/RGO/CuS/Cu, was evaluated by cyclic
voltammetry and amperometry techniques and utilized as an electrode regarding its high sensitivity of
26.66 pA mM~! cm~2 to glucose sensing and low detection limit of 0.5 um [131].

Furthermore, the microwave irradiation method is a novel approach for speeding up the synthesis
of graphene and enhancing the quality of the yield. The principle of this method is the utilization of
high-frequency wave on graphite or other carbon materials, which lead to the speed elevation of their
temperature, through dipolar polarization and ionic condition. During the irradiation of the sample,
the dipolar or ions molecules are sensorial to the electric field, which lead to their rotation and friction,
subsequently, increasing the temperature of the sample. This method is used for the fabrication of
various graphene structures, such as the 3D graphene-nanotube-nickel nanostructure by the dispersion
of the GO powder and nickelocene in acetonitrile (CH3CN) and irradiation of the dispersion mixture
at 700 W for 5 min as well as boron and nitrogen co-doped rGO by the dispersion of GO in a solution
of boric acid and ammonia, followed by 6 h of stirring and 80 °C drying temperature, then the usage of
an irradiation at 700 W for 4 s [132].

In addition, the microwave irradiation method has been used as an approach for efficient
improvement of the liquid-phase exfoliated graphene and reduced graphene oxide by the reduction of
oxygen content and the limitation of structural defects, thus, enhancing the charge-carrier mobilities.
In the case of LPE, graphite is exfoliated in molecularly engineered ionic liquids by irradiation at
30 W, leading to the production of a high-yield mono-layer structure (>90%) and the enhancement
of affinity. The high quality reduced graphene oxide is produced by strong microwave short pulses
at 1000 W for 1 or 2 s, leading to the reduction of the lattice defectives, besides the microwave-rGO
exhibits significantly high charge-carrier mobilities (1500 cm?2 V1 S_l), which is higher than that of
rGO and LPE. Nevertheless, this method is limited, because the used reactors restrain the industrial
cost-effective scale-up of this strategy [101].

5. Graphene-Based Electrode for Non-Enzymatic Glucose Biosensor

The emerging nanomaterials-based graphene composition with a non-enzymatic glucose sensor
would meet the scientific demands such as cost effectiveness, synthesis approach, biocompatibility,
stability, electron-transfer kinetics, and sensitivity [17,32,33,133,134]. The superlative properties of
graphene nanosheets make them a preferable material for developing hybrid nanostructures, which add
synergistic features to the sensor, especially, non-enzymatic glucose biosensors [135]. In recent years,
various metals, such as platinum (Pt), gold (Au), palladium (Pd), nickel (Ni), and copper (Cu) as well
as metal oxides such as CupO, RuO,, NiO, Co304, and MnO, were employed to modify non-enzymatic
glucose electrodes [136,137].

Recently, three-dimensional (3D) electrodes have been employed in the fabrication of non-enzymatic
glucose biosensors to enhance the performance by widening the specific surface area. Mazaheri et al. [135]
utilized for the first-time hybrid electrodes based on rGO/Ni/ZnO arrays for non-enzymatic biosensing.
They have studied the effect of rGO nanosheets on the electrical activity of Ni/ZnO heterostructure.
It is shown that the integration of rGO, Ni, and ZnO nanorods exhibit better performance in the
electrochemical properties of the biosensor. While Ni/ZnO prisms have a linear range (1-8.1 mM),
a sensitivity of 824.34 uA mM™! em™2, and a detection limit (0.28 M), the utilization of reduced
graphene oxide adds advantages of higher sensitivity of 2030 ptA mM™ cm~2 and lower detection
limit (0.15 pM).

Mahmoud A. Sakr et al. [138] developed a performance-enhanced (enhanced selectivity and
sensitivity) non-enzymatic glucose sensor based on graphene-heterostructure. The proposed sensor is
a composite of graphene (G)/platinum oxide (PtO)/n-silicon (5i) heterostructure. While the atomic
layer deposition (ALD) was used to deposit the PtO thin film in a N-type silicon wafer at 275 °C
for 50-500 ALD-cfycles, the bottom-up approach was used to produce graphene using the Plasma
Enhanced Chemical Vapor Deposition (PECVD) at a pressure of 1500 m Torr and 600 °C. The group
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studied the effect of the PtO thickness on the catalytic activities which played a significant role in the
sensitivity and selectivity. Increasing the PtO layer thickness leads to enhancing the sensitivity by 150%
to reach up to 30 pA/mM.cm?.

Zongxu Shen et al. [139] proposed a non-enzymatic glucose sensor based on a nickel nanoparticle—
attapulgite-reduced graphene oxide-modified glassy carbon electrode. The NiNPs/ATP/RGO-GCE
electrocatalysis towards the GOy was measured by cyclic voltammetry and amperometric. The group
tested the CVs of NiPs/ATP/RGO-GCE in 0.1 M of NaOH at different scan rates of about 0.020.1 V S~1.
Moreover, they investigated the CVs of NiNPs/ATP/RGO-GCE in 0.1 M of NaOH at a different
glucose concentration of about 0-3 mM. Furthermore, the electrochemical performance of GCE,
NiNPs/RGO-GCE, and NiNPs/ATP/RGO-GCE was investigated in 0.1 M NaOH at the absence (1; 3; 5)
and presence (2; 4; 6) of the glucose. The anodic/cathodic potential peaks of GC, NiNPs/RGO-modified, and
NiNPs/ATP/RGO-modified electrodes were investigated as 0.322/0.488, 0.292/0.403, and 0.319/0.458 V,
respectively. The group demonstrated a sensitive sensor in the real glucose samples of 1414.4
pA mM~! cm=2, linear range (1-710 uM), and detection limit (0.37 uM).

Dong et al. [126] reported a composite material of 3D graphene-Co304 nanowires as a freestanding
electrode for non-enzymatic glucose sensing. The biosensor achieved a sensitivity of 3.39 mA mM™!
cm™2 and a LOD of 25 nM, which are nearly six times higher and two times lower than those
of the CoO NRs-modified electrode in Kung’s study. However, the up to 80 mM linear range of
the 3D graphene/Co3;0,4 nanowire electrode is much smaller than those of both Ding’s and Kung's
biosensors. The biosensor showed a capability for glucose detection in micro-droplets within the linear
concentration range of 50-300 mM.

S. Darvishi et al. [140] used an Ni nanoparticle-decorated reduced graphene oxide (Ni-NPs/rGO)
to detect the glucose. The electrode has shown excellent electrochemical properties for GOx with a
linear range of 0.25-1200 uM and a detection limit of 0.01 uM. Li Wang et al. [141] demonstrated a green
strategy for producing a graphene foam-like 3D porous carbon/NiNPs nanocomposites-based glucose
detection electrode. The team used a 3D porous carbon derived from the waste biomass to produce a
highly sensitive biosensor. The sensor shows a linear range of 15.84-6.48 mM, and a detection limit of
4.8 uM. Wei Lv et al. [142] prepared a DNA-dispersed graphene/NiO hybrid material deposited in a
glassy carbon electrode using a self-assembly process to prepare the GNS/NiO powder while ssDNA
was employed to produce the GNS/NiO/DNA hybrids. The experimental work shows low detection
limits and good sensitivity. Baiqing Yuan et al. [143] fabricated a graphene oxide/nickel oxide modified
glassy carbon electrode (NiONPs)/GO/glassy carbon (GC)-based non-enzymatic sensor. The work was
characterized by the scanning electron microscope (SEM), electrochemical impedance spectroscopy
(EIS), and cyclic voltammetry (CV). NiONPs were synthesized on the surface of GO electrochemically.
The NiONPs/GO/GC electrode shows a good electrocatalytic behavior towards GOx with a linear
range of 3.13-3.05 mM and a limit of detection of 1 uM. Palaniappan Subramanian et al. [144]
designed graphene oxide-Ni (OH), composites-based electrodes for non-enzymatic glucose sensing.
The rGO/Ni (OH), shows the linear range of 15-30 mM with a good sensitivity. The electrophoretic
deposition has been used for sensing matrix fabrication, while the matrix characterization was through
X-ray photoelectron spectroscopy, Raman spectroscopy, and cyclic voltammetry. Luan H.V. et al. [96]
demonstrated a successful use of a silver nanowire/graphene hybrid three-dimensional (Ag NW/RGO
hybrid 3D) nanostructure for an ultra-sensitive non-enzymatic glucose sensor. While the microwave
method followed by oxidation and exfoliation of an expanded graphite was used to prepare the GO,
the hydrothermal reduction of silver salt was used for the Ag-NWs preparation. The hydrothermal
sol-gel method was used for the Ag NW/RGO hybrid 3D preparation. The material characterization
was obtained using X-ray diffraction (XRD) measurement, ultraviolet-visible (UV-Vis) spectroscopy,
and scanning electron microscopy (SEM). The electrochemical properties were obtained using the CV
method to check the electrocatalytic activity of the electrode towards the GOx. The sensor investigated
a very high sensitivity of about 1249.1 pA mM~! cm~2, and a low LOD of about 0.38 uM. Figure 10
describes the electrocatalytic activity of this sensor.
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Figure 10. (a) The CV response of the Ag-NW/RGO hybrid 3D towards glucose oxidation at different
concentrations of glucose. (b) The amperometric responses of rGO-only 3D NS for comparison. (c) The
Ag-NW/RGO hybrid 3D NSs amperometric response at each additional 1 mM of glucose. (d) The
linearity detection between the glucose concentration and current for rGO-only 3D NS and Ag-NW/RGO
hybrid 3D NSs. Source: https://www.sciencedirect.com/science/article/pii/S221137971931040X#s0035.

Beibei Zhan et al. [145] employed an Ni (OH),/3D graphene foam for nonenzymatic glucose
detection. The hydrothermal process has been used to deposit the hexagonal Ni (OH ), nanosheets
on the surface of 3DGF while the 3DGF used a chemical vapor deposition-growth process. The Ni
(OH),/3D graphene foam was characterized by scanning electron microscopy (SEM), transmission
electron microscope (TEM), Raman spectroscopy, and X-ray diffraction (XRD). The work has been
demonstrated by a linear range of 1-1.17 mM and a detection limit of 0.34 uM.

Amin et al. [146] successfully made a non-enzymatic sensor based on a NiCo,S,4/rGO nanocomposite,
this kind of sensor shows a good redox tenability and good charge transport property. While the applied
potential was +0.35 V, a wide linear range was recorded as 1-4.0 mM, sensitivity of 18.89 mA mM1
cm~2, and detection limit of 0.65 uM. Similar work was prepared by Akhtar MA et al. [147], the article
shows a functionalized graphene oxide (fGO) decorated with magnetite (Fe30,) nanoparticles and
PANI for the non-enzymatic glucose sensor. The electrochemical properties of a f{GO-Fe304-PANI
nanocomposite were measured using CV techniques. The fGO-Fe304-PANI nanocomposite modified
electrode shows a very good oxidation result towards glucose with a linear range of 0.05-5 mM
and a limit of detection 0.01 uM by taking advantage of the improvement of the electrocatalytic
activity of N-doped graphene [148]. Foroughi et al. [149] demonstrated a nitrogen-doped graphene
non-enzymatic glucose sensor which detects a biological PH value. The team shows a limit of detection
of 0.13 uM, sensitivity of 774.23 pA mM~! cm~2, and linear range of glucose concentration 0.13 ~14 mM
@ pH 13, while a superior sensitivity of 122.336 pA mM~! cm~2, the detection limit of 14.52 uM, and
fast linear range of 14.52 -10 mM @ biological pH (7.4) value. Yang et al. [150] successfully fabricated
a non-enzymatic glucose detection using the nanoneedle-like copper oxide on an N-doped reduced
graphene oxide. The constructed sensor demonstrates an increasing contacting area between the
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electrode and electrolyte. The result investigated a linear range of 0.5-639 uM and a low detection
limit of 0.01 uM. Graphene with Ni,P nanoparticles could be used for glucose detection.

Zhang et al. [151] showed the enhancement of the electrochemical properties of the non-enzymatic
glucous sensor using porous NiyP/graphene composites. This metal-organic framework shows a
very good electrocatalytic activity towards glucose electrooxidation. The work was characterized by
scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM),
transmission electron microscopy (TEM), powder X-ray diffraction (PXRD), and X-ray photoelectron
spectroscopy (XPS), while the electrochemical properties were characterized by cyclic voltammetry
(CV) and amperometric. The Ni-MOF-74 nanocrystals were prepared using PVP as a stabilizer while
the Ni,P/G composite structure was obtained using sodium hypophosphite. The sensor shows a
linear range between 5-1.4 mM with a detection limit of 0.44 uM. Khosroshahi et al. [152] created
a non-enzymatic sensor for glucose detection in the human serum based on a three-dimensional
graphene foam decorated with Cu-¥Cu,O nanoparticles. The electrochemical properties of Cu-based
nanoparticle concentrations were measured using cyclic voltammetry, electrochemical impedance
spectroscopy, and differential pulse voltammetry. The Cu-CuyO NPs@3DG foam shows a linear range
of 0.8-10 mM, a high sensitivity of 230.86 pA mM~! cm~2, and a detection limit of 16 uM. The sensor
shows a new way for the inexpensive non-enzymatic glucose sensor.

More work in graphene-based electrodes for non-enzymatic glucose sensors have been
summarized, as shown in Table 3. The table reviews the metal/graphene composites in non-enzymatic
glucose sensors such as Au/GO, Pd/GO, Pt/GO, etc. Moreover, the table demonstrates metal
oxides/graphene composites in non-enzymatic glucose sensors such as (Cu(OH)2/, Cu20, CuO,
NiO)/(graphene composites), etc. Furthermore, alloy/bimetallic/hybrid metal/graphene composites and
nanoparticles/polymer/graphene composites have been introduced. The sensitivity, limit of detection,
linearity, principle detection, and sample types of glucose have been summarized for a big comparison
picture to demonstrate the electrochemical properties for each sensor.

Table 3. Graphene-based electrodes for non-enzymatic glucose sensors.

Sensitivity

Electrode Modification Linear Range LOD A mM-Lem=2 Principle Sample Ref
. 0.001-4.555 mM @ 3.76 mA mM~! Real human blood
GCE/NiCoy Oy/N-rGO/IL 105V wotential 0.18 uM e cv man [81]
. 0. 5-0.0115 mM @ 3214 mA CV and Real human blood -
GCE/Ni(OH),/N-1GO +0.45 V potential 0-12uM mM~! em™2 amperometry serum (1531
0.005-8.2 mM @
GCE/Ni-MoS,/rGO +0.575V 0.55 2.7 uM 0.2566 mA CVand b chased glucose  [154]
. mM~! ecm amperometry
potential
0.5-3.354 mM @ 2426 yM mM~!  Amperometry -
CuCo0,04/Porous GO 055V 0.15 uM em-2 cv Human serum [155]
. 4532.2 yM _
Disposable CuNCs-DLEG 25-4.5 mM @ 0.55 0.25 uM mM-1 em=2 Amperometry/CV N/A [156]
-1
LSC/rGO/GCE 2-3350 uM @ 0.6 0,063 UM 330 iﬁ_’i‘M Amperometry N/A [157]
4982.2 uM Amperometry Human blood -
PDDA-graphene/CuO 0.4-4 mM @ 0.58 0.20 UM mM-1 em-2 v cerum [158]
-1
Nafion/CuNWs-MOFs-GO/GE ~ 20-26.6 mM @ 0.3 V 7 uM 772 iMmM™ - Amperometry  Human serum, —;5q)
cm Ccv beverages
-1
Cu NPs@rGO 1-2 mM 034pm  190WMmM DPV/CV Human blood [160]
cm serum
-1
Ni,P/G/GCE 5-14mM@06V  0ddpMm  2H EX_?M Ampér\?me“y Human serum [151]
. . 18,890 uM Amperometr
CoNiySe;rGO@Ni foam 1-4mM @ 0.35 0.65 uM s C”m,z Pcv Y Human blood [146]
. 171.92 uM Amperometry Commercial ;
PYNi@ rGO 0.02-5mM @ 0.5 V 6.3 uM M 2 oy beverages [161]
Human urine,
2410 UM mM ! human blood
Co(OH),NPs/3DGF/GCE 214mM @045V 0.67 uM b Amperometry R OO0 [162]
serum
-1
Au-rGO/PU WSNF 1-1 mM 500 nM 140 uM mM cv Human sweat [163]

cm™2 Amperometry
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Table 3. Cont.
P . Sensitivity Lo
Electrode Modification Linear Range LOD mA mM-Lem-2 Principle Sample Ref
. 0.0002-0.002, CV and y
Au/Thi/GO/GCE 0.002-0.022 mM 0.05 uM N/A amperometry N/A [164]
11.5 pA mM™!
Au/BSA/rGO/GCE 0.02-1.6, 1.6-16.6 5 uM cm2,3.8 pA CVand Human serum [165]
mM@0V mM-1 em-2 amperometry
CV and
Pd/GO/GCE 02-l.6 mM @04V N/A N/A Purchased glucose [166]
o amperometry
IL/SCCO,/Au/graphene/GC N/A @03V 0062uM 78 EI‘:‘I,TM ami\e’rz;‘i yy  Human serum [167]
0.002-10.3, 1.26 pA mM! CV and
Pt/GO/GCE 10.3-20.3 mM @ 2 uM cm™2, 0.64 pA amperometry Purchased glucose [168]
047V mM~! em2
amperometry
0.005-4.92, 4.92-10 59.1,31.4 pA and linear
Au/GONR/CS mM @02V 5uM mM-1 em-2 sweep Purchased glucose [169]
voltammetry
Au/GA/GCE 0.01-16 mM 4 uM N/A CV Purchased glucose [170]
-1
Ag/GO/GCE 1-14mM @ 0.6 V 4uM 11 wA mM CVand Human blood [71]
pug~ cm ) amperometry
PYGOH 520mM@0.1V N/A 137.4 pA mM CVand Real blood [172]
cm ) amperometry
5.20 pA mM~™
Au/graphene/GCE 0.1-2.0,2.0-16 mM 25 uM cm™2, 4.56 pA CVand Purchased glucose [173]
@0V M- em=2 amperometry
0.0001-0.030, CV and ,
Au/SWCNT/rGO/GCE 0.030-0.6 mM 0.002 uM N/A amperometry Purchased glucose [174]
0.006-28.5 mM @ 0.195 uA mM~! CV and
Au/FLG/ITO 10V 1uM om=2 amperometry Purchased glucose [175]
0.005-6.0 mM @ 1100 pA mM~!
Cu/GTE 055V 1.6 uM em-2 CvV Human serum [176]
. 0.005-0.55 mM @ 865 LA mM~! CV and
Ni/GNs/GCE 05V 1.85 uM S amperometry N/A [177]
Cu/rGO/Au platform 0.01-12 rsM @055 34 uM rﬁﬁﬁiﬁﬁ am(pja\eir(a):\ncitry Human serum [178]
0.001-0.110, 813 A mM™!
Ni/rGO/GCE 0.001-0.01 mM @ N/A cm2,937 uA CvV N/A [179]
05V mM~! cm™2
0.0012-6 mM @ 0.6 3.36 mA mM~! CV and
Cu(OH),/PGF v 1.2 uM om-2 amperometry Purchased glucose [180]
Cu,O/graphene/GCE 03-33mM@0.6V  33uM n&i?? fr‘nA_z ami;;‘;‘itry Purchased glucose ~ [181]
_ -1
CuO/rGO/GCE 0'00040 iZVmM e 0.1 uM 2221 gﬁglM EIS and CV Purchased glucose [182]
— -1
CuO/rGO/GCE 0.001-6 I{}M @055 0.50 UM 207'3;::,5“1\/[ ami)\ei‘zzi try Purchased glucose [183]
_ -1
CuO/GO/CNF/GCE 0.001-5.3 mM @ 0.6 01 uM 912.7 uAﬁ;nM CV and N/A [84]
v cm amperometry
linear sweep
0.005-2.095
/ 37.55 uAmM~!,  voltammetry
CuyO/rGO/GCE 2.595—%5693 mM @ 1uM 23.06 1A mM-! and Purchased glucose [185]
’ amperometry
Cu,O/rGO/GCE 0.01-0.1 r\n/M @055 N/A 69.5 uA mM~! am(linzzitry Purchased glucose [186]
CuO/graphene/GCE 0'0005_2\1;1 M@0.4 0.09 uM ;?\?;[9_12 ir;l[}z ami\e/rzrr;detry Purchased glucose [187]
0.01-3.0mM @ 0.5 1330.05 pA
CupO/graphene/GCE v 0.36 UM mM-1 em-2 (@)% Purchased glucose [188]
_ -1
CuO/graphene/GCE 0.005 1'4\?1 M@05 0.2 uM 607 tigM am(lza\eirg?nitry Purchased glucose [189]
-1
CuO/graphene/GCE 0.002-4 n\}M @055 0.7 uM 1360 gﬁ,?M ami\e/rz?nitry Purchased glucose [190]
0.001-0.5 mM @ 0.6 2367 A mM! dynamic ;
CuO/graphene/SPE v 0.034 uM em=2 amperometric Purchased glucose [191]
CV and
Cu,O/graphene/GCE N/A 0.1 uM N/A amperometry N/A [192]
. _ -1
Co304/GOHI/GCE 0.25-10 I{IIM @062\ ay  4928 KA mM CVand real blood (193]
cm o amperometry
C0O;0,/rGOP 0.044mM@045V 14 uM 1.21 EI‘:‘I,TM amizrggi ry Purchased glucose  [194]
-1
CO304/ErGO/GCE 0'01‘0'55\;“1\’[ @06 2uM 793 SI‘I"I,TM CVandEIS  Purchased glucose  [195]
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Table 3. Cont.
P . Sensitivity Lo
Electrode Modification Linear Range LOD A mM-Lem-2 Principle Sample Ref
Ni(11)/Qu/graphene/GCE 0.003-0.9 mM 0.5 uM 187 nA mM-! CVand Purchased glucose  [196]
’ ’ ’ amperometry
Ni(OH),/insulin/rGO/Au 0.005-10 mM @ 0.6 5uM 18.9 1211 5 nj? CV and Purchased glucose [197]
platform v mM™' cm amperometry
. 0.002-0.60 mM @ 1100 pA mM1 CV and .
NiO/rGO/GCE 06V 0.77 UM i amperometry N/A [198]
. -1
NiO/rGO/GCE 0.001-04mM@06 g,y 1138HAMM CVand b chased glucose  [199]
\ cm amperometry
. 0.002-3.1 mM @ 11.43 pA mM~! CV and
Ni(OH),/rGO/GCE 054V 0.6 uM om=2 amperometry Purchased glucose [200]
. 0.001-0.01, 0.01-0.1 494,328 pA CV and
Ni(OH),/graphene/GCE mM @ 045V 0.6 uM mM-1 em-2 amperometry Purchased glucose [201]
-1
$n0,/rGO/GCE 005-05mM@08 5 o 1.93 A7124 CV and N/A 002]
v cm amperometry
0.1-30.0 mM @ 0.0 58.54 uA mM~! CV and
Pt-Au/MnO,/GP v 20 uM om=2 amperometry Purchased glucose [203]
. 0.01-2.65 mM @ 0.5 1773.61 pA CV and )
Ni-Co/rGO/GCE v 3.79 uM mM-1 cm-2 amperometry Purchased glucose [204]
0.005-12 mM @ 3577 uA mM-~! LSV and
Pt-CuO/rGO/SPE 035V 0.01 uM em-2 amperometry Purchased glucose [205]
. 0.05-5.66 mM @ 0.6 6682 pA mM ! CV and
NiO/Pt/ErGO/GCE v 0.2 uM om=2 amperometry Purchased glucose [206]
1
Pd-Cu/GRH 1-18 mM @-0.4 V 20 uM 48 uAmg CVand b chased glucose  [207]
cm amperometry
) 0.5-20 mM @-0.35 30.3 pA mM~! CV and
Pt-Ni/graphene/GCE v 2 uM em-2 amperometry Purchased glucose [208]
-1
Pt-Pd/IL/xGO/GCE 01-22mM @ 0.0V 2 uM 147 uA mM CVand b chased glucose  [209]
cm amperometry
0.5-245mM @ 0.2 14 pA M1 CVand
Pt-Pd/graphene/GCE v N/A em-2 amperometry Purchased glucose [210]
Pd/NiO/NB/tGO/CPE 0.02-20 mM @-0.04 22 uM N/A CVand Purchased glucose  [211]
\% amperometry
_ -1
Au-CuO/rGO/SPE 0.001-12mM @0.6 0.1 uM 2356 HA_Ian LSV and Purchased glucose [212]
\4 cm amperometry
0.006-22 mM 3355 A mM~! LSV and
Pd-CuO/rGO/SPE @06V 0.03 uM em-2 amperometry Purchased glucose [213]
) 0.01-5 mM CV and
Pd/Nafion/Graphene/GCE @04V 1uM N/A amperometry Purchased glucose [214]
. -1 4
Ni/CS/rGO/SPE 02-9mM 4.1uM 318.4 HA,EHM chronoamperom®uryrhased glucose [215]
@06V cm
and EIS
v,
0.015-6.95 mM 1921 pA mM™! chronoamperometry, .
Cu—Co/CS/rGO/GCE 0045V 10 uM i P N/A [216]
amperometry
) 0.001-5.1 mM 36.15 uAmM~!  EIS, CV, and .
Ni/PEDOT/rGO/GCE @05V 0.8 uM om- amperometry Purchased glucose [217]
CuO/MnO,/GO/PVA 05@_%)121\/[ 53 uM N/A Cv Purchased glucose [218]
0.004-4.5 mM =l CV and
Cu/NG/GCE @05V 1.3 uM 48.13 pA mM amperometry Purchased glucose [219]
- -1 f
Cu-NiO/NG/ITO 0.0002-0.3 mM 0.05 UM 749 uA_r?M amperometry, Purchased glucose [220]
@07V cm
and EIS
0.0025-0.5295 mM 0.1011 pA v,
Mn30,4/NG/CPE ’ . 1.0 uM ’ ,1u amperometry, Purchased glucose [221]
@09V UM
and EIS
0.001-0.3295 mM cv,
Mn304/N-rGO/GCE ’ ) 0.5 uM 0.026 A uM~!  amperometry, N/A [222]
@07V
and EIS
0.1-10.5 mM 1298.6 A cv,
CuO/sG ' | 0.08 uM ' )11 amperometry, Purchased glucose [95]
@05V mM and EIS

Thi: Thionine; GO: Graphene oxide; GCE: Glassy carbon electrode; BSA: Bovine serum albumin; rGO: Reduced
graphene oxide; IL: Ionic liquid; SCCO2: Supercritical CO2 fluid; GONR: Graphene oxide nanoribbon; CS: Carbon
sheet substrate; GA: Graphene aerogel; GOH: Graphene oxide hydrogel; SWCNT: Single-walled carbon nanotubes;
FLG: Few-layered graphene; ITO: Indium tin oxide; GTE: Graphene transparent electrode; GNs: Graphene nanosheet;
ATP: Attapulgite; DLEG: Direct laser engraved graphene; PGF: Porous graphene foam; CNF: Carbon nanofiber; SPE:
Screen printed electrode; rGOP: Reduced graphene oxide paste; ErGO: Electrochemically reduced graphene oxide;
Qu: Quercetin; GP: Graphene paper; NB: Nile blue; CPE: Carbon paste electrode; PrGO: Porous reduced graphene
oxide; CS: Chitosan; PEDOT: Poly(3,4-ethylenedioxythiophene); PVA: Polyvinyl alcohol; NG: Nitrogen-doped
graphene; ITO: Indium doped tin oxide; CPE: Carbon paste electrode; N-rGO: Nitrogen-doped reduced graphene
oxide; SG: Sulfur-doped graphene.
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6. Conclusions

The CV detection technique is a way for electrochemical characterization of the electrode’s
performance towards a very specific molecule. The non-enzymatic glucose sensor normally uses this
technology for analysis purposes of the glucose. Graphene-based nanocomposites are widely used in
non-enzymatic glucose sensors because of their unique properties, sensitivity, cost-effective, and green
purpose. Despite the scientific effort, the graphene-based electrode for the portable non-enzymatic
glucose sensor has not been developed yet. While a few numbers of articles in this field focus on
the preparation of new electrodes based on graphene that could be applicable for electrochemical
reactions, the understanding limitation of the material reaction with the glucose directly affects the
large-scale production. The understanding of the reaction between the graphene nanocomposites
and glucose would give a chance to develop rapidly. To do so, the ISO standard should be followed.
There are basic components that need to be tested during the experiments; selectivity (must select the
target only), sensitivity for the target, no oxygen-dependent, stability, accuracy, precision, low cost,
biocompatibility, and easy fabrication. However, graphene and its nanocomposites still promise
many chances for future non-enzymatic glucose sensor development. The unique electrochemical
properties of graphene-based non-enzymatic glucose sensors make the scalability the first concern
for a high scale production with successful commercialization. Despite many ways that have been
demonstrated for graphene fabrication, there are not enough methods that could produce graphene at
a low-cost demand. Hence, the CVD method is promising for cost-effectiveness, high scale production,
which could be used directly for the fabrication of non-enzymatic glucose sensor systems at low
cost. The electrocatalytic activities of the graphene-based non-enzymatic glucose sensor depend
on the graphene structure (purity), still, there is a lack of information and understanding for these
details, which means there are many things that should be detailed for this issue. Although the low
experimental efforts were investigated for low-contact resistance between the catalyst and current
collector, the high resistance was still maintained as a barrier for the highly efficient non-enzymatic
glucose sensors. The limitation of the study for most research efforts on graphene sheets makes the
possibility of rapid progress low. There is a huge chance of making high-performance non-enzymatic
glucose sensors if the research is considered for nanoparticles, dots, ribbons, etc. The rapid progress
in graphene-based non-enzymatic glucose sensors will lead to the fourth generation of sensors that
could be implemented for bio-information sensors and microfluidic chips. Somehow, this could help
the patient.
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